


     Advanced Techniques in Diagnostic Microbiology



          



Yi-Wei Tang � Charles W. Stratton
Editors

Advanced Techniques 
in Diagnostic Microbiology

Second Edition



Editors
Yi-Wei Tang
Department of Laboratory Medicine
Memorial Sloan-Kettering Cancer Center
New York, NY, USA

Charles W. Stratton
Departments of Pathology and Medicine
Vanderbilt University Medical Center
Nashville, TN, USA

ISBN 978-1-4614-3969-1 ISBN 978-1-4614-3970-7 (eBook)
DOI 10.1007/978-1-4614-3970-7
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 201242474

© Springer Science+Business Media New York 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, speci fi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on micro fi lms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection 
with reviews or scholarly analysis or material supplied speci fi cally for the purpose of being entered and 
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this 
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s 
location, in its current version, and permission for use must always be obtained from Springer. Permissions 
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to 
prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a speci fi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for 
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with 
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



v

   Preface   

 In the United States, hospitals annually report over  fi ve million cases of infectious-
disease-related illnesses: clinical microbiology laboratories in these hospitals are 
engaged in detecting and identifying the pathogenic microorganisms in clinical 
specimens collected from patients with suspected infections. Clearly, the timely and 
accurate detection/identi fi cation of these microbial pathogens is critical for patient 
treatment decisions and outcomes for millions of patients each year. Despite an 
appreciation that the outcome of an infectious-disease-related illness is directly 
related to the time required to detect and identify a microbial pathogen, clinical 
microbiology laboratories in the United States as well as worldwide have long been 
hampered by traditional culture-based assays, which may require prolonged incuba-
tion time for slowly growing microorganisms such as  Mycobacterium tuberculosis . 
Moreover, traditional culture-based assays often require multiple steps with addi-
tional time needed for discernment of species and/or detection of antimicrobial 
resistance. Finally, these traditional, slow multistep culture-based assays are labor-
intensive and require skilled clinical microbiologists at the bench. 

 Over the past several decades, advanced molecular techniques in diagnostic 
microbiology quietly have been revolutionizing the practice of clinical microbiol-
ogy in the hospital setting. Indeed, molecular diagnostic testing in general and 
nucleic acid-based ampli fi cation methods in particular have been heralded as diag-
nostic tools for the new millennium. There is no question that the development of 
rapid molecular techniques for nucleic acid ampli fi cation/characterization com-
bined with automation and user-friendly software has greatly broadened the diag-
nostic capabilities of the clinical microbiology laboratory. These technical advances 
in molecular microbiology over the  fi rst decade of the twenty- fi rst century have 
profoundly in fl uenced the physical structure of clinical microbiology laboratories 
as well as their staf fi ng patterns, work fl ow, and turnaround time. These molecular 
microbiology advances have also resulted in the need for a revised and updated 
second edition of  Advanced Techniques in Diagnostic Microbiology   . This second 
edition again provides an updated and comprehensive description of the ongoing 
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evolution of molecular methods for the diagnosis of infectious diseases. In addition, 
many new chapters have been added, including a chapter on the clinical interpreta-
tion and relevance of advanced technique results. The second edition, like the  fi rst 
edition, includes both a “techniques” section describing the latest molecular tech-
niques and an “applications” section describing how these advanced molecular 
techniques are being used in the clinical setting. Finally, the second edition, like the 
 fi rst edition, utilizes a diverse team of authors who have compiled chapters that 
provide the reader with comprehensive and useable information on advanced 
molecular microbiology techniques.   

New York, NY, USA Yi-Wei Tang
Nashville, TN, USA Charles W. Stratton
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         Introduction 

 A clinically suspected infection is ultimately con fi rmed by isolation or detection of 
the infectious agent. Timely identi fi cation of the microorganism and antibiotic 
susceptibility tests further guide effective antimicrobial therapy. Bloodstream infec-
tion is systemic and is the most severe form of infection. It is frequently life threat-
ening, and blood culture to detect circulating microorganisms has been the diagnostic 
standard. Much of the scienti fi c and technologic advances of blood culture have 
been made through the 1970s to 1990s; this chapter brie fl y reviews various aspects 
of it with emphasis on automated culturing systems.  

   Principles 

 The principles and scienti fi c basis to optimize the diagnostic yield of blood cultures 
have been reviewed and summarized  [  1,   2  ] . Most parameters were initially 
established for manual blood culture systems that used basal culture media. A recent 
study addressed some of these parameters for newer culture systems and media and 
found them to be mostly valid nowadays  [  3  ] . Major features are summarized as 
follows. 

  Host and microbial factors . Invasion of the bloodstream by microorganisms 
re fl ects the failure of initial host defense, such as the loss of integrity of skin and 
mucosa and weakening of the innate and acquired immunity, to prevent such 
invasion or spill from a localized infection site. Among those patients bearing 
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intravascular device or using recreational drugs intravenously, direct blood seeding 
of microorganism is also possible. Once in the bloodstream, microbes are con-
stantly attacked by host defenses, such as complements, phagocytic leukocytes, 
antibodies, and other factors. The ability of invading microorganisms to evade or 
shield off host defense or antimicrobics favors their survival and dissemination in 
the bloodstream. On the other hand, if the host defense is paralyzed, such as leu-
copenia and immune suppression, even the least pathogenic organisms can cause 
fatal infections. Therefore, both the host and microbial factors determine the 
occurrence, severity, and duration of septic episodes, which may also affect the 
yield of culture recovery. The presence of antimicrobial agents in the circulation 
may also reduce culture recovery. 

  Timing, volume, and frequency of cultures . Timing the blood-draw has bearings on 
culture recovery. Most bacteremia or fungemia are not constant except in case of 
endocarditis; thus, the host responses, such as rising fever, likely herald the best 
time to draw blood culture. Blood should also be drawn, if at all possible, before 
initiation of empiric antimicrobial therapy. 

 For each septic episode, two to three sets of cultures over a 24-h period provide 
maximum recovery for the offending microorganism(s). A set of blood cultures 
usually means an aerobic bottle and an anaerobic bottle each inoculated with 10 ml 
blood for an adult patient. This practice requires draws of a total of 40–60 ml blood 
from two to three venipunctures from different arms. In a culture bottle, the blood 
sample is diluted by the culture broth to reach a blood–broth ratio of 1:2.5 to 1:10, 
which may dilute inhibitory blood components to favor microbial growth. It is 
generally accepted and hence practiced that 40 ml for two culture sets offer good 
culture recovery as well as maintain cost-effective microbiology. A couple of labo-
ratories showed recently that 60 ml blood draw consistently yield higher culture 
recoveries than lower volume draws  [  4,   5  ] . Lower volume reduces culture sensitiv-
ity whereas higher volume adds to the cost and iatrogenic anemia to the patient. 

 The need to draw repeat culture hinges on the patient’s response to initial treat-
ment, culture  fi ndings, and antimicrobial susceptibility test results. It may take a 
few days for a patient under adequate therapy to show obvious clinical response. 
The patient may still spike a fever for 2–3 days while clearing the killed and dying 
microorganism in the circulation. Persistence of fever during therapy is a common 
reason to repeat culture. 

  Atmosphere and length of incubation . Traditionally, both aerobic and anaerobic 
cultures have been used and thus recommended. However, the declining proportion 
of bacteremias due to obligate anaerobes has led to suggestion that routine anaerobic 
cultures are not needed and can be tailored to the needs of individual institution and 
patient population. Anaerobic cultures are valuable for patients with surgery or 
gynecologic/obstetric procedures because of the high number of anaerobes in the 
lower gastrointestinal and urogenitary tracts. 

 How long to incubate blood culture? Several studies on different culturing sys-
tems have shown that a 5-day culturing and testing is suf fi cient to recover nearly all 
signi fi cant microorganisms (~99%)  [  3,   6–  9  ] . The vast majority of organisms become 
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culture positive in the  fi rst 3 days, and most fastidious bacteria can be recovered 
during the extra 2 days, such as the HACEK organisms ( Haemophilus aphrophilus , 
Aggregatibacter ( Actinobacillus) actinomycetemcomitans ,  Cardiobacterium  spe-
cies,  Eikenella corrodens , and  Kingella kingae ),  Brucella  spp., and nutritionally 
variant streptococci (currently known as Abiotrophia species and Granulicatella 
species)  [  10  ] . A new species,  Cardiobacterium valvarum , proposed by us as well as 
a cause of endocarditis, can be cultured within 3 days  [  11  ] . The length of culture for 
 Brucella  spp. had been controversial until studies done in the past decade or so by 
Bannatyne et al.  [  12  ]  showed that 90 of 97 such bacteremic patients became culture 
positive within 5 days and by Baysallar et al.  [  13  ]  that 30 of 30 were positive within 
4 days. Blood cultures for  Francisella tularensis , fewer than a dozen such culture-
positive cases in the United States nowadays, mostly become positive after incuba-
tion for 3–8 days  [  10,   14  ] . Yeasts, such as  Candida  species that have been within the 
list of the most common ten blood culture organisms  [  3,   6,   8  ] , can also be cultured 
within the 5 days. 

  Interpretation of signi fi cance . Interpretation of a positive blood culture is not 
always straightforward. Both the isolated microorganism and the host factors need 
to be considered on a case-by-case basis. The pathogenic potential of an organism 
should be considered and can be roughly divided into three categories: strict patho-
gens irrespective of host factors, such as  F. tularensis ,  Mycobacterium tuberculosis , 
 Brucella  species,  Yersinia pestis ,  Bacillus anthracis , and others; usual pathogens, 
such as  Staphylococcus aureus , almost all members of the family  Enterobacteriaceae , 
 Pseudomonas aeruginosa ,  Candida albicans , and most other gram-negative bacilli; 
and occasional or conditional pathogens with low pathogenic potential, such as  
 Bacillus  species (excluding  B. anthracis ) that are soil dwellers, coagulase-negative 
staphylococci (CoNS), coryneform bacilli, alpha-hemolytic or viridans group strep-
tococci, and  Propionibacterium acne  that are common skin and/or gut  fl ora. Those 
usual pathogens are common blood isolates and are almost always clinically 
signi fi cant once isolated. On the other hand, those occasional pathogens are common 
blood culture contaminants and usually become positive late during the 5-day incu-
bation period. In most hospitals, isolation of an occasional pathogen from a single 
bottle means contaminant whereas from two or more bottles likely denotes true 
infection. Therefore, with more and more patients having immune defects in one 
way or another or carrying intravascular devices that are prone to colonization and 
infection, each positive culture entails clinical correlation with other  fi ndings and 
sound judgment to make  fi nal assessment  [  15,   16  ] . For instance, we found that, in 
patients with cancer who have mucositis and severe neutropenia or immune sup-
pression, isolation of viridans group streptococci means true infection most of the 
time instead of contaminants  [  17  ] . 

  Rapid microbial identi fi cation after culture . After positive culture signal, it is nec-
essary to subculture the microorganism for purity and quantity on agar plates for 
further identi fi cation and susceptibility test. Depending on the growth rate of the 
organism, these steps may take one to three days or even longer, which may cause 
delay in obtaining accurate information for optimal management of the patient. 
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Thus, in recent years, efforts have been made to rapidly identify the microorganism 
in a positive culture. Because CoNS and  S. aureus  are gram-positive cocci and com-
mon blood isolates and yet have different pathogenic potential and thus therapeutic 
and prognostic signi fi cance, rapid differentiation of these staphylococci, particu-
larly methicillin-resistant  S. aureus , upon culture recovery is important. Studies 
found that differentiation of  S. aureus  and CoNS in a few hours can be achieved 
with tube coagulase test, peptide nucleic acid  fl uorescence in situ hybridization 
(PNA-FISH) (AdvanDx, Woburn, Mass.), or API RAPIDEC staph (API) 
(bioMerieux, Durham, NC)  [  18–  20  ] . The tube coagulase test is cheap and easy to 
perform and can be used in small hospital settings. Recently, Qian et al.  [  21  ]  also 
found that a latex agglutination test based on penicillin binding protein 2a could 
detect methicillin-resistant  S. aureus  from positive blood broth with sensitivity, 
speci fi city, and predictive values all >90%. Larger scale con fi rmatory studies on this 
method may be needed. Other rapid microbial identi fi cation methods from blood 
culture bottles are also being evaluated, including direct inoculation into commer-
cial systems for microbial identi fi cation and susceptibility (such as VITEK instru-
ments, BD PHOENIX system, and MicroScan system), various polymerase chain 
reaction-based methods, and others. These methods have inherent costs and also 
potential bene fi ts. The many literature articles are not cited here in view of the scope 
of this article. 

  Other trends . Some noticeable trends in the past decades are the following: increas-
ing number and life span of immuno-compromized or -suppressed patients, and 
thus emergence of more opportunistic pathogens; more frequent use of antibiotics 
and associated resistance, in fact, up to 29% of blood cultures came from patients 
with active antimicrobic therapy; more use of indwelling devices, such as intravas-
cular catheters and others; and emergence of more  Candida  and other fungal infec-
tions  [  3,   22  ] .  

   Automated Culturing Systems 

 Blood culture has evolved over four decades from manual methods, now hardly 
being used, to automated culturing systems. The major advantage of an automated 
system, such as BACTEC NR660, is the obviation of manual inspection or exami-
nation to detect microbial growth because each system automatically does so by 
monitoring microbial CO 

2
  production. Agitation of culture bottles also improves 

mixing and aeration to promote the growth of aerobes and facultative anaerobes. 
These features make blind subcultures of negative bottles unnecessary, as shown in 
a few studies reviewed by Reimer et al.  [  2  ] . Automation has improved the practice 
of blood culture enormously in terms of timely report of positive culture and more 
laboratory ef fi ciency, and consequently better patient care. 

 Continuously monitoring blood culturing systems (CMBCSs) are most com-
monly used nowadays. Introduced in the early 1990s, CMBCSs have added nearly 
continuous (every 10–12 min) monitoring of microbial growth to the automated 
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systems. Currently, three CMBCSs are available in the United States and they are 
brie fl y shown in Table  1.1 . More detailed description can be found elsewhere  [  23  ] . 
New versions of CMBCS, available for the past several years, have kept the key 
elements from earlier versions while re fi ning the hardware, computer system, data 
processing, and report. The trend is to increase user-friendly features for space, 
operation, and  fl exibility.  

 Numerous studies have been published to compare the performance of the 
CMBCSs and associated media with or without various lytic agents or additives to 
remove blood antimicrobics, and several recent ones are summarized as follows 
(Table  1.2 ). McDonald et al.  [  24  ]  compared the BacT/Alert standard bottle with 

   Table 1.1    Commercial continuously monitoring blood culturing systems (CMBCSs)   

 Manufacturer 
 Current system, 
year 

 Test 
interval 
(min) 

 Microbial 
detection 
mechanism 

 Initial system since 
early 1990s 

 BioMerieux  BacT/Alert 3D, 
2001 

 10  Colorimetric 
for CO 

2
  

production 

 BacT/Alert series for 
varying holding 
capacity 

 Becton-Dickinson  BACTEC FX, 
2009 

 10  Fluorescent 
for CO 

2
  

production 

 BACTEC series for 
varying holding 
capacity 

 Trek  VersaTrek, 
2004 

 12  Manometric for 
gas (CO 

2
  and 

other gases) 

 ESP series for 
varying holding 
capacity 

   Table 1.2    Performance of culture media with or without lytic agents or additives   

 Compared systems and/or 
media (bottle)  Findings  Reference 

 BacT/Alert FAN vs. BacT/Alert 
standard 

 BacT/Alert FAN improved recovery 
of  S. aureus , CoNS, and enterics 

  [  24  ]  

 BacT/Alert FAN vs. BACTEC Plus/F  Comparable   [  25  ]  
 BacT/Alert FAN vs. Trek ESP 80A, 

in pediatric patients 
 Overall comparable. BacT/Alert FAN 

better for  S. aureus  and antibiotic-
treated samples; ESP 80A better 
for streptococci and enterococci 

  [  27  ]  

 BacT/Alert FAN vs. Trek ESP 80A  BacT/Alert FAN improved recovery of 
 S. aureus , enterics, and non- Pseudomonas 
aeruginosa  gram-negative rods 

  [  26  ]  

 BacT/Alert FAN vs. BACTEC 
fungal medium 

 Comparable to detect fungemia   [  28  ]  

 BACTEC Plus Anaerobic/F bottles 
vs. Standard Anaerobic/F bottles 

 BACTEC Plus Anaerobic/F bottles 
detected more microorganisms 

  [  29  ]  

 BacT/Alert standard vs. BACTEC 
9240 standard 

 BacT/Alert standard improved recovery 
of  S. aureus , CoNS, and yeasts 

  [  30  ]  

 BacT/Alert FA Medium in plastic 
vs. glass bottles 

 Comparable   [  31,   32  ]  

 BacT/Alert 3D SA and SN 
vs. VersaTrek Redox media 

 Overall comparable for bacteria and 
fungi. VersaTrek better in detecting 
streptococci and enterococci 

  [  33  ]  
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BacT/Alert FAN bottle that contains Ecosorb TM , an antimicrobic-absorbing substance, 
and they found that FAN bottle recovered signi fi cantly more microbes from all 
septic episodes, especially  S. aureus , CoNS, and members of  Enterobacteriaceae . 
Along with this, however, recovery of all contaminants, including CoNS, was also 
higher. The performance of the BacT/Alert FAN bottle and BACTEC Plus aerobic/F 
bottle (with resins to absorb antimicrobics) was also compared and the two systems 
were found to be comparable  [  25  ] . In a study comparing BacT/Alert FAN vs. Trek 
ESP 80A, Doern et al.  [  26  ]  found that BacT/Alert FAN recovered more  S. aureus , 
enterics, and non- Pseudomonas aeruginosa  gram-negative rods, along with more 
contaminants too. In a similar study in pediatric patients  [  27  ] , the two systems were 
found to be overall comparable with BacT/Alert FAN recovering more  S. aureus  and 
better for antibiotic-containing samples and ESP 80A recovering more streptococci 
and enterococci. Since yeasts are an increasing cause of nosocomial bloodstream 
infections, McDonald et al.  [  28  ]  compared BacT/Alert FAN with BACTEC fungal 
medium for their recovery, and the two systems were found comparable. The anaer-
obic culture media have also been compared; a recent study by Wilson et al.  [  29  ]  
found that the BACTEC Plus Anaerobic/F bottles detected more microorganisms 
and episodes of bacteremia and fungemia than the BACTEC Standard Anaerobic/F 
bottles. Mirrett et al.  [  30  ]  compared BacT/Alert standard bottle and BACTEC 
standard bottle and found that the former signi fi cantly improved the recovery of 
 S. aureus , CoNS, and yeasts. Two recent studies found that, in the BacT/Alert 
system, the plastic culture bottles were comparable to the glass bottles  [  31,   32  ] .  

 In a recent study of the newer version CMBCS, Mirrett et al.  [  33  ]  compared the 
BacT/Alert 3D standard media and VersaTrek Redox media and found that they 
were overall comparable. Together, these data show that CMBCSs, each with cost, 
strength, and weakness, perform well overall in delivering timely and accurate diag-
nosis of bloodstream infections. Incorporation of lytic or antimicrobic-absorbing 
substances in these systems has consistently improved the recovery of  S. aureus  and 
members of  Enterobacteriaceae , particularly from treated patients.  

   Blood Culture and CMBCS for Mycobacteria 

 Bacteremia due to rapidly growing mycobacteria (RGM) can be detected by blood 
cultures, similar to other fastidious organisms. In a recent study, we summarized our 
experience with 115 consecutive clinical RGM strains  [  34  ] . Of them, 46 (40%) 
were isolated from blood cultures using the BACTEC 9240 and/or the Isolator 10 
system (Wampole Laboratories, Princeton, NJ). These RGM typically grow in 
3–5 days and the bacteremias are usually associated with the use of intravascular 
catheter. Among the 46 blood RGM isolates,  M. mucogenicum  was most common 
(24 of 46, or 52%), followed by  M. abscessus  and  M. fortuitum . 

 In contrast to RGM,  M. avium  and  M. tuberculosis  are two species of many 
slowly growing mycobacteria. Blood culture has been useful to detect and monitor 
 M. avium  bacteremia in patients with AIDS.  M. avium  bacteremia usually occurs when 
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the CD4+ cell count falls below 50/mm 3   [  35  ] . Circulating  M. avium , exclusively 
within monocytes, usually ranges in 10–10 3  colony forming units (CFUs) per ml 
blood, but can be as high as 10 6  CFU/ml  [  35  ] . A number of blood culture systems 
have been used: the earlier BACTEC 13A radiometric system and Isolator 10 
system and the more recent CMBCS, such as BACTEC 9240 with MYCO/F LYTIC 
medium and BacT/Alert MB. Several studies have evaluated these systems; for 
example, in a controlled comparison of the performance of these systems, Crump 
et al.  [  36  ]  found that these systems perform comparably well in detecting  M. avium  
bacteremia and other mycobacterial and fungal sepsis. In addition, the two CMBCSs 
detect  M. avium  bacteremia 2–3 days sooner than the earlier systems. On average, 
an incubation of 14 days is required. 

 Blood culture also detects  M. tuberculosis  bacteremia  [  36  ] .  M. tuberculosis  
bacteremia seems particularly common in AIDS patients in developing countries. 
For examples, in Tanzania, it is the most common organism of all sepsis-causing 
microorganisms, accounting for 48% (57 of 118 patients)  [  37  ] . In Thailand, it ranks 
the second (27 of 114 patients), following  Cryptococcus neoformans  (30 of 114) 
and surpassing  M. avium  (24 of 114)  [  38  ] . In Brazil, it is also the most common 
cause of mycobacterial sepsis  [  39  ] . Culture of blood is as sensitive as culture of 
bone marrow to detect  M. tuberculosis  and its role seems expanding  [  40  ] .  M. tuber-
culosis  bacteremia in patients with AIDS carries a high and quick mortality  [  41  ] . 
Recent efforts in developing countries have evaluated the performance of a few 
systems in culturing  M. tuberculosis  bacteremia, such as the usual Isolator 10 sys-
tem and BACTEC with MYCO/F LYTIC medium, conventional BacT/Alert FA, 
and BacT/Alert MB  [  41–  44  ] . Crump et al.  [  44  ]  found that BacT/Alert MB detected 
 M. tuberculosis  bacteremia more rapidly than the manual methods BACTEC with 
MYCO/F LYTIC medium and Isolator 10 system, but the mean time to positivity 
exceeded 3 weeks. The mean CFUs per milliliter blood were found to be 30 CFU/
ml in one study  [  44  ]  and 8 CFU/ml in another study  [  41  ] . Together, these studies 
may assist timely empiric antibiotic coverage against tuberculosis in patients with 
AIDS in these countries to reduce immediate mortality once the patient is seen at 
the hospital. These data may also impact public health policies and health care 
priorities in their respective countries.  

   Concluding Remarks 

 In conclusion, automatic blood cultures have become the diagnostic mainstay for 
bloodstream infections. The systems are re fi ned and able to cultivate various bacte-
ria, fungi, and mycobacteria. The laboratories have seen improved ef fi ciency through 
automation and a 5-day culturing cycle (except mycobacteria). With the vast major-
ity of signi fi cant isolates being detected within the  fi rst 72 h of culture, the timely 
care of patients is facilitated. The future challenge remains that the sooner the 
identi fi cation of cultured organism is rendered the better the patient care will be.      
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         Introduction 

    Helicobacter pylori  

 The association of  Helicobacter pylori  with peptic ulcer disease and gastric cancer 
was  fi rst proposed by Warren and Marshall in 1983  [  1  ] . In February 1994, the 
National Institutes of Health Consensus Development Conference concluded that 
 H. pylori  infection is the major cause of peptic ulcer disease, and all patients with 
con fi rmed peptic ulcer disease associated with  H. pylori  infection should receive 
treatment with antimicrobial agents  [  2  ] . The International Agency for Research on 
Cancer Working Group of the World Health Organization categorized  H. pylori  as a 
group I, or de fi nite, human carcinogen  [  3  ] . Based on the data retrieved during the 
National Health Interview Survey of 1989, 10% of adult US residents reported phy-
sician-diagnosed ulcer disease, among whom one-third had an ulcer in the past 
year  [  4  ] . In developing countries, the prevalence of  H. pylori  carriers can be as high 
as 70–90%. The prevalence of the infection in developed countries is lower, ranging 
from 25 to 50% with most patients acquiring the infection at childhood  [  5  ] . 
Seroprevalence studies in adults demonstrated an increasing rate of 3–4% per 
decade  [  3,   6–  8  ] . 

  H. pylori -infected patients may develop chronic gastric in fl ammation that can 
be asymptomatic.  H. pylori  infection is associated with peptic ulcer disease and 
eradication of the infection leads to cure of the ulcers  [  5  ] .  H. pylori  infection is also 
associated with gastric adenocarcinoma  [  9  ]  and mucosa-associated lymphoid tissue 
(MALT) lymphoma  [  10  ] . The American Medical Association published guidelines 
in 2000 for testing and treatment of  H. pylori -related disease  [  11  ] . More recently, 
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two updated guidelines for testing-and-treating strategies were published by 
American College of Gastroenterology and the European Helicobacter Study Group 
 [  12,   13  ] . The American College of Gastroenterology guidelines recommend testing 
for  H. pylori  in patients with active ulcers, a history of ulcers, gastric MALT 
lymphomas, a history of endoscopic resection of early gastric cancer, and uninves-
tigated dyspepsia  [  12  ] . 

 In the USA, the recommended primary treatment for the infection includes a pro-
ton pump inhibitor (PPI), clarithromycin, and amoxicillin, or metronidazole for 
14 days or a PPI or histamine-2 receptor antagoinist (H2RA), bismuth, metronidazole, 
and tetracycline for 10–14 days  [  12  ] . The “MOC” therapy, consisting of metronida-
zole, omeprazole, and clarithromycin administered for 7–14 days, may offer greater 
than 90% eradication rate  [  3  ] . Because of resistance developed by the organism, qua-
druple therapy (PPI, tetracycline, metronidazole, and a bismuth salt) has been used to 
improve the ef fi cacy and is associated with fewer side effects  [  5  ] . The quadruple ther-
apy should be considered as  fi rst-line treatment for  H. pylori  infection in areas where 
the prevalence of resistance to clarithromycin or metronidazole is high  [  14,   15  ] . An 
 H. pylori  vaccination strategy was investigated and showed promising results, but unfor-
tunately the sponsorship for the research was later withdrawn  [  16,   17  ] .  

    Aspergillus  spp. 

  Aspergillus  is a spore-forming fungus consisting of ~200 species among which less 
than 20 have been found to cause infection in human, known as aspergillosis. 
 A. fumigatus  is the most frequently identi fi ed pathogen in human aspergillosis  [  18  ] . 
The primary route of infection by  Aspergilli  is via inhalation of the airborne conidia 
followed by deposition of these conidia in the bronchioles or alveolar spaces  [  19  ] . 
In general the alveolar macrophages are the  fi rst line of defense against the inhaled 
 Aspergillus  via oxidation and phagolysosomal acidi fi cation  [  20,   21  ] .  Aspergillus  is 
an opportunistic pathogen and disease development depends on the host’s immune 
function. Aspergillosis is frequently found in immunocompromised patient popula-
tions, such as those with chronic granulomatous disease, AIDS, acute leukemia, and 
neutropenia and those treated with immunosuppressants  [  22  ] . 

 Human aspergillosis can be clinically divided into three types: saprophytic, 
allergic, or invasive. Saprophytic aspergillosis is de fi ned as a colonization of 
 Aspergillus  in the respiratory tract, usually does not invade or damage tissues, and 
may present as aspergilloma  [  23  ] . Management of the saprophytic forms of asper-
gillosis depends on the condition. For example, single pulmonary aspergillomas 
may be treated by surgical resection, while chronic cavitary and chronic necrotizing 
pulmonary aspergillosis may require long-term medical treatment  [  24  ] . Allergic 
aspergillosis is often referred to as allergic bronchopulmonary aspergillosis (ABPA) 
which is caused by a hypersensitivity reaction to  A. fumigatus   [  25  ] . The treatments 
for ABPA are focused on controlling the immunologic activity and attenuating the 
fungal burden. Steroids and antifungal agents are the two major means to achieve 
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these goals  [  24,   25  ] . The invasive aspergillosis (IA) is the most severe form of 
 Aspergillus  infection and causes high mortality and morbidity  [  24,   26  ] . The majority 
of the IA cases were found to be restricted to lungs (56%), followed by disseminated 
infection (19%), central nervous system (CNS) infection (6%), and skin and sinus 
infections (5% each)  [  27  ] . Of the numerous  Aspergillus  spp.,  A. fumigatus  accounts 
for about 90% of the IA cases  [  28  ] . The primary treatments for IA infections include 
voriconazole, amphotericin B, and liposomal amphotericin B, while caspofungin, 
amphotericin B lipid complex, or posaconazole can be used as alternatives  [  24,   26  ] . 
Early diagnosis and prompt initiation of treatment are the key factors to patient 
outcome  [  24,   26  ] .   

   Conventional Diagnostic Tests 

   Detection of  H. pylori  

  Detection of the organism in biopsy tissue specimens . Patients infected with  H. pylori  
can be diagnosed by examining biopsy tissue specimens obtained through endos-
copy  [  29,   30  ] . The organism can be directly detected in hematoxylin and eosin 
(H/E)-stained histology tissue samples, or in imprint cytology specimens with the 
same staining  [  31  ] . The organisms in tissue can also be stained with silver, Giemsa, 
or Ganta staining methods  [  3,   29,   32  ] .  H. pylori  can also be indirectly detected in 
the gastric biopsy tissue by testing its urease activity (rapid urease test). This enzyme 
(organism), present in the specimen, converts urea in the testing medium into ammo-
nia. The elevated pH, as a result of the reaction, can be observed with a color pH 
indicator in the testing medium  [  3  ] . These methods are reasonably sensitive, speci fi c, 
and easy to perform. However, invasive procedures are required. 

  Antibody detection .  H. pylori -speci fi c antibodies, IgG or IgA, can be detected in 
infected patient serum samples by immunological tests, most commonly ELISA 
assays  [  33  ] . These assays are commercially available in both laboratory-based and 
point of care-based formats. The disadvantage is that these antibodies may persist 
for months or years after infection and results need careful interpretation  [  34  ] . 
Because the sensitivity and speci fi city for detection of antibodies against  H. pylori  
vary widely in children, it is not to be solely relied on in this age group in either 
diagnosis of infection or con fi rmation of eradication  [  34  ] . 

  Detection of antigen in stool .  H. pylori -speci fi c antigen can be detected in stool 
samples from infected patients by monoclonal or polyclonal antibody-based assays 
 [  35–  38  ] . The tests using monoclonal antibodies have better diagnostic accuracy 
compared to those with polyclonal antibodies  [  39  ] . In a meta-analysis of 13 pre-
treatment studies, Gisbert et al. found that sensitivity and speci fi city of the tests 
using monoclonal antibodies were 0.95 (ranged 0.93–0.96) and 0.96 (0.94–0.98), 
respectively. When polyclonal antibody-based tests were used in the same studies, 
speci fi city (0.96, ranged 0.94–0.97) was similar, but sensitivity (0.83; 0.80–0.85) 
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was signi fi cantly lower  [  40  ] . The stool antigen tests are also useful for monitoring 
the therapeutic response and con fi rming  H. pylori  eradication with a sensitivity of 
0.93 and speci fi city of 0.96  [  40  ] . 

  Molecular detection .  H. pylori  can be detected by molecular methods, such as poly-
merase chain reaction (PCR) targeting  H. pylori  species-speci fi c genes  [  41–  43  ] . 
The specimens that these methods may work on include blood, saliva, feces, and 
biopsy tissues. The PCR methods are also used for genotyping of  H. pylori  and 
detecting antibiotic resistance genes and gene mutations  [  44–  47  ] . Therefore, the 
PCR methods are useful not only for diagnosis but also for selection of therapeutic 
drugs. However, the PCR methods cannot distinguish dead and living organisms 
and should not be used to con fi rm eradication  [  43  ] . Also, the PCR methods may 
produce false-positive results partially due to the detection of cDNA from non-
 H. pylori  organisms  [  48  ] .  

   Detection of  Aspergillus  spp. 

  Histological detection and culture . Direct detection of  Aspergillus  in tissue or  fl uid 
specimens is used to con fi rm the diagnosis of IA.  Aspergillus  hyphae may be stained 
with a fungal-speci fi c stain, for instance, Gomori’s methenamine silver stain  [  49  ] . 
Under direct microscopic observation,  Aspergillus  spp. in tissue sections typically 
appear as slender septate hyphae that exhibit angular dichotomous branching  [  50  ] . 
The  Aspergillus  hyphae may also be stained with  Aspergillus  spp.-speci fi c or 
species-speci fi c antibodies or probes  [  51–  53  ] . A culture from a biopsy or sputum 
specimen yielding  Aspergillus  not only provides evidence of  Aspergillus  infection, 
but also allows for susceptibility testing. A positive culture indicates IA disease in 
immunocompromised patients  [  54,   55  ] . 

  Antibody detection . The antibodies against  Aspergillus  spp. are detected in sera from 
patients with chronic pulmonary aspergillosis  [  56,   57  ] . Because it takes time for a 
patient with aspergillosis to generate suf fi cient antibodies against  Aspergillus , anti-
body detection may not be effective for patients with compromised immune systems 
 [  58  ] . Anti- Aspergillus  antibody level is very low at the onset of IA, but speci fi c 
antibodies in some patients may increase signi fi cantly by day 14 or later  [  59  ] . 

  Antigen detection . Several surface antigens of  Aspergillus  may be detected in the 
blood samples from patients with aspergillosis  [  60  ] . Immunoassays for galacto-
mannan and beta-glucan were most commonly used for diagnosis and therapeutic 
monitoring of IA  [  61–  63  ] . 

 Galactomannan is a polysaccharide that presents in the cell wall of most 
 Aspergillus  species  [  64  ] . It may be present in tissues and blood, as well as body 
 fl uids including CSF, urine, and bronchoalveolar lavage  fl uid  [  65  ] . The level of 
galactomannan in blood is associated with fungal load in the tissues  [  66,   67  ] . 
Sulahian et al. reported that detection of galactomannan by an ELISA assay pre-
ceded the onset of radiologic signs by 1 week in 65% of the patients with IA  [  68  ] . 
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(1,3)-Beta- d -glucan (BG) is a component of the cell wall of a wide variety of fungi 
and is a sensitive biomarker for diagnosis of Aspergillosis. For example, the detec-
tion of serum BG preceded clinical diagnosis of IA by 18 days in four probable IA 
cases  [  63  ] . Combination of BG and galactomannan tests was proven to signi fi cantly 
improve the speci fi city and diagnostic accuracy for IA  [  69  ] . 

  Molecular detection . Nucleic acid probes (AccuProbe, Gen-Probe, San Diego, CA) 
are commercially available for identi fi cation of Aspergillus species on puri fi ed iso-
lates. PCR detection of  Aspergillus  in either blood or Bronchoalveolar lavage is 
highly sensitive and speci fi c for diagnosis of IA  [  70,   71  ] .  Aspergillus  DNA may also 
be detected in other samples, such as CSF, tissue biopsies, or paraf fi n-embedded 
tissues  [  72,   73  ] .   

   Breath Tests 

   Introduction 

 Testing of a patient’s breath was found useful to detect substances associated with 
speci fi c diseases. For instance, distinct changes in breath components were noted in 
the breath of patients with liver diseases or chronic renal failure  [  74  ] . The exhaled 
air specimen contains aqueous and gaseous phases. The aqueous component 
consists mainly of water vapor and aerosol compounds formed in the lower respira-
tory tract, and the gaseous component contains inorganic gases, such as NO, CO 

2
 , 

and various volatile organic compounds (VOCs). The exhaled VOCs can be divided 
into endogenous and exogenous VOCs. The endogenous VOCs are produced from 
various metabolic processes and are distributed through the alveolar-interface or are 
produced in the airway or oral cavity. VOCs can also be derived from an exogenous 
source, such as alcohol use, environmental pollutants and microbial infection, and 
colonization  [  75  ] .  

   Sample Collection 

 Exhaled air samples are collected into various containers that can be directly or 
indirectly connected to analytical instruments. The exhaled air usually contains a 
mixture of alveolar air and ambient air retained in the respiratory dead space. The 
sampling approaches can be divided into alveolar air or mixed air collection. The 
latter is most often used due to its simplicity. However, the VOCs are usually 
diluted and contaminated in the mixed air, which may result in large variations. 
The collection apparatus for alveolar air is designed to optimally sample alveolar 
air while diverting dead space air to a reservoir. For each breath of the tested 
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subject, only alveolar air stored in the sample port is removed and analyzed  [  76  ] . 
The concentrations of VOCs in inspiratory air or the ambient air are measured as 
background  [  77  ] . Because the concentration of VOCs in the exhaled specimen is 
usually very low (at the level of parts per billion or trillion), a number of concen-
tration techniques are utilized prior to analysis. Enrichment of VOCs in the 
exhaled air specimen can be achieved by using solid-phase microextraction 
(SPME), in which VOCs are adsorbed onto coated  fi bers, or sorbent traps. The 
adsorbed analytes are released from traps or  fi bers by thermodesorption  [  78  ] . 
Enrichment can also be achieved by cryofocusing  [  79,   80  ] . The enriched VOCs 
are measured by gas chromatography-mass spectrometry (GC-MS).  

   Urea Breath Test for  H. pylori  

 Urea breath tests can detect current  H. pylori  infection. This test is based on the 
knowledge that  H. pylori  produces abundant active urease, an enzyme that converts 
urea to ammonium and carbon dioxide (CO 

2
 )  [  81,   82  ] . When infected with  H. pylori , 

high urease activity is present in the patient’s stomach. A dose of urea labeled with 
either  13 C or  14 C is ingested by the subject. The urease-catalyzed reaction then takes 
place in the mucus layer where  H. pylori  is present, the labeled CO 

2
  diffuses to the 

epithelial cells, and then is carried in the bloodstream. Ultimately it is released in 
exhaled air. The labeled CO 

2
  in the subject’s breath can be measured. The amount 

of the labeled CO 
2
  relates to the urease activity, which indicates the presence or 

absence of  H. pylori  infection  [  81–  83  ] . The amounts of isotopic CO 
2
  can be mea-

sured by various techniques and the results are expressed relative to endogenous 
CO 

2
  production. The sensitivity and speci fi city of breath tests range from 95 to 

97%, although this method has been reported to be less reliable for patients with 
gastric surgery or in patients who take PPI or ranitidine  [  82  ] . In a study involving 20 
volunteers, Cutler et al. found that ranitidine at a standard (150 mg b.i.d.) or high 
dose (300 mg b.i.d.) does not signi fi cantly alter breath test results, and suggested 
that ranitidine does not need to be discontinued before a urea breath test  [  84  ] . 
However, this observation has been challenged by a later study showing that false 
negative results in urea breath test were obtained in patients taking pantoprazole and 
ranitidine even if these patients were pretreated with citric acid  [  85  ] . 

   14   C-Urea breath test . Conventionally, patient preparation for this test requires fast-
ing for at least 4 h and oral ingestion of 5  m Ci  14 C-urea in 20 mL water. Breath is 
collected 20 min post dosing in a CO 

2
 -absorbing solution (examples are hyamine–

methanol solution or benzethonium hydroxide–methanol with a pH indicator) 
 [  86–  88  ] . Radioactivity in the sample is measured by a scintillation counter and the 
result is expressed as counts per minute (cpm) or as a speci fi c activity at a speci fi c 
post-dosing time (AS 

time
 )  [  86–  88  ] :

     
14

time 2 2AS (% CO dose excreted / mmol of CO ) weight (kg),= ×    
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where the  14 C-urea dose is calculated from measurements of standard solutions with 
known concentrations of  14 C-urea.

     
14

2CO dose excreted counts at the specific time counts at baseline.= −     

 This parameter is corrected for the patient’s weight in the  fi rst equation  [  86  ] . The 
conventional  14 C-urea test using  b -scintillation is suitable for diagnosis of  H. pylori  
as well as con fi rmation of eradication following antibiotic treatment  [  86–  88  ] . 

 The two parameters that have been subject to modi fi cation are the  14 C-urea dose 
and breath-collection times  [  89,   90  ] . A reduced dose of  14 C-urea of 1  m Ci has been 
shown to be highly sensitive and speci fi c (equivalent to the conventional test) for 
both diagnosis and posttreatment con fi rmation of eradication  [  91,   92  ] . Further 
reduction of the collection time to 10 min post  14 C-urea dosing has been shown to 
be appropriate for the clinical diagnosis of  H. pylori   [  93,   94  ] . Though the dose of 
radioactive  14 C-urea is minimal, strict regulations must be followed to ensure patient 
safety. The test has not been approved for use in pregnant women or children in the 
USA. However, with a reduced dose of  14 C-urea (1  m Ci), the amount of radiation 
that a patient receives from the  14 C-urea breath test is actually less than that acquired 
from the natural environment in 1 day  [  95  ] . It is now suggested by some clinicians 
that the  14 C-urea breath test can be safely used in pediatric patients  [  95,   96  ] , espe-
cially in developing countries where the  13 C-urea breath test is not usually available 
and the infection rate of  H. pylori  in children is very high  [  95  ] . 

 False positive results can be obtained in a  14 C-urea breath test with non-capsulated 
 14 C-urea due to urease-producing bacteria present in the oropharynx. The measured 
values due to oral micro  fl ora declined by 91 and 96% at 10 min, and 94% and 98% 
at 15 min in patients without and with mouth cleansing, respectively. These results 
indicate that the  14 CO 

2
  excretion by oral micro  fl ora becomes negligible in 10 min 

with and 15 min without mouth cleansing. The authors suggested that two breath 
samples should be taken at 15 and 20 min for without and at 10 and 15 min with 
mouth cleansing protocols to ensure the exclusion of  14 CO 

2
  produced by oral micro 

 fl ora  [  97  ] . 

   13   C-Urea breath test .  13 C-urea breath test is considered a standard noninvasive test 
for both initial diagnosis and eradication con fi rmation. Compared to the  14 C-urea 
breath test, the  13 C element is a nonradioactive isotope of  12 C with a natural relative 
abundance of 1.1% and no special handling is necessary. The general procedure is 
to take a simple test meal to delay gastric emptying and maximize the distribution 
of  13 C-urea after fasting followed by ingesting the  13 C-urea dose in water or tablet 
form. If the  13 C-urea dose is taken in a water solution, immediate mouth rinsing with 
water is recommended to prevent false-positive results caused by oral bacteria with 
urease activity  [  98–  102  ] . This mouth-rinsing step can be eliminated by taking a 
 fi lm-coated tablet-formulated  13 C-urea dose that is not soluble in the oral cavity but 
readily soluble in the stomach  [  100  ] . A breath sample is then taken at both baseline 
and the speci fi ed post-dose time points, usually at 20 or 30 min. The conventional 
detection is by isotope ratio mass spectrometry (IRMS), which differentiates  13 CO 

2
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and  12 CO 
2
 . Less expensive GC/MS has also been used to measure the specimens 

 [  103  ] . The delta over the baseline of  13 CO 
2
  excess is used as the diagnostic parameter. 

The formula is expressed as the following  [  101  ] :

     
= − × 0

00sample ref ref( ) / 1,000R R Rδ
   

where  R  is the ratio of  13 CO 
2
  to  12 CO 

2
  in the sample and in a reference gas. The refer-

ence gas is traceable to an international primary standard, Pee Dee belemnite cal-
cium carbonate  [  83,   104  ] . The test results are expressed as the difference in relative 
enrichment between pre-dose and post-dose breath samples (delta over baseline or 
DOB)  [  101  ] . Cutoff values vary based on  13 C-urea doses, different administration 
methods, formulation of  13 C-urea and test meals, sample collection time, and detec-
tion techniques. 

 Other detection techniques have been developed to eliminate the cost of a mass 
spectrometer. Based on the slightly different absorption spectra between  13 CO 

2
  and 

 12 CO 
2
 , the ratio of  13 CO 

2
 / 12 CO 

2
  can be accurately determined by a nondispersive 

isotope-selective infrared spectrometer (NISIR). The sensitivity and speci fi city of 
the  13 C-urea breath test using NISIR are comparable to those measured by mass 
spectrometry  [  105–  108  ] . This detection technique is less expensive compared to 
mass spectrometry. It can also be placed in a regular laboratory, clinic, or even in a 
doctor’s of fi ce. Another technique to detect the ratio of  13 CO 

2
 / 12 CO 

2
  is using a laser-

assisted ratio analyzer (LARA). The detection principle is based on the optogal-
vanic effect, which is an electrical signal in response to optical stimulation of a 
resonance transition in an electrical discharge species. The optogalvanic effect is 
due to changes in the effective electrical impedance of the gas discharge, which 
results from an optically induced change in the electron energy distribution function 
in the molecules. The laser-induced stimulation modi fi es the ionization rate in the 
discharge cell, which enables measurement of electron energy to determine the gas 
concentration in the specimen  [  109,   110  ] . The LARA is based on two unique light 
sources,  13 CO 

2
  and  12 CO 

2
  charging lamps. The use of the two charging lamps ensures 

that light absorption is due to the existence of  13 CO 
2
  and  12 CO 

2
  only, in the gas mixture. 

It also reduces the background radiation leading to a highly sensitive and speci fi c 
technique  [  111  ] . The application of this technique has been proven to be an effective 
alternative to the traditional IRMS  [  109,   111–  114  ] . 

 Since its initial description using 350 mg of  13 C-urea  [  115  ] , the test has been 
modi fi ed extensively on two major areas to reduce the cost and increase patient 
comfort level:  13 C-urea dose and duration of the test. Reduction of the  13 C-urea dose 
to 100 mg for a test duration of 30 min without a test meal has been shown to be 
highly sensitive and speci fi c  [  101  ] . Tests employing a dose of 100 or 75 mg  13 C-urea 
for a duration of 30 min have been proven to be as accurate and less expensive com-
pared to larger doses  [  98,   99,   101,   116  ] . The test meal can be milk, orange juice, or 
a citric acid solution  [  98,   99,   116,   117  ] . Reduction of dose to 50 mg  13 C-urea and 
test duration to 15 min has also proven to be suf fi cient  [  99  ] . Further modi fi cation 
using a tablet containing 50 mg  13 C-urea and 456 mg citric acid without a test meal 
for a duration as short as 10 min provides suf fi cient sensitivity and speci fi city when 
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endoscopy was used as a “gold standard” diagnosing  H. pylori  infection  [  118,   119  ] . 
In the case of ingestion of 100 mg  13 C-urea in 50 mL water with no test meal after a 
6-h fasting, the earliest optimal time for discriminating  H. pylori -positive and 
-negative patients is 2 min with endoscopic administration and 6 min with a conven-
tional method of administration  [  102  ] . Another study involving 202 patients showed 
no signi fi cant difference between the conventional tests (75 mg  13 C-urea in 50 mL 
water) with or without a test meal (200 mL 0.1N citric acid)  [  120  ] . However, most 
studies showed that pretreatment with citric acid in the urea breath test displayed 
higher DOB values compared to other test meals or no test meals  [  121–  124  ] . Citric 
acid slows gastric emptying and thus increases the contact between the bacterial 
urease and the substrate  [  124,   125  ] . In addition,  H. pylori  urease activity is pH 
dependent with higher activity at lower pH  [  126  ] . Therefore it is expected that citric 
acid should increase DOB values mostly in infected patients and with little or no 
change of DOB in uninfected patients. 

 A further modi fi cation incorporating endoscopy showed highly accurate diagnosis 
of  H. pylori  and con fi rmation of eradication  [  127  ] . The most important feature of 
the technique (endoscopic  13 C-urea breath test, EUBT) is the direct spray of  13 C-urea 
over the entire gastric mucosa under endoscopic observation. However, this tech-
nique requires a lot of patient preparation, including an oral intake of 80 mg dimeth-
ylpolysiloxane to remove adherent gastric mucus 10 min before the endoscopy, 
along with an oral intake of 200 mg lidocaine to anesthetize the pharyngeal areas, 
and intramuscular injection of 20 mg scopolamine butylbromide 5 min before the 
endoscopy  [  127  ] . The  13 C-urea breath test is not affected by bleeding peptic ulcers 
while the rapid urease test shows signi fi cantly decreased sensitivity in this condition 
 [  128  ] . One drawback with the  13 C-urea breath test is that dubious or false-negative 
results often occur in patients on antisecretory medications, for example, H2-blockers. 
This problem can be resolved by taking the  13 C-urea in a tablet formulation supple-
mented with citric acid  [  117  ] . The  13 C-urea breath test results  fl uctuate in different 
age groups and genders. DOB results decrease as age increases in both genders. At age 
30, the DOB reaches a nadir and moderately increases after age 60 in both genders. 
In general, females have signi fi cantly higher DOB than males even in early 
childhood and throughout old ages  [  129  ] . 

 The diagnosis of  H. pylori  using a  13 C-urea breath test has been explored in 
infants and adolescents. The commonly accepted method is using 75 mg  13 C-urea 
with breath samples taken at baseline, 20 and 30 min. This approach was shown to 
be highly sensitive (100%). The speci fi city is lower in children less than 6 years of 
age (88.1% vs. 97.8%) compared to the older group  [  130  ] . This could be due to the 
lower production of endogenous CO 

2
  in younger children compared to adults, 

resulting in relatively higher isotopic ratio of  13 CO 
2
 / 12 CO 

2
  with the same dose of 

 13 C-urea  [  131  ] . Because of some overlap, de fi ning a gray zone seems to be appropri-
ate in this age group  [  130  ] . The breath test has been shown to have excellent sensi-
tivity and speci fi city for con fi rmation of eradication of  H. pylori  (100%) in 72 
children aged 3–18 years. The diagnostic speci fi city (95%) and sensitivity (100%) 
have also been shown to be comparable to histology, rapid urease test, and 
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serology  [  132  ] . Reduction of  13 C-urea dose to 50 mg in children is suf fi cient for 
diagnosis of  H. pylori   [  133–  135  ] . A fatty test meal and 50 mg  13 C-urea with breath 
sampled at 30 min have been shown to give the best sensitivity (98%) and speci fi city 
(98%) in a multicenter study  [  133  ] . 

  Current available tests . Urea breath tests from two companies have been approved 
by the FDA for  H. pylori  diagnosis. EZ-HBT Helicobacter Blood Test using a 
Finnigan BreathMAT Plus Isotope Ratio Mass Spectrometer is offered by Metabolic 
Solutions, Inc (Nashua, NH). The company provides test kits and offers lab test 
service. A granulated powder containing 75 mg  13 C-urea, citric acid, aspartate, and 
mannitol is provided within the kit for preparing the oral dose. Baseline and 15-min 
post-dose breath samples are collected. Patients are instructed to fast for at least 1 h 
and avoid PPI, antibiotics, bismuth, or any treatment for  H. pylori  within 2 weeks 
prior to the test. The claimed sensitivity and speci fi city are 95% (Metabolic Solution 
Web site, 2011). BreathTek (Meretek Diagnostics, Inc., Rockville, MD) is the other 
FDA-cleared test (Package insert, 2010). The test can be administered in the doc-
tor’s of fi ce, clinic, or patient service center. The patient should abstain from antibi-
otics, PPIs, and bismuth 14 days before the initial testing or 4 weeks after treatment 
prior to testing for con fi rmation of eradication. The patient is also required not to 
have anything in his/her mouth 1 h prior to the testing. Immediately after a baseline 
breath sample is collected by blowing into a collection bag to determine the initial 
ratio of  13 CO 

2
  and  12 CO 

2
 , the patient is given a lemon- fl avored Pranactin-Citric solu-

tion by mouth. Each 3 g dose of the Pranactin-Citric powder is supplied in a pouch 
containing 75 mg  13 C-urea, citric acid, aspartame, and mannitol. The second breath 
sample is then collected 15 min after the dose by blowing into the second collection 
bag. Urease produced by  H. pylori  hydrolyzes  13 C-Pranactin-Citric to form  13 CO 

2
 , 

which is expelled and detectable in the second breath sample. The samples are ana-
lyzed on a UBiT-IR300 Infrared Spectrometer or a POCone ®  Infrared 
Spectrophotometer for the measurement of  13 CO 

2
  and  12 CO 

2
  in breath samples. 

Analysis by the UBiT-IR300 spectrometer can be set up and operated by each indi-
vidual laboratory or test facility. A cutoff of 2.4 is used for both initial diagnosis and 
posttreatment monitoring of  H. pylori . However, the test’s performance for patients 
under 18 has not been established. There is also lack of an established correlation 
between the number of  H. pylori  organisms in the stomach and the breath test 
results (Package insert, 2010). 

 Helikit (Isodiagnostika, Edmonton, Alberta, Canada) also incorporates  13 C-urea 
formulation with the possibilities of both IRMS and infrared point-of-care 
(ISOMAX) detections. The post-dose breath collection is set at 30 min, and the 
sensitivity and speci fi city are claimed to be 98 and 95%, respectively (Package 
insert, 2011). BreathID system is offered by Exalenz Bioscience Inc (Wilmington, 
DE). The detection of  13 CO 

2
 / 12 CO 

2
  is achieved by Mass Correlation Spectrometry 

via continuous breath sampling at a point-of-care environment. The BreathID tech-
nology enables healthcare providers to perform the breath test by pushing a single 
button and results are printed within 10 min in most cases.  
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   Breath Test for  Aspergillosis  

 Unique VOCs were found to be produced by  fi ve  Aspergillus  species ( A. fumigatus , 
 A. versicolor ,  A. sydowi ,  A.  fl avus , and  A. niger ) cultivated on malt extract agar and 
gypsum board  [  136  ] . In another study, 2-Pentylfuran (2PF) was consistently detected 
in the media of  A. fumigatus ,  Fusarium  spp.,  A. terreus ,  A.  fl avus , and to a lesser 
extent by  A. niger . 2PF was not detected from most of the other bacterial strains 
tested except  Streptococcus pneumoniae . In addition, 2PF was detected in breath 
samples from 4/4 patients with CF and  A. fumigatus  colonization, 3/7 patients with 
CF but no microbiological evidence of  A. fumigatus , and none of the 10 healthy con-
trols  [  137  ] . In a later study involving more study subjects, 2PF was not detected in 
the breath samples collected from the 14 healthy controls but was detected in 1 of 10 
neutropenic patients and in 17 of 32 subjects with respiratory disease. Using culture 
results of sputum specimens collected within 2 months as gold standard, the sensitiv-
ity and speci fi city of the 2PF detection for  Aspergillus  infection were determined to 
be 77 and 78%, respectively  [  138  ] . In both studies, breath samples were collected in 
4- or 5-L tedlar bags. A single breath sample was collected by forced expiration, and 
pre-concentrated by using SPME. VOCs in the breath samples were analyzed by GC/
MS  [  137,   138  ] . Further prospective clinical studies are needed to validate the clinical 
usefulness of this biomarker in diagnosis and monitoring of  Aspergillus  infection 
 [  139  ] . Furthermore, other VOCs have been found to be promising biomarkers for 
other infections with examples of 2-aminoacetophenone for  Pseudomonas aerugi-
nosa   [  140  ]  and nicotinic acid for  Mycobacterium tuberculosis   [  141  ] .   

   Conclusions 

 In summary, urea breath tests are intended to detect active infections. They are non-
invasive and can be highly accurate. Newer assay formats and instruments are much 
simpler, more cost effective, more user friendly, and thus may provide suitable alter-
native choices for clinical diagnosis of microbial infections.      
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       Introduction 

 Immunoassays for the detection of the antigens of microorganisms remain important 
tools for the diagnosis and management of infectious diseases .  Great strides have 
been made since the introduction of the early precipitation and agglutination assays 
in increasing the sensitivity, speci fi city, standardization, and automation of antigen 
tests  [  1–  4  ] . Antigen tests have long been used to detect infectious agents that are 
dif fi cult, slow, or hazardous to culture. However, antigen detection methods are 
especially useful for rapid diagnosis, whether in the clinic, emergency department, 
doctor’s of fi ce, or central laboratory. Simple one-step assays can provide results in 
15 min with dramatic bene fi ts to physician decision-making. 

 The basis for antigen detection assays is the speci fi c binding of an antigen 
(protein or glycoprotein or polysaccharide) to an antibody. Antigen assays are 
generally more economical than either culture or molecular techniques. However, 
they do not amplify their target, as culture ampli fi es infectious organisms, or as 
polymerase chain reaction ampli fi es nucleic acid. Thus, they are generally less 
sensitive than these other methods. Since antigen immunoassays traditionally detect 
only the antigen originally present in the sample, optimal sample collection and 
handling are key to good results. 

    S.   Campbell  
     Pathology and Laboratory Medicine Service ,  VA Connecticut ,
  West Haven ,  CT ,  USA  

   Department of Laboratory Medicine ,  Yale University School of Medicine ,
    New Haven ,  CT   06520-8035 ,  USA    
e-mail:  sheldon.campbell@yale.edu  

     M.  L.   Landry     (*)
     Department of Laboratory Medicine ,  Yale University School of Medicine ,
    New Haven ,  CT   06520-8035 ,  USA    
e-mail:  marie.landry@yale.edu   

    Chapter 3   
 Rapid Antigen Tests       

      Sheldon   Campbell       and    Marie   L.   Landry            



32 S. Campbell and M.L. Landry

 Antigen detection methods are also very valuable for the speci fi c identi fi cation 
of infectious agents after ampli fi cation in culture. However, since culture requires 
at least an overnight incubation, these methods are not discussed here. In this 
chapter, we consider only those tests that detect antigens directly in clinical sam-
ples, with results available within minutes to several hours after sample receipt. 
First, we brie fl y review the principles and characteristics of major techniques and 
then we discuss their application to detection of microorganisms and viruses in 
clinical specimens.  

   Principles of the Techniques 

   Agglutination 

 Agglutination methods utilize the antibody–antigen bond to create clumping (agglu-
tination) of particles. Agglutination tests to detect antigens employ  fi xed red cells 
(hemagglutination), latex beads, gelatin, or synthetic microbeads coated with 
speci fi c antibody as carrier or indicator particles. In a typical agglutination assay for 
detection of microbial antigen, a drop of liquid suspension of antibody-coated 
particles is placed on a card, and the specimen is added and mixed. The card is then 
incubated, often on an oscillating mixer, and read by visually observing the clumping 
reaction (Fig.  3.1 ). No washing is required. Agglutination assays can be made 
semiquantitative by performing serial dilutions of the specimen and reporting the 
greatest dilution which results in a positive reaction.  

Antigen 

Particle-
bound 
Antibody 

Agglutination Antigen Excess ‘Prozone”

  Fig. 3.1    Particle agglutination and prozoning       
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 A major source of error in agglutination tests is the prozone reaction, which 
occurs when antigen is present in excess. “Prozoning” is observed at high antigen 
concentrations where excess antigen occupies most antibody binding sites with 
unique antigen molecules, thus preventing the multiple antibody binding of each 
antigen that causes the particles to clump (Fig.  3.1 ). These false-negative reactions 
can be detected by repeating the test at a higher dilution of sample, which reduces 
the antigen concentration into the range that produces agglutination. 

 Compared with other methods, agglutination tests tend to be very rapid, and 
require minimal training and equipment. However, test sensitivity is usually less 
than that for other techniques, as a greater quantity of antigen is required to produce 
visible agglutination. Factors which limit the speci fi city of agglutination methods 
include heterophile and rheumatoid factor antibodies which may cause agglutina-
tion in the absence of speci fi c antigen; mucus and other substances which may 
agglutinate particles nonspeci fi cally; and lipemia and other opaque materials which 
interfere with interpretation.  

   Immuno fl uorescence 

 Immuno fl uorescence (IF) is a microscopic technique that uses speci fi c antibodies 
labeled with  fl uorochromes to detect, localize, or quantify microorganisms, or pro-
teins expressed in virus-infected cells, in samples applied to slides. A variety of 
 fl uorochromes are available, but the most commonly used are  fl uorescein and rhod-
amine. Several  fl uorochromes can be used simultaneously to detect more than one 
organism. Fluorochromes are excited by UV light and, in returning to their resting 
state, emit photons at a speci fi c wavelength. Visualization requires a microscope 
with a dark- fi eld condenser and  fi lters for each  fl uorochrome that allow only the 
emitted  fl uorescent light to be seen. In the direct method, the primary antibody is 
labeled with the  fl uorochrome (Fig.  3.2 ). In the indirect method, the speci fi c antibody 
is unlabeled, but a second anti-species antibody that reacts with the antigen–antibody 
complex is labeled, and allows detection. The direct technique is shorter and simpler, 
whereas the indirect method is cheaper and in theory more sensitive.  

 Prior to IF, clinical specimens may be washed to remove material that can itself 
 fl uoresce or trap stain. After application to a glass slide, the sample is  fi xed by heat, 
cold acetone, or occasionally formalin. The sample af fi xed to the slide is allowed to 
react with speci fi c antibodies, and then washed to remove non-reacting materials. 
Mounting oil and a coverslip are applied. Time to result after  fi xation is less than 1 h 
for direct and about 2 h for the indirect method. 

 IF requires an expensive  fl uorescence microscope, which must be well main-
tained, kept in a dark room, and the bulb life monitored as intensity declines with 
use. IF allows microscopic visualization of sample quality, and thus the opportunity 
to recollect inadequate samples. IF also allows the detection of only one or two 
infected cells or few microorganisms, making it potentially more sensitive than 



34 S. Campbell and M.L. Landry

other immunoassays. However, signi fi cant training and judgment are required to 
ensure good quality preparations and accurate interpretation. Performance charac-
teristics for IF must be established by each laboratory, for each reader, and for each 
analyte. Slides can be saved at 4°C for weeks for quality control purposes and cor-
relation with culture results.  

   Enzyme Immunoassay 

 Enzyme immunoassay (EIA) is the generic term for a large number of methods that 
link an antigen–antibody reaction to an enzymatic reaction to produce a colorimetric, 
 fl uorimetric, or chemiluminescent readout. A variety of enzymes may be used, but 
the most common are alkaline phosphatase and horseradish peroxidase. EIA meth-
ods are used in formats that range from self-contained kits sold for home use to 
methods that run on high-throughput, random-access laboratory instruments. 
Typical assay times are 2–3 h, though self-contained membrane EIAs and competi-
tive EIAs can be signi fi cantly faster. EIAs thus allow manufacturers to offer tests in 
a wide variety of formats to suit different clinical applications. 

 More automated EIA methods such as  fl uorescent particle immunoassay (FPIA) 
and chemiluminescent immunoassays tend to be utilized for higher-volume testing 
such as drug and hormone assays. Testing for some microbial antigens, such as 
hepatitis B surface antigen (HBsAg), is suf fi ciently high volume to merit these 
automated formats. 

 Enzyme-linked immunosorbent assay (ELISA) is a speci fi c category of EIA in 
which one of the antibodies is “adsorbed” or bound to a solid phase (immuno sor-
bent ). ELISAs typically are implemented in a microwell, tube, or bead format 

Antigen Fluorescent
Conjugated Antibody

F

Patient sample 
fixed to slide 

Add fluorescent 
conjugated antibody 

Wash, visualize under 
fluorescence microscope 

FFF FFF

  Fig. 3.2    Direct immuno fl uorescence       
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(Fig.  3.3 ). The label can be carried on a single labeled antibody, or a sandwich of an 
antigen-speci fi c antibody and a label. In the latter case, the label is borne either on 
a second anti-species antibody that reacts with the antigen–antibody complex or on 
an antibody-binding protein such as staphylococcal protein A. Another strategy 
uses biotin-labeled antibody and streptavidin–horseradish peroxidase conjugate. 
The sandwich-type methods increase sensitivity, but may increase time and cost. 
Various steps of the process can be automated by plate washers and readers, and by 
more comprehensive automated ELISA systems.  

 Competitive ELISAs may be set up with either antibody or antigen on the solid 
phase. Labeled antigen is added either simultaneously with or after the patient 
specimen is reacted with the  fi rst antibody. The signal generated is inversely propor-
tional to the amount of antigen in the specimen. In comparison with direct or non-
competitive formats, competitive ELISAs tend to be more rapid and speci fi c, but 
less sensitive. 

 In qualitative antigen detection, a quantitative cutoff divides positive from nega-
tive results. The precise value of the cutoff, which is usually expressed as a signal 
relative to that generated by a negative control sample, depends on the method and 
the desired mix of sensitivity and speci fi city needed for clinical purposes; lower 
cutoffs provide more sensitivity but less speci fi city. Receiver–operator curve 
(ROC) analysis may be used to optimize the cutoff; ROC curves demonstrate the 
relationship between sensitivity and speci fi city as cutoff values vary, and allow 
assessment of the effect of changing cutoff values on test performance. 

 Signi fi cant interferences in EIA testing arise from “hook effects,” heterophile 
antibodies in blood, and nonspeci fi c binding of specimen constituents producing 
high backgrounds. “Hook effects” arise when extremely high quantities of antigen 
are present; however, the mechanism of interference with EIAs is not as clearly 

Capture
Antibody Antigen

Capture antibody
bound to well or
bead

Add sample,
antigen bound to
capture antibody

Wash excess
antigen, add
labeled antibody

Wash, add enzyme
substrate, read 
colorimetrically 

Labeled
antibody

  Fig. 3.3    Antigen capture ELISA       
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de fi ned as with agglutination. Heterophile antibodies can produce either negative or 
positive interference, depending on the details of the assay construction. Nonspeci fi c 
binding of specimen constituents is particularly troublesome in respiratory specimens, 
where mucoid specimens may be associated with false-positives. 

 Advantages of EIAs include ability to run large numbers of samples with minimal 
hands-on time, modest personnel training requirements, ability to automate, and 
objective end-points. Disadvantages include inability to assess specimen quality, 
need to set sometimes arbitrary cutoffs, hook effects, interfering substances, including 
rheumatoid factors and heterophile antibodies, and need for careful and thorough 
washing to avoid false-positive results.   

   Chemiluminescent Methods 

 Chemiluminescence (ChL) is the emission of light that occurs when a substrate 
decays to a ground state from an excited state produced by a chemical reaction, 
most often an oxidation. The emission is read with a luminometer or may be cap-
tured on photographic  fi lm. Chemiluminescence is the most sensitive reporter sys-
tem for immunoassays, since light emission can be detected at very low levels, 
and there are few naturally occurring molecules which emit light under the 
 conditions used for chemiluminescence, leading to very low backgrounds. 
Chemiluminescent readouts can employ either a chemiluminescent readout from 
an enzyme assay or a directly chemiluminescent labeled antibody. The most com-
mon ChL compounds are acridinium esters and derivatives of isoluminol, both of 
which are excited by sodium hydroxide and hydrogen peroxide. In addition, 
1,2-dioxetane molecules are used as substrates for alkaline phosphatase in many 
commercial immunoassays. Finally, electrochemiluminescent detection of ruthe-
nium-labeled antibodies has been employed in systems for the detection of bio-
logical weapon agents in environmental samples and in general immunochemical 
platforms. 

   Lateral Flow Immunochromatography and Fluoroimmunoassay 

 Membrane EIAs usually involve a series of steps: addition of sample, wash step, 
addition of conjugate, wash step, and addition of substrate, and then stop reagent. 
The result is read as a colored spot or a triangle on a solid surface. By substituting 
an IgG binding dye (e.g., staphylococcal protein A-gold reagent) for the anti-
immunoglobulin conjugate, the procedure can be shortened by one step. However, 
immunochromatographic or lateral  fl ow assays usually require no reagent addi-
tions, and thus are extremely simple to perform. Like membrane EIAs, most of 
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these tests include a built-in control; if the test differentiates two different agents 
(e.g., in fl uenza A and B), two controls are included. These tests utilize antibodies 
spotted onto nitrocellulose membranes with lateral or vertical  fl ow of sample or 
reagents to interact with immobilized antibody (Fig.  3.4 ). Use of an antibody sand-
wich increases sensitivity. Speci fi c antibody is adsorbed onto a nitrocellulose mem-
brane in the sample line, and a control antibody is adsorbed onto same membrane 
as second line. Both antibodies are conjugated to visualizing particles that are dried 
onto an inert  fi brous support. Conjugate pad and striped membrane are combined to 
construct the test strip. An extracted sample is added at one end and moves along 
membrane by capillary action to reach the immobilized antibody stripes. 
Alternatively, a test strip can be inserted vertically into a tube containing the 
extracted sample.  

 Disadvantages of rapid membrane assays in general include subjective inter-
pretation, lack of automation, and possible errors if the reader is color-blind. 
Although simple to perform, inexperience and lack of attention to technique can 
lead to errors. Samples must disperse within speci fi ed time limits and pipettes 
must be held vertically for correct delivery of reagent volumes. Accurate timing 
can be adversely affected when multiple samples are tested. Results must be visu-
ally read within a narrow time window, which can be dif fi cult in a busy clinic or 
laboratory. 

 Recent improvements to lateral  fl ow assays applied to respiratory virus detection 
include use of a  fl uorescent label to enhance sensitivity of detection and insertion of 
sample cassettes into a  fl uorescent reader for objective readout, accurate timing, and 
printed results. Use of bar-coded samples and an interface with the laboratory infor-
mation system reduce transcription errors and save labor.   

Capture
antibody

Colloidal Gold-
Antibody
Conjugate

Antigen

Sample with 
antigen added to
sample pad 

Antigen moves by 
capillary action and
binds to conjugate  

Antigen-colloidal gold 
antibody complex binds to
capture antibody 

Collodal gold particles visible
when captured on substrate

  Fig. 3.4    Lateral  fl ow immunochromatography       
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   Characteristics of the Techniques 

 The characteristics of the techniques are presented in Table  3.1 , strati fi ed by training 
requirements. IF requires the most intensive training and quality control. EIA meth-
ods are widely used for many analytes, high-quality commercial kits are available, 
and automation is common. Rapid membrane and agglutination assays, while gen-
erally simple, vary in number of steps. Lateral  fl ow methods usually require no 
wash steps or reagent additions. Each laboratory needs to evaluate these methods 
and establish performance characteristics in its own settings and patient popula-
tions. Decisions on which tests to employ should take into account clinical needs, 
test volumes, time to result, cost of materials and labor, equipment required, and 
staff expertise.   

   Applications of the Techniques 

 A summary of the applications of antigen techniques to speci fi c pathogens is given 
in Table  3.2 , and common uses are discussed below.  

   Bacteria 

 Rapid antigen testing is routine for diagnosis of group A streptococcal pharyngitis. 
Although rapid antigen tests offer less than 100% sensitivity, their wide availability 
at the point of care (POC) allows practitioners to diagnose and treat this common 
childhood illness in a single of fi ce visit in most cases, reserving culture for antigen-
negative patients  [  5  ] . 

 The value of detection of  Streptococcus pneumoniae  antigen in urine for the 
diagnosis of pneumonia is limited by the positive results obtained in patients with 
mere oropharyngeal colonization, occurring especially in children, and by sensitivities 
of only 50–85%. The role of this test in management of patients with community-
acquired pneumonia is still evolving, but current guidelines for the management of 
community-acquired pneumonia suggest the use of this antigen test in patients with 
severe disease  [  6–  8  ] . 

 Antigen detection in urine is a major diagnostic procedure for  Legionella  infec-
tions. Although available tests detect only 80–90% of the serotypes associated with 
human disease, the method is sensitive and speci fi c for those serotypes, and is 
much more rapid than culture. Urinary antigen can remain positive for days to 
weeks after therapy is begun, and thus can be performed on treated patients. 
Because non-serogroup I is more common in health care-associated infections than 
in community-acquired disease, the urinary antigen test is most sensitive in detecting 
community-acquired legionellosis. The antigen test is also more sensitive in 
severe than in mild disease. DFA testing of respiratory specimens for  Legionella  is 
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insensitive, even relative to culture, and requires a skilled reader to limit false-positives. 
Monoclonal reagents are signi fi cantly more speci fi c than polyclonal reagents, but 
both have been described to cross-react with non- Legionella  species, and contami-
nation of water, buffers, and the environment with environmental  Legionella  also 
may produce false-positives. The true sensitivity and speci fi city of antigen detec-
tion methods in  Legionella  infections are dif fi cult to determine, since culture itself 
is insensitive, and molecular methods are only available in a limited number of 
places  [  9,   10  ] . 

 For diagnosis of enterocolitis due to  Clostridium dif fi cile  toxins, there is no “gold 
standard.” Rather, a variety of diagnostic techniques are employed, including 
toxigenic culture, tissue culture cytotoxicity with antibody neutralization, rapid and 
conventional toxin EIAs, and molecular diagnostics. The various EIA methods are 
the most widely employed because of their modest technical requirements and rapid 
time to result; tests which detect both toxin A and toxin B are more sensitive than 
methods which detect only toxin A. As simpler molecular methods have become 
available, the role of antigen and other methods has become increasingly controver-
sial. Toxin-only antigen testing is quite insensitive relative to toxigenic culture or 
PCR; on the other hand, PCR testing may detect patients with asymptomatic coloniza-
tion with  C. dif fi cile . Optimal antigen-based algorithms involve a screening  C. 
dif fi cile  glutamate dehydrogenase (GDH) antigen test, which is more sensitive than 
a toxin assay but detects non-toxigenic strains, followed by a toxin antigen test for 
con fi rmation. PCR or repeat testing may be used to address discrepant results  [  11, 
  12  ] . A cartridge-type test incorporating both GDH and toxin antigen detection is 
available. 

 Antigen testing of stool for  Helicobacter pylori  is available both in a laboratory-
based EIA and a rapid format. It serves as a diagnostic option to the urea breath test, 
serology, and endoscopy. It may be particularly useful in children, where the urea 
breath test may be dif fi cult to perform, and in patients in whom serologic testing is 
likely to be problematic, such as steroid-treated or HIV-infected patients  [  13  ] . False-
negative results are common in patients on proton-pump inhibitor therapy, bismuth, 
or antibiotics. The stool antigen test can also be used as a test-of-cure, though the 
time required after treatment is still unclear  [  14  ] . 

 Antigen testing for genital  Chlamydia  infections has been almost entirely 
replaced by nucleic acid testing, which is substantially more sensitive and speci fi c. 
Rapid tests have the potential for POC use, but none is yet FDA approved, and 
sensitivity remains an issue  [  15  ] . Due to the lack of infrastructure for nucleic acid 
tests, and the high prevalence and disease burden of  Chlamydia  in the less devel-
oped parts of the world,  Chlamydia  antigen tests may have a role in those settings 
despite disappointing sensitivity  [  16,   17  ] . 

 Bacterial antigen testing for meningitis is rapid, but has fallen out of use in recent 
years due to inadequate sensitivity and speci fi city and the use of empiric antibiotic 
therapy. The presence of neutrophils in CSF generally leads to therapy in patients 
with compatible syndromes, while the positive predictive value of antigen testing 
performed on patients with acellular CSF is dismal. Empiric antibiotic choices cover 
the organisms detected by the antigen tests  [  18,   19  ] . 
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 Current guidelines for detection of Shiga-toxin-producing  E. coli  (STEC) 
recommend the use of a Shiga-toxin antigen test. Antigen testing may be per-
formed directly on stool, but improved sensitivity is available if an overnight 
enrichment in selective broth is performed. The sensitivity of antigen tests, even 
after broth enrichment, falls short of 100%, so selective culture on sorbitol-Mac-
Conkey agar is still recommended. Sorbitol-negative colonies of  E. coli  may be 
tested with a rapid antigen test for the O:157 antigen. For cases of STEC detected 
either by culture or antigen testing, the stool sample or the isolate should be for-
warded to public health laboratory for analysis, con fi rmation, and strain typing for 
outbreak investigation  [  20  ] .  

   Fungi 

 Detection of invasive Aspergillus infections using the galactomannan ELISA has 
become an important aspect of management of bone-marrow transplant and other 
profoundly neutropenic patient populations. Aspergillus galactomannan antigen is 
used for surveillance in at-risk patients, and may also be of value in monitoring 
therapy. The combination of radiologic and antigen testing allows early initiation 
of antifungal therapy and improves outcome in neutropenic patients. The test is 
less sensitive in non-neutropenic patients, due likely to lower organism loads. 
False-positives are a problem, occurring frequently in patients who receive 
piperacillin–tazobactam or amoxicillin–clavulanate, and in patients with other fun-
gal infections  [  21  ] . 

 For  Cryptococcus , antigen testing is the mainstay of diagnosis. The sensitivity in 
cryptococcal meningitis approaches that of culture while providing more rapid 
diagnosis  [  22  ] . Cryptococcal antigen testing of both serum and CSF is important in 
diagnosis, staging, and monitoring of cryptococcal disease in at-risk patients  [  23  ] . 

 By contrast, IF staining of respiratory specimens for  Pneumocystis jiroveci  is one 
of several techniques of similar sensitivity for detection of  Pneumocystis  pneumonia. 
The choice of IF, conventional stain, or Calco fl uor white depends on the laboratory. 
IF and Calco fl uor require  fl uorescent microscopes, and IF reagents are expensive. 
Calco fl uor and conventional staining methods require the reader to discriminate 
between  Pneumocystis , yeasts, other pathogens, and cellular structures morphologi-
cally, which requires more interpretive skill than IF staining  [  24,   25  ] . IF appears to 
be insensitive compared with PCR for  Pneumocystis , especially in non-AIDS 
patients who frequently have lower organism burdens, but PCR is positive in per-
sons who are most likely asymptomatically colonized  [  26  ] .  

   Parasites 

 For infections by  Giardia  and  Cryptosporidium , antigen testing has become the 
method of choice, with sensitivities that exceed those of routine microscopic exam 
 [  27  ] . Cost-saving strategies using pooled specimens screened with antigen detection 
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have been described. Many different formats are available, and laboratories select a 
method based on technical (e.g., availability of  fl uorescence microscope, test 
format) and operational (e.g., specimen requirements, test volume) differences 
 [  28,   29  ] . 

 EIA methods are also available for  Entamoeba histolytica .  E. histolytica  is 
morphologically indistinguishable from a nonpathogenic relative,  E. dispar . Several 
tests are available, but the EIA from Techlab ( E. histolytica  II) is comparatively 
speci fi c for pathogenic  E. histolytica  and is useful for distinguishing it from  E. dispar . 
Because  E. histolytica  is relatively rare in the USA, antigen tests are not as widely 
used as for  Giardia  and  Cryptosporidium . Different publications  [  30–  32  ]  differ 
markedly in their assessment of the sensitivity of antigen testing versus PCR, but 
PCR is not yet widely available. 

 Since  Trichomonas  rapidly loses motility below body temperature, the wet prep 
has always been an insensitive approach to diagnosis, particularly if specimens 
needed to be transported prior to viewing. Commercially available IF and latex 
agglutination methods provide better sensitivity; nucleic acid ampli fi cation, direct 
nucleic acid hybridization, and culture are more sensitive but more complex  [  33  ] . 

 Rapid diagnosis of malaria by antigen detection, primarily using lateral- fl ow 
immunochromatography, is a promising approach to  fi eld diagnosis. The prolifera-
tion of chloroquine-resistant strains and the expense of newer antimalarial drugs 
may make these tests economical in endemic regions. An FDA-approved test has 
separate channels for a speci fi c  Plasmodium falciparum  antigen and for an interspe-
cies common antigen. It does not replace thick and thin smears but provides a sim-
ple, rapid diagnostic test usable in virtually any laboratory, with a sensitivity of 
roughly 95% for  P. falciparum  and 69% for  P. vivax . Worldwide, rapid malarial 
antigen tests vary signi fi cantly in sensitivity, ease of use, and quality control, and 
dissemination of high-quality tests is a priority for worldwide malaria control  [  34  ] . 

 Rapid antigen tests have also been evaluated for  Wuchereria bancrofti  infections. 
They appear to be more sensitive than direct microscopy, and approach or exceed 
the sensitivity of concentration techniques in some studies  [  35  ] .  

   Viruses 

 Antigen tests have long been the diagnostic mainstay for viruses that do not grow in 
routine cell culture, such as hepatitis B and rotavirus. Hospitals that serve infants and 
children have provided rapid antigen testing for RSV since the 1980s to aid in infec-
tion control and patient management  [  36,   37  ] . With the advent of therapy with 
neuraminidase inhibitors, rapid testing for in fl uenza increased dramatically in clin-
ics, emergency departments, and hospitals, for patients of all ages. In pediatric 
patients, having a test result available within 10–30 min has been shown to reduce the 
use of antibiotics and ordering of diagnostic tests, allow earlier discharge, and permit 
early administration of antiviral agents  [  38–  40  ] . Rapid antigen tests are relatively 
inexpensive, require minimal training, and allow on-demand testing, including at the 
POC. While less sensitive than other methods, these tests can perform suf fi ciently 
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well if samples contain high titers of virus. Current tests require approximately 
100,000 viral copies for a positive result, a titer most commonly found in samples 
from very young children. The 2009 H1N1 in fl uenza pandemic focused attention on 
the insensitivity of rapid  fl u tests, with some hospitals reporting abysmal speci fi city 
as well  [  41,   42  ] . Nevertheless, many hospitals still consider rapid antigen tests their 
best option  [  43  ]  and efforts are underway to improve accuracy. Preliminary studies 
indicate that incorporating  fl uorescent immunoassay technology into the lateral  fl ow 
format, together with a small instrument to analyze the data, can increase sensitivity 
signi fi cantly while retaining a 20-min time to result  [  44,   45  ] . 

 IF can detect a broader array of viruses, and has the ability to multiplex reagents 
and to quantitate infected cells. Use of cytocentrifugation to prepare slides enhances 
slide quality and test sensitivity. Since IF is commonly done in virology laborato-
ries for identi fi cation of culture isolates, the equipment and some expertise are 
usually available. Nevertheless, the accuracy of IF directly on clinical samples is 
highly variable between laboratories. A signi fi cant commitment to training, moni-
toring, and quality control is critical. Without careful attention to detail, nonspeci fi c 
staining can be misinterpreted as positive, or small numbers of positive cells can be 
overlooked. 

 Respiratory virus screening by IF was initially most widely applied to RSV, but 
since 2000 the use of pooled antibodies has allowed detection up to eight viruses in 
a single cell spot with results in 1–2 h  [  46,   47  ] . When done well, IF is signi fi cantly 
more sensitive than other rapid in fl uenza virus antigen tests. For the 2009 in fl uenza 
pandemic, IF sensitivities in adults of 82–93% compared to RT-PCR were achieved 
by some laboratories  [  48,   49  ] . Recent IF innovations include cell  fi xation and stain-
ing in suspension rather than af fi xed to slides to shorten time to result  [  47  ] . 
Antibodies labeled with different  fl uorochromes can also be pooled to screen skin 
lesion samples for HSV and VZV  [  50  ] . The use of IF to rapidly detect and quanti-
tate CMV in peripheral blood revolutionized the diagnosis and monitoring of CMV 
infections  [  51  ] . Although largely replaced by real-time PCR in high-volume labo-
ratories, CMV antigenemia retains advantages for on-site testing in smaller labora-
tories. IF is less expensive than PCR, takes 1–2 h to complete, can be done 
repeatedly during laboratory hours, and is more suitable to low-volume testing, 
including a single urgent sample when needed  [  52  ] . In addition, virology laborato-
ries that use rapid antigen testing to provide results within 15 min to 2 h can save 
resources by canceling cultures or molecular tests on many samples that have a 
positive rapid antigen result. 

 In an important advance in the diagnosis of acute HIV infections, fourth-genera-
tion HIV antibody tests incorporate HIV-1 p24 antigen detection in a combination 
antigen/antibody assay. Used in Europe for over a decade, the  fi rst HIV antigen–
antibody combo assay became available in the USA in 2010. The antigen–antibody 
test format greatly facilitates the diagnosis of early infections before antibody has 
developed, detecting 80% of RNA-positive, antibody-negative infections  [  53  ] . 
Furthermore, when performed on random access instruments using chemilumines-
cence, results are available within an hour.       
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         Introduction 

 Antibody detection methods by immunoassay have been developed, commonly 
used, and will be expanded further for rapid and accurate diagnosis of the common 
or newly emerging infection-causing agents such as viruses in clinical as well as 
public health laboratories. Since the  fi rst competitive radioimmunoassay was devel-
oped over 50 years ago for human insulin detection  [  1  ] , immunoassays have been 
developed with emphasis on fast and sensitive detection technologies and automa-
tion. Due to the demand of large screening for epidemiology, blood bank, prenatal 
care, and diagnosis of HIV and hepatitis, more immunodiagnostic procedures are 
performed using instruments and reagents similar to immunochemistry platforms 
used in clinical chemistry or core laboratory. Immunoassay for detection of host-
produced antibodies directed against microorganisms, particularly viruses, has been 
one of the most widely used analytical techniques in laboratory medicine  [  2,   3  ] . 
Automation and random access application have been implemented for rapid 
diagnosis of infectious diseases. 

 This chapter reviews the antibody detection assays and limitations for detection 
and identi fi cation of infectious agents and looks into the application of those 
technologies with emphasis on detection methods such as chemiluminescent and 
multi-analyte pro fi le (xMAP), automation, and their clinical application in the areas 
of diagnosing HIV, viral, and bacterial infections.  
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   Principles and Characteristics of Techniques 

 Successful immunoassays for antibody (Ab) detection rely upon three important 
factors: (1) the speci fi c antigen used to capture target antibody; (2) the target antibody 
if present, and the detector or secondary antibody used for indirect detection of 
antibody; and (3) the detection method. First two factors are important for the ef fi ciency 
of antigen–antibody complex formation and the third one is about the ability to 
detect these complexes and is a critical factor for sensitivity and automation. 

 Immunoassays shall have high sensitivity to detect low concentrations of antibod-
ies against infectious agents, as well as high speci fi city so as to have no cross-recog-
nition of antigenically related antigens and produce no false positive results. In 
reality, a highly sensitive assay has a low chance to produce false negative  fi ndings 
and is suitable for screening large numbers of samples. The speci fi c antigens such as 
the killed or neutralized virus lysate, synthetic peptides, or recombinant proteins are 
usually developed in research and development phase for speci fi city. 

 The principles of antibody detection assays can be grouped according to the 
method of analysis, such as direct or indirect assays, or competitive inhibition 
assays. Since most direct immunoassays are used for antigen detection, and most 
indirect immunoassays can be used as competitive inhibition assays, we only cover the 
indirect immunoassays in this chapter. The indirect immunoassay, the most commonly 
used type of immunoassay, is illustrated in Fig.  4.1 . In brief, the capture antigen 
used can be either bound on solid phase (1A) or microparticle in liquid phase (1B). 
The target antibody that needs to be detected shall bind to speci fi c antigen. 
The detector or the so-called secondary antibody, is conjugated for signal detection. 

Capture Antigen 
on solid phase* 

HRP or AP 
conjugated** 

Detector (or secondary)
Antibody  

Substrate 

Detection signal *** 
(light or fluorescent)

Target (or primary) 
Antibody  

Capture Antigen 
on microparticle*

a b

  Fig. 4.1    Model for EIA detection method. Model for target antibody detection in two typical indirect 
immunoassays. *Capture antigen is bound to solid phase such as microwell plate ( a ), or antigen can be 
labeled or bound to microparticle or microsphere in liquid phase ( b ). **Horseradish peroxidase 
(HRP)- or alkaline phosphatase (AP)-conjugated secondary antibody (usually anti-human IgG). 
***Detection signal can be generated by colorimetric, chemiluminescent, or  fl uorescent methods       
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The signal detection system such as conjugate, substrate, and detection methods 
such as color or  fl uorescent, are critical in the immunoassay.  

 The immunoassays can be grouped into several categories according to the type 
of detection systems used (Table  4.1 ): (1) colorimetric, (2) radiometric, (3) chemi-
luminescent, or (4)  fl uorescent  [  2,   4–  6  ] .  

 Enzymes are effective labels because they catalyze chemical reactions, which 
can produce a signal. Because a single enzyme molecule can catalyze many chemi-
cal reactions without being consumed in the reaction, these labels are effective at 
amplifying assay signals. As shown in Table  4.1 , most enzyme–substrate reactions 
used for immunoassays utilize chromogenic, chemiluminescent, or  fl uorescent 
substrates that produce a signal detectable with the naked eye, a spectrophotometer, 
luminometer, or  fl uorometer. 

   Colorimetric or Chromogenic Substrate 

    Colorimetric method is the substrate color change that can be detected by naked eye 
or optic density using a speci fi c wavelength of light detected by spectrophotometer. 
Latex agglutination is a photometric immunoassay that is used more in antigen 
detection than antibody detection and thus is not covered in this chapter. 

  Enzyme immunoassay  ( EIA )  or enzyme-linked immunosorbant assay  ( ELISA ) is 
indirect or “sandwich”-type colorimetrical assay that is the backbone of the immu-
nology technique. Solid-phase enzyme-coupled reagent assays were developed 
40 years ago  [  6  ] . In indirect ELISA (Fig.  4.1 ), antibody, if present in test sample, 
forms immune complex  fi rst with the capture antigen af fi xed to the solid phase 
(plastic microwell plate or tube). The primary or target antibodies in serum sample 
can bind to the target or capture antigens immobilized on plate wells by using 
enzyme-linked detector (or secondary, conjugate) Abs, such as goat, mouse, or rabbit 
anti-human immunoglobulin G (IgG) Abs. Secondary Ab labeled by chemical con-
jugation of an enzyme bounds the immune complex. The enzyme “ fi xed” on the solid 
phase through immune complex interacts with the substrate, catalyzes a chemical 
reaction with a substrate, and yields a colored product that can be visualized and 
measured by optical density measured by spectrophotometer. The intensity of sub-
strate color change is proportional to the amount of enzyme-linked secondary anti-
bodies, which is proportional to the amount of primary antibodies in the sample. 

 Indirect EIA or ELISA shall reduce or eliminate the nonspeci fi c Ab binding and 
interfering serum factors (e.g., rheumatoid factors), thus providing low background 
and high sensitivity and speci fi city. Some assays use avidin–biotin complexes 
between Abs and antigens to increase assay sensitivities. The most commonly used 
enzymes for EIA are Alkaline Phosphatase (AP) and Horseradish Peroxidase (HRP) 
as the detection enzyme because of their stability, turnover number, and lack of 
interferences. HRP is a relatively small enzyme with a high turnover and is derived 
from nonmammalian sources. When used with a variety of substrates such as ABTS, 
HRP generates large signals from the production of the colored products (a deep 
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green color) in the presence of hydrogen peroxide, which can be seen without a 
spectrophotometer. The amount of color generated is then measured after a  fi xed 
incubation time at a speci fi c wavelength. The optical density obtained is then related 
back to the concentration of the antigen in the sample. Due to the need of random 
access without batching for quick clinical turnaround time, certain EIA or ELISA 
Ab methods have been gradually replaced by other rapid methods that are 
discussed in this chapter. 

 Conformational antibody test such as immunoblotting method is another 
technique for antibody detection. In the so-called Western Blot or immunoblot 
method, the capture antigens such as proteins, peptides, or viral lysates are elec-
trotransferred to a nitrocellulose membrane. If target antibodies are present in the 
specimen, they will bind to the antigens present on the nitrocellulose strips. 
Visualization of the antibodies bound to antigen is accomplished using a series of 
reactions with goat anti-human IgG conjugated with biotin, avidin conjugated with 
HRP, and the HRP substrate. Multiple bands corresponding to the antigens seen on 
the nitrocellulose strip can be used as con fi rmation or supplementary antibody in 
cases of HIV  [  7  ]  or hepatitis C virus (HCV). 

 Rapid antibody detection has been achieved by using lateral  fl ow diffusion (hand-
held, portable device) method. Initially designed more for the antigen-speci fi c immu-
noassay, rapid assays have been used more in antibody detection largely due to the 
use of HIV rapid antibody testing  [  7  ] . Assay uses colloidal gold, carbon, paramagnetic, 
or color latex beads for visible line in capture zone on the nitrocellulose or nylon 
membrane. Labeled capture antigen–antibody complex migrates by capillary action. 

 Known as “handheld” assays, lateral  fl ow assays were initially developed for 
drugs and pregnancy testing  [  8  ] , they are simple to use require minimal training, 
and require no special storage conditions. In most cases, the manufacturer provides 
simple instructions that include pictures of positive and negative results. The assays 
are typically designed on nitrocellulose or nylon membranes contained within a 
plastic or cardboard housing. In the antibody detection format, a capture antigen is 
bound to the membrane, and a secondary labeled antibody is placed on a sample appli-
cation pad. As the sample migrates down the membrane by capillary action, anti-
body present in the sample binds to the labeled antigen and is captured as the 
complex passes. Colloidal gold, carbon, paramagnetic, or colored latex beads are 
commonly used particles that create a visible line in the capture zone of the assay 
membrane for a positive result. This is useful particularly when the control line is 
built in so that general quality control can be performed only once daily.  

   Radioimmunoassay 

 Due to strict regulation on radiation safety, radioimmunoassay (RIA) that uses 
radiolabels for measurement of antigen-binding antibody has been used much less 
in the clinical laboratories and thus is not discussed in detail. In general, antibody in 
a test serum binds radiolabeled antigen to form antigen–antibody complex in liquid 
phase. Subsequent protein A-Sepharose or protein G-Sepharose beads bind 
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Ag–Ab complexes. The RIA uses  125 I-,  14 C-, or  3 H-labeled antigens as the so-called 
tracers, and detector (secondary) antibody is radiolabeled. Radioactivity can be 
measured by collecting beads after centrifugation and by gamma counter.  

   Chemiluminescence-Immunoassay 

 Due to the ease of process that can  fi t into automation, chemiluminescence-
immunoassay (CLIA) and enhanced chemiluminescence have been developed and 
implemented more in the clinical setting. CLIA and enhanced CLIAs are the chemi-
cal generation of visible light by a reaction and as such do not use any light source 
and can be measured by luminometer  [  4,   9  ] . Thus the need for optical wavelength 
 fi ltering systems is eliminated. Chemiluminescent systems fall into three classes: 
(1) indirect CLIA, (2) direct CLIA, and (3) enhanced CLIA. 

  Indirect chemiluminescence  ( CLIA ) uses an enzyme as the label. The enzymes are 
used to produce the chemiluminescent signal. Typically either HRP or AP is used 
and the amount present is determined by the addition of substrates that under the 
in fl uence of the enzyme system give rise to visible emission. One example is CSPD 
or dioxetane converts to metastable intermediate by alkaline phosphatase and emits 
“glow” light. The chemiluminescent substrate, a phosphate ester of adamantyl diox-
etane, undergoes hydrolysis in the presence of AP to yield an unstable intermediate. 
The continuous production of the intermediate results in the sustained emission 
of light for photon output signal measured by the luminometer. Using this type of 
signal enhancement has allowed immunoassays to be developed that are faster and 
more sensitive than any traditional colorimetric assay. Light intensity is a linear 
function of the amount of label enzyme, and the luminescence intensity at any time 
point is a direct measure of the concentration of the enzyme. The low background 
signal of the system allows a high degree of discrimination between negative 
and (true) positive serum samples [ 4 ]. Luminol is the substrate to the HRP. Amplify 
by turnover of the chosen substrate, a single enzyme label can convert >10 7  mole-
cules per minute, a millionfold increase. 

  Direct chemiluminescence  ( CLIA ) is a nonenzymatic system. Substrate linked to 
antibody– antigen is the label. One oxidation event liberates one molecule of label with 
release of set number of photons. A nonenzymatic system uses direct chemilumines-
cent labels which have lower background signals than the enzyme systems, and will 
typically give rise to very fast times to elicit signals. Luminol reaction is widely used as 
a chemiluminescent fast or “ fl ash” reaction, but unlike the peroxyoxalate systems does 
not require an organic/mixed solvent system. The chemiluminescent emitter is a 
“direct descendent” of the oxidation of luminol by an oxidant in basic aqueous 
solution. Probably the most useful oxidant is hydrogen peroxide (H 

2
 O 

2
 ). With the acri-

dinium ester system, after the immunological binding and subsequent wash step, the 
signal takes only 2 seconds to develop, compared with 30 min or longer for an enzyme-
generated system. This molecule can turn to chemiluminescence that will speed up 
most assays by an assay of tenfold or more sensitive and can be easily detected  [  10  ] . 
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 One reason for the growing popularity of chemiluminescent assays is their exqui-
site detection sensitivity. Unlike absorbance (colorimetric) or  fl uorescent measure-
ments, assay samples typically contribute little or no native background 
chemiluminescence. The lack of inherent background and the ability to easily mea-
sure very low and very high light intensities with simple instrumentation provide a 
large potential dynamic range of measurement. Linear measurement over a dynamic 
range of 10 6  or 10 7  using puri fi ed compounds and standards is routine. 

  Enhanced chemiluminescence . Like indirect or enzymatic CLIA, HRP enzyme is the 
label, luminol is the substrate, and the so-called enhancers act as catalysts. Enhancers 
speed the oxidation of the luminol by HRP by as much as 1,000 times. Thus, HRP 
oxidation of luminol as enhancement leads to eventual light by luminol.  

   Electrochemiluminescent 

 Another antibody detection method is electrochemiluminescence (ECL), a promis-
ing technology similar to ELISA except that the secondary antibody is labeled with 
a chemiluminescent label ruthenium (Ru) and magnetic beads provide greater surface 
for soluble and target capture and separation  [  2  ] . Electron transfer between Ru atom 
and substrate tripropylamine (TPA) results in photon production. Excitation results 
in light emission can be detected by photon detector that detects electrochemilumi-
nescent signal in electrochemical  fl ow cell for magnetic-bead-Ru-tagged immune 
complex. The magnetic beads are usually small spherical and range from a few 
nanometers to micrometers in sizes. The advantage of magnetic beads that contain 
paramagnetic magnetite (Fe 

3
 O 

4
 ) is the capability of rapid separation of captured 

antigen–antibody complex when placed in a magnetic  fi eld. 
 ECL assay, for one example, can use immunomagnetic separation (IMS by 

ORIGEN system, IGEN) and magnetic ECL detection system  [  11–  13  ] . Detection of 
ECL is accompanied by heavy metal chelate ruthenium conjugated to a detector 
antibody. Initially Ru and TPA in the buffer are oxidized at the surface of an anode 
when an electric  fi eld is applied to the electrode. TPA loses a proton and becomes a 
reducer, which causes Ru to enter a high-energy state by a high-energy electron 
transfer from the electron carrier TPA. A rapid electron transfer reaction between 
the substrate TPA and the Ru atom occurs, resulting in the production of photons in 
light transmission, which in turn is sensed by the photon detector at 620 nm. A lin-
ear dynamic range spans six orders of magnitude  [  14  ]  and thus makes ECL assay 
another method of choice for antibody detection.  

   Fluorescent Immunoassays 

 Immunoassays using  fl uorescent detection methods can be categorized into four 
groups: (1) direct  fl uorescent assay (DFA), (2) indirect immuno fl uorescence (IFA), 
(3) time-resolved  fl uorescence (TRF), and (4)  fl ow cytometry (FC). DFA is commonly 



60 Y.F. (Wayne) Wang and M. Kobayashi

used for antigen test and thus is not covered here. IFA such as the slide method for 
microscopic examination under the UV light is used much less in antibody detection 
than antigen detection and is not covered as well. However, IFA techniques such as 
used in the TRF and FC (Table  4.1 ) are discussed brie fl y. 

  TRF  assays use lanthanide chelate such as europium (Eu 3+ ) labels with unique 
properties such as long  fl uorescence decay time so as to lower background. TRF is 
similar to ELISA, except that the capture antigen af fi xed to the solid phase is mixed 
with the specimen and the complex if any is mixed to diluted detector antibody that 
is labeled with lanthanide chelate such as europium or samarium. A low-pH 
enhancement solution can cause lanthanide to dissociate from the labeled compound 
and is highly  fl uorescent  [  15,   16  ] . TRF exploits the differential  fl uorescence life 
span of lanthanide chelate labels compared to background  fl uorescence. The labels 
have an intense long-lived  fl uorescence signal and a large stokes shift, resulting in 
assays with a very high signal-to-noise ratio and excellent sensitivity  [  17  ] . TRF 
produces its signal through the excitation of the lanthanide chelate by a speci fi c 
wavelength of light. Fluorescence with a pulse of excitation energy, repeatedly and 
reproducibly, is initiated in TRF. 

  Flow cytometry  is the commonly used IFA. The  fi rst use of  fl ow cytometry for 
analysis of microsphere-based immunoassays was published in 1977  [  18,   19  ] . 
Initially different-sized microspheres were used for simultaneous analysis of differ-
ent analytes  [  19  ] . A  fl uorescent probe is added to a liquid suspension with sample, 
which is then streamed past a laser beam where the probe is excited. A detector 
analyzes the  fl uorescent properties of the sample as it passes through the laser beam. 
Using the same laser excitation source, the  fl uorescence may be split into different 
color components so that several different  fl uorophores can be measured simultane-
ously and analyzed by specialized software. A  fl ow cytometer has the ability to 
discriminate different particles on the basis of size or color, thus making multi-
plexed analysis possible with different microsphere populations in a single tube and 
in the same sample at the same time. The FC technology is the basis of the xMAP 
technology.  

   Multi-Analyte Pro fi le Technology 

  xMAP technology  has been called differently, namely, multiplexed particle-based 
 fl ow cytometric assays technology,  fl uorescent microsphere immunoassay (MIA), 
 fl uorescence covalent microbead immunosorbent assay (FCMIA), multiplexed indirect 
immuno fl uorescence assay, or multiplex  fl ow cytometry. This two-step suspension 
method is based on  fl uorescent detection using the FlowMetrix analysis system 
 [  20  ] . Systems using xMAP technology perform assays on the surface of color-coded 
beads (microspheres) that are covered with capture antigens that react with the target 
antibodies. The microbeads with surface binding characteristics and a dying 
process to create up to 100 unique dye ratios can be used. Speci fi c dyes permeate 
the polystyrene microspheres that are 5.5  m m (5.5 micron) in diameter and are 
composed of polystyrene and methacrylate, to provide surface carboxylate functional 
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groups on the surface. Each antigen was covalently linked by a carbodiimide 
conjugation method  [  21  ]  such as EDC coupling method to beads of uniform size, 
which were colored with different amounts of red and orange  fl uorescent dyes (in 
a unique ratio) to allow for discrimination based upon the relative emission intensi-
ties at the wavelengths of the two  fl uorescent dyes. 

 There are 64 different ratios of red and orange  fl uorescence, which identify 64 
distinctly colored sets of microspheres. Differently colored microsphere sets can be 
individually coupled via the surface carboxylate moiety to a speci fi c probe for a 
unique target. The  fl ow cytometer analyzes individual microspheres by size and 
 fl uorescence, distinguishing three  fl uorescent colors: green (530 nm), orange 
(585 nm), and red (>650 nm) simultaneously. Microsphere size, determined by 90° 
light scatter, is used to eliminate microsphere aggregates from the analysis. All 
 fl uorescent molecules are labeled with a green-emitting  fl uorophore. Each 
 fl uorochrome has a characteristic emission spectrum, requiring a unique compensa-
tion setting for spillover into the orange  fl uorescence channel. Green-emitting 
 fl uorochrome can be used as a reporter. 

 Microspheres conjugated with antigen can be added in to the well, in the sample, 
as well as the Fluorescein-conjugate [red-phycoerythrin (R-PE) through biotin and 
streptavidin] antispecies detector or secondary antibody  [  22  ] . The red laser excites 
speci fi c dyes to identify the analyte [red and orange  fl uorescent dyes (detected by 
FL2/FL3)]; the green laser excites a different dye to quantify the result (a green 
 fl uorescent reporter dye FL1)  [  23,   24  ] . The  fl uorescence emission of each bead of 
the speci fi c antigen was determined with a  fl uorescence-activated cell scanner 
(FACScan, Becton-Dickinson), a benchtop  fl ow cytometer (multiparameter  fl ow 
cytometer that is based on a single 488-nm excitation laser), with FlowMetrix 
hardware for data acquisition and analysis (Luminex Corp., Austin, Texas). 

 The software allows rapid classi fi cation of microsphere sets on the basis of the 
simultaneous gating on orange and red  fl uorescence. The Luminex instrument is a 
dual-laser  fl ow analyzer. The  fi rst laser excites the  fl uorochrome mixture intrinsic to 
the microspheres, enabling the bead identity to be determined as the beads pass single 
 fi le through the laser path in the  fl ow cell. The second laser excites the extrinsic 
 fl uorochrome (R-PE) that is covalently attached to the secondary antibodies. The dual 
lasers allow the operator to mix beads with different antigens together in a well of a 
 fi lter plate, thus enabling multiplex analysis of different antibody speci fi cities at one 
time. Orange and red  fl uorescence are used for microsphere classi fi cation, and green 
 fl uorescence is used for analyte measurement  [  20  ] . The xMAP technology used by 
Luminex has been useful for detection of multiple antibodies in a single assay.   

   Contrast of These Techniques 

 The contrast to immunoassay techniques is shown in Table  4.1 .

    • EIA or ELISA  assays are relatively inexpensive, can be adapted for high-throughput 
use, and thus are commonly used in research and clinical laboratories. The 
enzymes and substrates used for ELISA might be unstable and require specialized 
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storage to maintain activity. Most commercial products have been validated and 
have had overcome this issue. Manual format of ELISA has more hands-on time 
and can only measure one analyte at a time. It cannot meet the demand of random 
access and stat test requirements. Automated system using the batched samples 
shall be useful for large screening purpose and can be used as open platform for 
different tests.  
   • Rapid test or handheld system . Signal-to-noise ratio and the limit of detection 
of antibody have been improved for handheld system to overcome the concern 
of lower sensitivity as compared to regular EIA. Many handheld systems have 
been approved and used for rapid diagnosis of HIV. The better the avidity and 
af fi nity of the antibody, the more sensitive and speci fi c the assay. In general, 
only one or two agents that can be detected per assay strip with certain sensi-
tivity levels. Another limitation of handheld systems is that assessment of a 
result is qualitative and subject to interpretation. The handheld system has made 
point-of-care antibody detection available for certain clinical and resource- 
limited settings.  
   • RIA . RIA is relatively slow and dif fi cult to automate, and is susceptible to inter-
fering immunoglobulin M (IgM) rheumatoid factor or high backgrounds with 
some sera. The labile nature of some radioactivity molecules (some might decay 
quicker) and the regulatory constraints in their use (particularly exposure poten-
tial and disposal regulation) in clinical laboratory make radioactivity no longer 
the test of choice.  
   • Chemiluminescent  ( CLIA )  detection . The use of a more sensitive detection method 
such as chemiluminescence allows for a faster assay system, as well as a lower 
limit of detection. Assays are often more sensitive than enzyme-based immunoas-
says. CLIA techniques have been widely accepted and implemented for automa-
tion because assay samples typically contribute little or no native background 
chemiluminescence and because detection procedure is simple. It requires no 
excitation source (as does  fl uorescence and phosphorescence), and only a single 
light (photon) detector such as a photomultiplier tube. Most samples have no 
“background” signal, i.e., they do not themselves emit light. No interfering signal 
limits sensitivity  [  25–  27  ] . Most commercially developed chemiluminescent reac-
tions use labeling either with a chemiluminescent compound or with an enzyme 
and use a chemiluminescent substrate,  [  4,   9  ]  as shown in Table  4.2 . CLIA-based 
method can be used for automation, random access, and stat detection of antibody 
in the clinical setting.   
   • ECL . ECL background signal is constant with time, and steady-state ECL signal 
is proportional to the rate of substrate turnover, which is different with the colo-
rimetric background signal that accumulates with time. Light is the consequence 
of chemical reaction, luminol undergoes oxidative bond cleavage to yield an 
excited state species that decays by a radioactive pathway, and HRP (in the 
conjugate reagent) catalyzes the one-electron oxidation of luminol and expends 
hydrogen peroxide. The reaction does not suffer from the same surface steric and 
diffusion limitations as compared to conventional EIA or ELISA as the magnetic 
beads provide a greater surface area.    
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  Fluorescence immunoassay and indirect  fl uorescence assay  ( IFA ). Fluorescent 
assay will allow more sensitive or faster detection than colorimetric methods. 
However, it could suffer from possible high background contamination due to the 
intrinsic  fl uorescence of some proteins and light-scattering effects. While simple to 
perform and requiring minimal equipment and reagents, signi fi cant expertise is 
necessary to interpret the results of IFA by slide microscopic method  [  28  ] . IFA can 
be performed if batching is not required. 

  TRF  and   fl ow cytometry  .  The limitation for TRF is similar as ELISA. In addition, 
dedicated measuring instrument and rigorous washing techniques are important to 
avoid lanthanide contamination since lanthanide label is highly  fl uorescent  [  16  ] . 
A major strength of FC technology is its ability to be multiplexed with little or no 
loss of sensitivity  [  23,   29  ] . FC by BD Biosciences (San Jose, CA, USA) has many 
applications in biomedical research and is commonplace in most large clinical 
laboratories. However, FC has several disadvantages. Assays typically lack the 
sensitivity of those based on ECL or TRF. The system itself is relatively compli-
cated, requiring training and expertise to operate. 

  xMAP . Unlike traditional ELISA and other immunoassays that allow one test for 
each speci fi c antibody at one time, many antibodies can be measured at the same 
time, in a single well or tube by using xMAP multiplexed technology (Luminex). 
The xMAP technology was originally developed using the principles of  fl ow cytom-
etry (FACScan) that has the multiparametric resolving power. Unlike general  fl ow 
cytometry on different sizes of beads, the xMAP technology detects identically sized 
microspheres with two different dyes, emitting in two different wavelengths, allows 
aggregates to be distinguished, and permits discrimination of at least 64 different sets 
of microspheres. Due to multiplexing, xMAP technology delivers more data with 
comparable results to ELISA within the same sample. Automation of xMAP technol-
ogy has been developed and will be further expanded in the clinical setting.  

   Application of the Techniques in the Diagnostic Microbiology 

   Clinical Applications 

 Clinical application of immunodiagnostics can be best demonstrated in availed 
immunoassays for HIV  [  7,   30  ]  and hepatitis. Immunoassays have been developed to 
detect anti-HIV antibodies or viral antigens present in serum, plasma, dried blood 
spots, urine, and saliva. Assay formats range from EIAs, ELISA-based Western blot 
assays, IFA assays, and even rapid handheld immunoassays. In general, the EIA 
remains the most widely used serologic test for detecting antibodies to HIV. HIV-
1, 2, and O or HIV antigen–antibody combo immunoassays represent the advances 
in antibody detection technologies to detect and identify infectious agents. Study 
comparing ELISA methods with Western blotting, Microagglutination, IFA, and 
 fl ow cytometry for detection of antibodies to  Francisella tularensis  and diagnosis of 
tularemia is another source to demonstrate the utilization of antibody detection 
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techniques  [  31  ] . In this study, the combined usage of ELISA and con fi rmatory blot-
ting seems to be the most suitable approach for serodiagnosis of tularemia. 

 Immunoanalyzers for broad application range will help meet the challenges of 
immunodiagnosis of infectious diseases such as automation, random access, multi-
plexing, and high throughput. The main focus of this section of clinical application 
will be general utilization of technologies and automation in terms of methods for 
antibody detection. 

  EIA detection .  EIA or  ELISA assays are still the methods of choice for large-scale 
investigations during outbreak or epidemiological surveillance studies. Because of 
its relative simplicity and good sensitivity, ELISA has been used for screening large 
numbers of small-volume samples and has had great impact in epidemiology and 
in the diagnosis of infection, particularly in the diagnosis of the bacteria and viruses 
such as West Nile (WN) virus  [  32,   33  ]  that is dif fi cult to culture, not to mention that 
these assays have been used extensively in HIV and hepatitis testing  [  7  ] . 

 There are continuous developments in EIAs for screening and diagnosis of HIV. 
Third-generation EIAs include recombinant or synthetic peptide antigens derived 
from both HIV-1 and HIV-2 as capture antigens, and allow detection of both IgG 
and IgM, which enable improved sensitivity to early detection of HIV antibody 
 [  34  ] . FDA approved the  fi rst fourth-generation assay for use in the USA in June 
2010, which detects both HIV antibodies and HIV p24 antigen. The fourth-generation 
HIV antigen–antibody combo assay is designed to detect acute HIV infection even 
in those who have not yet begun to produce HIV-speci fi c antibodies  [  35  ] . 

 Other than HIV, IgM and or IgG capture ELISAs have been developed and used 
as the most useful and widely used tests for diagnosis of arboviral encephalitis  [  36  ] . 
Serum or CSF IgM testing has been recommended in the diagnosis of West Nile 
Virus (WNV) infection  [  36  ] ; however, issue of cross-reactivity especially with the 
 fl aviviruses has been reported  [  37,   38  ] . The Plaque Reduction Neutralization Test is 
considered as the gold standard test and can be used to con fi rm a positive ELISA 
test  [  37,   39  ] . This combination of assays is highly sensitive and speci fi c, but 
performing a complete panel of ELISAs requires 2–3 working days to complete, as 
overnight incubations are deemed necessary to enhance sensitivity. IFAs may also 
be used for diagnosis, but they are not suitable for a high throughput of specimens 
and they are less sensitive than ELISA. Alternative methods that allow a more rapid 
detection of anti-WNV virus antibodies now exist, which include an anti-WNV IgG 
optical  fi ber immunoassay that uses biosensors and chemiluminescence  [  37,   40  ] . 

  Immunoblotting method . Cross-reactivity could result from an antibody that binds 
to structurally distinct but similar epitopes present on different antigens or from an 
antibody that binds to structurally identical epitopes on different antigens. This is 
why con fi rmatory tests are needed in certain tests such as HIV using more speci fi c 
assays such as the Western blot  [  41  ] . The separated HIV-1 proteins are electotrans-
ferred to a nitrocellulose membrane. If antibodies to any of the major HIV-1 anti-
gens are present in the specimen, bands corresponding to the HIV-1 proteins (p) or 
glycoproteins (gp) such as gp24, gp41, or gp120 will be seen on the nitrocellulose 
strip. Antibodies can thus be detected by using enzyme-conjugated secondary anti-
body (to human IgG) and demonstrated by darkly colored lines on the membrane 
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under the substrate. However, newer-generation EIAs often detect HIV infection 
earlier than Western blotting, and with the improvement in the sensitivity and the 
speci fi city of EIAs and rapid tests, the role of Western blotting in HIV diagnosis 
may change in the near future  [  42  ] . 

 The recombinant immunoblot assay (RIBA) or strip immunoblot assay (SIA) 
for detecting NS5 and c33c recombinant proteins and c100p, 5-1-1p, and c22p 
synthetic peptides of HCV is intended as a supplemental test that was originally 
developed to con fi rm the results of a positive EIA test. However, the speci fi city of 
the third-generation EIA results that exceed particular signal/cutoff ratios is 
extremely high, and given the widespread availability of nucleic acid testing, the 
role of RIBA testing in HCV diagnosis is limited  [  43  ] . Semi-automated or auto-
mated processing instrumentation is available for immunoblotting. 

  Rapid or handheld assay .  Rapid immunoassay or  handheld immunoassays have 
evolved signi fi cantly in the past decade. Development of self-contained miniaturized 
devices allows an immunoassay to be performed in a  fi eld or in the point-of-care 
setting. Currently available handheld immunoassays include those used for detection 
of antibodies against Epstein–Barr virus (EBV),  Helicobacter pylori , and not to 
mention HIV. Since 2002, the FDA has approved six rapid HIV tests for use in the 
USA, which utilize either immunochromatography (lateral  fl ow) or immunocon-
centration ( fl ow-through) techniques  [  44  ] . A recent study evaluating six rapid HIV 
tests showed that all tests present high sensitivity and speci fi city compared to the 
third-generation EIAs  [  44  ] . In 2010, The OraQuick ®  HCV Rapid Antibody Test was 
approved by FDA for HCV diagnosis. This assay utilizes antigens from the core, 
NS3 and NS4 regions of the HCV genome, and has shown to have sensitivity and 
speci fi city that are comparable to laboratory EIA  [  45  ] . 

  RIA application . Even though unpopular in the clinical setting, RIA is still available for 
research settings. One example is the Human Papilloma Virus (HPV) type-speci fi c 
competitive RIA (cRIA) used to evaluate HPV type-speci fi c antibody titers in HPV 
vaccine trials  [  46,   47  ] . Brie fl y, HPV L1 virus-like particle (VLP) antigens (HPV-6 and 
HPV-11) are coated onto solid-phase polystyrene beads and incubated with equal 
volumes of sera and diluted monoclonal Ab, as well as the  125 I-labeled secondary 
antibody  [  48  ] . However, a competitive, multiplexed, Luminex-based immunoassay 
could increase assay throughput and speci fi city and thus replace cRIA. 

  Chemiluminescence . Chemiluminescence is discussed in the “Automation” section. 

  Fluorescence immunoassay . Though TRF has been used to detect various viral anti-
gens recent studies have utilized this method to measure immunity or antibody 
response after vaccination against Varicella Zoster Virus  [  49–  51  ] . Another type of 
 fl uorescent technology is  fl uorescent polarization (FP), which is a phenomenon 
seen when polarized light excites a  fl uorescent dye causing photons to be emitted in 
the same plane as the exciting light. FP assays can be used for detecting antibodies 
 [  52  ] . Because of the limited need for sample processing, FP antibody detection 
assays are particularly useful for high-throughput screening such as AxSYM (Abbott 
Laboratories, Abbot Park, IL, USA). 
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  Flow cytometry . McHugh described a duplex immunoassay for antibodies to cyto-
megalovirus and herpes simplex virus using two distinct sizes of microspheres  [  53, 
  54  ] . Scillian further described its use for simultaneous detection of four different 
HIV recombinant DNA proteins. Size discrimination of microspheres allows simul-
taneous detection of small numbers of analytes, but the inability to distinguish 
aggregates of smaller microspheres from larger microspheres limits the extent of 
multiplexing that can be achieved  [  55  ] . 

  Multiplexed bead  ( xMAP )  assay . Diagnosis of infection often requires testing for 
multiple antibodies or multiple markers. Bead-based immunoassays allow a quanti-
tative and qualitative analysis of multiple targets rapidly with excellent sensitivity 
and speci fi city  [  56  ] . The xMAP technique applications include detection of anti-
bodies against infectious agents, disease surveillance, and screening of donated 
blood  [  57  ] . It has been used to test a panel of respiratory viruses, including in fl uenza 
A and B viruses; adenovirus; parain fl uenza viruses 1, 2, and 3; and respiratory syn-
cytial virus  [  58  ] , and for  Bacillus anthracis  anti-protective antigen (PA)-speci fi c 
immunoglobulin G (anti-PA IgG)  [  59  ] . When compared with the ELISA method 
 [  60  ] , this technology usually has good positive correlation, better sensitivity and 
speed, and enhanced dynamic range. It uses smaller sample volume and can be 
multiplexed, that is, measure more than one analyte simultaneously  [  61  ] . For exam-
ple, a Luminex xMAP-based technology was compared with ELISA for quantita-
tion of antibodies to the toxoids of  Clostridium tetani  (Tet) for tetanus, 
 Corynebacterium diphtheriae  (Dip) for diphtheria, and  Haemophilus in fl uenzae  
type b (Hib) polysaccharide. The correlations ( R  2 ) between ELISA and Luminex of 
the 81 samples were 0.96, 0.96, and 0.91 for Tet, Dip, and Hib, respectively  [  62  ] ; 
the Luminex technology has been successful in detecting targets from dried blood-
spot specimens: antibodies to HIV-1 p24, gp160, and gp120 eluted from dried 
blood-spot specimens from newborns were detected simultaneously  [  63,   64  ] , as 
well as the HCV antibody and Hepatitis B Virus surface (HBs) antigen with HIV 
antibodies  [  65  ] . 

 This technology is also applied to vaccine development by testing antibody 
response. Simultaneous measurement of antibodies to 23 pneumococcal capsular 
polysaccharides (PnPs) has been developed  [  61  ] , which showed results similar to 
another xMAP assay developed for antibodies to PnPs  [  66  ] . The assay simultane-
ously determines serum IgG concentrations to 14 PnPs serotypes. Recently, a multi-
plexed bead-based immunoassay using xMAP to quantify 17 pneumococcal proteins 
was developed in pursuit of a pneumococcal vaccine that would provide protection 
regardless of serotypes, as opposed to the currently available vaccines  [  67  ] . 

 The xMAP assay may also be useful in areas where cross-reaction is an issue. A WNV 
recombinant antigen microsphere (suspended-microsphere) diagnostic immunoas-
say has been developed for detection of human anti- fl avivirus antibodies  [  68  ] , which 
can be performed rapidly (in less than 3 h) and with small amount of specimen 
( £ 30  m L). A duplex microsphere method that allows detection of anti-WNV and 
anti-St. Louis encephalitis was developed that has the advantages of being faster to 
perform and providing a more de fi nitive answer regarding the infecting virus, as 
opposed to simply yielding two results  [  69,   70  ] . 
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 An advantage of the 96-well plate Luminex assay format is that it avails itself to 
automation, such as the Tecan Genesis liquid handler to automate the assay. The 
automation such as Bio-Plex system (Bio-Rad Laboratories, Hercules, CA, USA) 
employing the Luminex xMAP allows individual and multiplex analysis of up to 100 
different analytes in a single microtiter well  [  23  ]  and is used for detecting 15 human 
cytokines  [  71  ] . A multiplexed bead assay was evaluated for assessment of EBV immu-
nologic status using FDA-cleared IgM and IgG EBV assays on a fully automated 
BioPlex 2200 system (Bio-Rad). Concordance between results generated by the 
BioPlex system and conventional assays showed 97.9, 91.4, and 96.9% agreement for 
viral capsid antigen (VCA) IgM, VCA IgG, and EBNA-1 IgG assays, respectively  [  72  ] .  

   Automation 

 Commercially available immunoanalyzers have been widely used to facilitate the 
analysis of large numbers of samples by improving the throughput and automation 
(Table  4.2 ). The  fi rst generation of immunoassay systems was developed more than 
a decade ago to automate what had been labor-intensive manual laboratory tests. 
Advances in clinical immunology, and the demand for faster turnaround times and 
reduced costs, have helped technology developments in immunoassay, as well as the 
integrated immunochemistry analyzers. The high-volume immunoassay will have a 
signi fi cant impact on laboratory performance by reducing errors, turnaround times, 
and labor requirements for those tests. Capability of interfacing with laboratory 
information system (LIS) further enables the utilization of commercial systems. 

 The ideal immunoassay system will have the following capabilities to provide 
optimal productivity and a comprehensive disease-focused menu: no-pause loading 
of all reagents, samples, and supplies; continuous sample loading for fast turnaround 
time; high-throughput process ef fi ciency; random access; reduced operator 
intervention; minimal hands-on time with large onboard capacity for reagents; 
and ability to interface with the LIS for increased ef fi ciency with easy-to-use 
software. The above features are critical to those assays for HIV and complete 
hepatitis antibody detections. 

 Any technology and system, as sophisticated as it may appear, needs to be 
validated. The reliability of instrument and immunoassays and their clinical utility 
used under real-time clinical conditions need to be well studied. The decision to 
switch will be made on the basis of adequate quality through validation of assays 
and analysis of the cost. As methods change, the new automated assays must be 
validated against the existing ones for better sensitivity, speci fi city, and predictive 
values, and clinical utility. 

 Most chemiluminescent reactions can be adapted to this assay format by labeling 
either with a chemiluminescent compound or with an enzyme and using a chemilumi-
nescent substrate. Most commercially developed immunoassays are of this type 
(Table  4.2 ). For example, Lumi-Phos 530 of Luminol CLIA is used as the detection 
reagent in the Access immunoassay analyzer (Beckman Coulter Inc., Fullerton, CA, USA). 
Lumigen PPD and enhancer are incorporated in the chemiluminescent detection 
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reagent used in the Immulite Immunoassay Analyzer from Siemens. The AxSYM 
immunoassay system (Abbott) is based on the microparticle enzyme immunoassay 
technology  [  73–  75  ] . Immulite (Siemens, Deer fi eld, IL, USA) is a benchtop immuno-
assay analyzer with continuous random-access capabilities that uses enzyme-ampli fi ed 
chemiluminescence chemistry for antibody or antigen detection  [  76  ] . Multiple high-
throughput systems that can provide streamlined operations to reduce total processing 
time are available in the market, and some are capable in running different types of 
immunoassays. Many types of immunoassays can be developed on the automated 
systems for hepatitis virus A, B, and C, cytomegalovirus, and HIV assays. 

 With the availability of EIA, CLIA, and multiplex  fl ow immunoassay that allow 
automated high-throughput testing for syphilis, some laboratories have adopted 
reverse sequence screening in which a treponemal EIA or CLIA is followed by a 
nontreponemal testing for positive specimens in order to reduce the time and labor 
required for syphilis screening  [  77  ] . This has created new problems, especially 
when the treponemal speci fi c screening test is positive but the nontreponemal tests 
that follow are negative  [  78  ] . CDC’s recent recommendation on such discordant 
results is to use the  Treponema pallidum  particle agglutination (TP-PA) assay, and 
if the TP-PA is nonreactive, syphilis is considered to be unlikely  [  77  ] . The Fluorescent 
treponemal antibody (FTA) has been considered the gold standard; however, it is 
now considered to have a lower speci fi city and sensitivity compared to other non-
treponemal tests  [  77,   79  ] .   

   Summary 

 Immunodiagnostic technologies have been developed to identify the infectious 
agents for better sensitivity and speci fi city to ensure that every true positive case is 
diagnosed over the past 20 years. Antibody-based methods used to be the tool for 
the detection and epidemiological analysis of slow-growing, dif fi cult-to-culture, 
uncultivatable, or emerging infectious agents. 

 Antibody detection methods such as CLIA, ECL, and TRF detection formats 
become predominant technologies compared to conventional EIA or ELISA for 
diagnosis of infectious agents. Emerging antibody detection methods such as rapid 
or handheld assay and multiplexed  fl ow cytometry have been proved to be the prom-
ising technologies in the clinical setting.      
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         Introduction 

 Flow cytometry (FC) has been regarded as one of the most promising technologies 
for the clinical microbiology laboratories for nearly three decades. The accuracy, 
versatility, and quantitative nature of the FC measurements are both complementary 
and superior to many microscopic and other techniques used in the clinical micro-
biology laboratories. Since early 1990s, numerous proof-of-concept studies have 
appeared in the literature for the FC identi fi cation of pathogenic bacteria, fungi, 
parasites, and viruses, and for the rapid testing of susceptibility of these pathogens 
to antimicrobials and other compounds. The reader is referred to a number of com-
prehensive review articles that describe the principles of FC, reagents, protocols, 
and a variety of applications for speci fi c pathogens     [  1–  6  ] . There are also excellent 
studies describing the use of FC and bead arrays, using antigen, antibody, or nucleic 
acid probes, for the identi fi cation and genotyping of microbes  [  7–  9  ] . 

 The emergence and spread of antimicrobial resistance have led to a vigorous 
search for the methods for rapid detection. Many nucleic acid-based approaches 
have quickly become the methods of choice and some have been adapted in ready-
to-use commercial devices. The pace of innovation of FC methods for antimicrobial 
resistance detection has been incremental during this period. The full potential of 
FC technology still remains unrealized despite recent innovations aimed at making 
this technology simpler, cheaper, and more accessible for routine use. This chapter 
provides an overview of recently published studies with an emphasis on FC method 
innovations and future directions for FC antimicrobial resistance detection.  
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   Flow Cytometry Setup 

 A majority of published cytometry-based resistance detection studies rely on large, 
complicated, and expensive FC setup (Table  5.1 ). The optics and electronics of 
these instruments have seen tremendous improvements over the years with six, 
nine, or more color probes being detected simultaneously  [  10  ] . While there are valid 
applications of these enhanced capabilities in certain areas of medicine, the instru-
ments require trained operators and vendor-supplied software for data analysis. The 
continued reliance on these instruments might pose a problem for the introduction 
of cytometry-based detection assays for routine use in the clinical microbiology 
laboratories. Most of the hospital microbiology laboratories are physically not in 
the same locations as the other primary users of these equipment and they do not 
have the resources and personnel for the operation of stand-alone instruments. 
However, the limited access to instrumentation is being addressed by the introduc-
tion of a new generation of tabletop FC instruments, which are cheaper and easier 
to operate. A few such devices are commercially available in the USA (easyCyte 
benchtop  fl ow cytometers, Millipore, Billerica, MA; BD FACSVerse  fl ow cytome-
ter, BD Biosciences, San Jose, CA; and Accuri’sC6 Flow Cytometer System, BD 
Accuri Cytometers Inc., Ann Arbor, MI). An interesting study describes the use of 
such a device for detection of vancomycin-resistant  Enterococcus faecalis   [  11  ] . The 
compact FC device allowed monitoring of  E. faecalis  viability and other cellular 
parameters, independent con fi rmation of FC measurements with confocal micros-
copy, and a good correlation between FC test results with traditional macrodilution 
susceptibility test  [  11  ] . This report will likely become the touchstone for future 
studies that aim to provide practical protocols for the routine use of FC tests for 
antimicrobial resistance.   

   Antimicrobial Resistance Measurements 

 The measurement of cell viability upon exposure to antimicrobials remains a popular 
choice for the detection of resistance (Table  5.1 ). A number of  fl uorescent probes 
have been described for this purpose. These include well-known dyes such as pro-
pidium iodide and acridine orange and newly introduced stains Sybr Green I and 
SYTO 16. The newer dyes are either cell permeant or impermeant and offer a selec-
tion of live–dead or dead cells staining, all with large  fl uorescence enhancements. 
For example, these probes work well for the detection of vancomycin resistance in 
 E. faecalis  and  Staphylococcus aureus  and for the multidrug resistance testing of 
 Mycobacterium tuberculosis   [  11,   12  ] .  Plasmodium falciparum  resistance to antima-
larials and  Candida glabrata ,  C. krusei , and  C. parapsilosis  resistance to antifun-
gals can also be detected via the measurements of such probes  [  13,   14  ] . 

 A notable innovation in the viability measurements is the recent use of 
auto fl uorescent protein reporters such as  g reen    fl uorescent  p rotein (GFP), which can 
be monitored to determine drug resistance in  M. tuberculosis , Hepatitis C virus, and 
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 P. falciparum   [  13,   15,   16  ] . GFP and other color variants can be used as direct or 
indirect reporters depending upon whether the pathogen or, in case of HCV, the host 
cells are labeled. These reporters allow multiparametric measurements of resistance 
and do away with the use of extraneous dyes, which could potentially interact with 
the antimicrobials being tested. An ingenious adaptation of a peptide-nucleic acid 
probe, originally designed for the rapid identi fi cation by hybridization, led to rapid 
characterization of methicillin-resistant  S. aureus   [  17  ] . This approach has the poten-
tial to provide rapid identi fi cation and susceptibility test results simultaneously 
although it does require a provisional knowledge of the target organism. Another 
innovative approach is to monitor the resistance by the use of  fl uorescence-labeled 
versions of the target drugs as has been shown with labeled penicillin bocillin for 
 E. faecalis  and  S. aureus   [  18,   19  ] . Both the auto fl uorescent proteins and  fl uorescent-
labeled drugs are not only ef fi cient for resistance measurements, but have the poten-
tial to facilitate mechanistic studies of drug resistance involving target binding, 
uptake kinetics, intracellular localizations, and effects on structure–function indicators 
of the target cells.  

   Assay Turnaround Time 

 Cytometry assay turnaround times are expectedly shorter than more conventional 
assays and this has remained a signi fi cant FC advantage over many competing tech-
nologies. However, such comparisons often omit the upstream processing time 
required before the actual FC assays can be performed, which in some cases could 
be many hours to many days in length (Table  5.1 ). While this in itself is not a short-
coming of the current protocols, there still remains a need for further improvements 
in the processing of test strains before they are used for cytometry-based testing. 
This is urgent as other competing technologies have now come up with integrated 
systems that test clinical samples directly for HIV and syphilis diagnosis or for 
molecular detection of rifampin resistance and identi fi cation of tuberculosis  [  20, 
  21  ] . Thus, the development of protocols that directly work with the clinical samples 
would be the next challenge to further improve turnaround times if FC were to 
remain competitive with other platforms.  

   Comparator Methods 

 As protocols intended for testing of clinical samples, it is important that cytometry 
-based assays perform well in head-to-head comparison with more traditional 
methods. The majority of published cytometry resistance protocols have demon-
strated high ef fi cacies in such comparisons with susceptibility testing methods that 
rely on visual growth and/or metabolite measurements of target bacteria, fungi, 
viruses, and parasites (Table  5.1 ). Thus, the standard methods for bacterial and 
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fungal susceptibility testing based upon disc diffusions, broth dilutions, or 
Epsilometer (E-test) show excellent correlation with FC results. This is also true 
for traditional viral assays such as plaque reduction or cytotoxicity assays. A notice-
able trend in recent studies is the dual use of labeled organisms to get both quanti-
tative (FC) and visual ( fl uorescence microscopy) observation of drug resistance, 
which independently con fi rm FC ef fi cacy from the same samples. Further applica-
tions along these lines when combined with confocal microscopy, auto fl uorescent 
probes, and labeled drugs would open up new avenues of investigations of 
mechanism of drug resistance.  

   Flow Cytometry Challenges 

 There are still signi fi cant challenges in realizing the promised potential of cytometry-
based assays for the detection of antimicrobial resistance. Although there are 
accepted procedures for the calibration of FC, other variables are signi fi cant as 
published FC resistance studies do not use same probes, instruments, and test 
protocols  [  22  ] . Additionally, there are no multi-laboratory studies of these protocols 
to assess their performance in routine operations. Curiously, all published studies 
address one or two target organisms mostly within the same group (bacteria or 
fungi) without addressing the  fl exibility of the setup for a variety of different patho-
gens, which is the likely test practice in a busy hospital laboratory. Therefore, new 
studies are needed that will compare multiple published protocols to identify their 
relative ef fi cacies under the same operator conditions. Even more desirable will be 
the development of integrated platforms that allow one-stop testing of bacteria, 
viruses, fungi, and parasites. It will be equally desirable to use the same instruments 
for the identi fi cation as well as resistance testing as is currently possible for some 
growth-based commercial instruments for bacteria and fungi and molecular assays 
for bacteria and viruses.  

   Conclusions and Future Prospects 

 The basis of antimicrobial resistance in bacteria, fungi, parasites, and viruses could 
be genetic, structural, or functional, but they can all be tested accurately and rapidly 
by cytometry-based assay. This versatility and accuracy are unmatched by many 
other methods. However, FC assays still remain in the realm of research applica-
tions and not a single assay has become a gold standard for testing. Therefore, the 
time has come to make this technology more accessible by using both step-down 
and step-up approaches. Less sophisticated and cheaper contraptions that can be 
easily set up have been described; they deliver many of the bene fi ts of cytometry 
testing without the burden of cost and operator complexity associated with the current 
instrumentation  [  23  ] . This approach is especially suitable in resource-poor areas 
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suffering from high burden of major infectious diseases  [  24  ] . On the other hand, the 
step-up approach would leverage latest progress in optics, microfabrication, and 
 fl uidics to develop “Lab-on-a-chip” devices that would deliver price-competitive 
and time-sensitive test results  [  25,   26  ] . It is the latter approach that holds a great 
promise for meaningful collaborations among diagnostic laboratories and device 
manufacturers so that the long-promised potential of FC can be  fi nally realized in 
the clinical microbiology laboratory.      
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         Introduction 

 The  fi rst step in microbial identi fi cation is the phenotypic assessment of the growing 
colony. In many cases, colonial morphology such as color, shape, size, hemolytic 
reaction, and growth characteristics on various selective and differential media can 
place an organism in a single family, genus, or even species level. In fact, assessing 
the ability of an organism to grow on various laboratory media along with its oxygen 
requirements coupled with Gram stain morphology as well as a few rapid tests such 
as catalase, oxidase, coagulase, and indole often provides preliminary identi fi cation 
for many clinically signi fi cant isolates. For example, it is very likely that an organism 
that grows on MacConkey agar plate and ferments lactose is a member of the family 
 Enterobacteriaceae  or an oxidase-positive non-lactose fermenting Gram-negative 
rod that has distinct grape odor is likely to be  Pseudomonas aeruginosa.  

 Overall the biochemical identi fi cation tests may be classi fi ed into two major 
groups: the conventional microbial identi fi cation systems and commercial microbial 
identi fi cation systems. The identi fi cation schemes used by various laboratories are 
not uniform in part due to the availability of numerous choices, varied complexity 
of the testing laboratories, volume, experience of technical staff, and cost. In general 
most laboratories rely on a combination of both conventional and commercial 
identi fi cation systems.  
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   Conventional Microbial Identi fi cation Systems 

   Single Enzyme Rapid Tests 

 The single enzyme rapid tests are a group of tests that detect the presence or absence 
of a single enzyme or a biochemical reaction within seconds to minutes. These tests 
are fairly inexpensive, easy to perform, and often provide important initial information 
that is used to determine the subsequent steps in the microbial identi fi cation scheme. 
Rapid enzyme tests are an important part of both conventional as well as commercial 
microbial identi fi cation systems. In addition, these tests may be used for presumptive 
identi fi cation of certain organisms to the genus or even species level. For example, 
a positive catalase test can establish that a Gram-positive coccus is a staphylo-
coccus; a subsequent positive coagulase test can then establish that the catalase-
positive coccus is  Staphylococcus aureus.  

   Catalase Test 

 Catalase, an enzyme within the cytochrome enzyme system, is responsible for the 
decomposition of hydrogen peroxide (H 

2
 O 

2
 ) formed during aerobic respiration. All 

organisms using the cytochrome system of respiration will give a positive catalase 
reaction when tested. Those organisms using a different system will not produce 
catalase and will yield a negative reaction. 

 The mechanism of action is as follows:

     + = +2 2 2 2H O catalase H O 1 / 2O     

 The possession of the catalase enzyme helps to distinguish staphylococci from 
streptococci and is useful in the identi fi cation of many other bacteria. A positive test 
is a rapid bubbling reaction caused by the release of O 

2
  from the H 

2
 O 

2
  in the presence 

of catalase. A negative test is the absence of bubbling. 
 Despite the simplicity of the test, a false positive reaction is seen if the test is 

performed on colonies selected from blood agar plate (BAP); colonies that are 
selected from the  fi rst quadrant of a blood culture plate, or use of nickel loops to 
select colonies  [  1,   2  ] .  

   Oxidase Test 

 The oxidase test is based on the production of the enzyme indophenol oxidase by 
organisms containing cytochrome  C . Indophenol oxidase, in the presence of atmo-
spheric oxygen, oxidizes a redox dye ( N , N , N  ¢ , N  ¢ -tetramethyl- p -phenylenediamine 
dihydrochloride) to form a dark-purple compound, indophenol. 
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 Filter paper impregnated with the reagent is allowed to dry completely; the test 
is done by placing a loopful of bacteria from a nonselective plate onto the paper 
using a platinum loop or wooden applicator stick and then examining the paper for 
development of a violet or purple color immediately or up to 30s (positive reaction). 
No color change or a slight color change of a light pink/light purple after 30s 
indicates a negative result. 

 Steel loops, nichrome loops, or wire loops containing iron may give a false-
positive reaction and reactions from weak oxidase-positive organisms, e.g., 
 Pasteurella  may be inaccurate. Colonies growing on selective media or differential 
media can carry over the indicator and thus cause inaccurate results. Colonies 
grown on media containing high glucose concentration cannot be used for oxidase 
determination, since fermentation inhibits indophenol oxidase activity resulting 
in false negative results  [  1,   3  ] .  

   Spot Indole Test 

 The indole test is based on the ability of an organism to hydrolyze tryptophan to 
glycine and indole. Certain organisms are able to remove the glycine radical from 
tryptophan resulting in the production of indole. This test can be performed on 
organisms grown on a BAP after a 24-h incubation. 

 Filter paper is placed in a Petri plate and saturated with 3–4 drops of 1 % solution 
of  p -dimethylaminocinnamaldehyde. An isolated colony from a 24-h-old culture 
grown on a BAP is rubbed into the  fi lter paper using a wooden applicator stick or 
inoculating loop. Appearance of a blue color immediately or within 30 s of inocula-
tion indicates a positive reaction; no blue color seen within 30 s indicates negative 
reaction. 

 The test must be performed from BAP. False negative results will occur from 
MacConkey agar and Triple Sugar Iron (TSI) slants since there is no suf fi cient 
source of tryptophan in these media. False positives will occur if indole-positive 
organisms are present in mixed cultures  [  4  ] .  

   Slide Coagulase Test 

 Coagulase is a thermostable enzyme found primarily in  S. aureus  and is used to 
differentiate  S. aureus  from other commonly isolated staphylococci. Two forms of 
coagulase exist: one is bound to the bacterial cell wall, and one is liberated by the 
cell and is known as “free coagulase.” The slide coagulase test detects the bound 
coagulase (clumping factor), which acts directly on the  fi brinogen in plasma and 
causes clumping of bacteria. Slide coagulase test results agree approximately 96 % 
with tube coagulase test results. Coagulase-positive organisms form clumps within 
10 s but coagulase-negative organisms remain uniformly suspended. 

 The test is done as follows: Using a sterile pipette, a drop of sterile saline is 
placed on a glass slide. One to two colonies of the organism are emulsi fi ed in the 
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saline and tested for autoagglutination. A drop of rabbit plasma is placed on the 
slide and mixed for a few seconds and observe for clumping within 10 s. 

 A positive slide coagulase test result is valid only for strains of  Staphylococcus  
sp. that are negative for autoagglutination or stickiness. Coagulase is also present in 
 S. intermedius  and  S. hyicus , but these species are infrequent clinical isolates. 
Similarly, clumping factor is produced by  S. schleiferi  and  S. lugdunensis  and may 
give false positive reactions     [  1,   5  ] . 

  Note : All negative slide tests must be con fi rmed using tube test.  

   Microdase 

 The Microdase disk is a reagent-impregnated disk used in the differentiation of 
 Staphylococcus  from  Micrococcus  by the detection of the oxidase enzyme. In the pres-
ence of atmospheric oxygen, the oxidase enzyme reacts with tetramethyl- p -phenylene-
diamine (TMPD) in the disk and cytochrome  C  in the organism to form a colored 
compound. All micrococci contain cytochrome  C , whereas most staphylococci lack 
cytochrome  C . The oxidase reagent substantiates the presence of type C cytochrome. 

 The Microdase disk is placed on a glass slide and inoculated with several colonies 
of an 18–24-h pure culture grown on BAP. The disk is examined for up to 2 min for 
development of a blue color to purple-blue (positive reaction). No color change 
or white to gray color after 2 min is considered a negative reaction. 

 Microdase is not designed for routine testing for oxidase activity in organisms 
other than  Staphylococcu s and  Micrococcus .  S. sciuri  is the only  Staphylococcus  
species recognized to give a positive Microdase reaction  [  4,   6  ] .  

   Bile Solubility Test 

 Gross morphology alone is often insuf fi cient to differentiate between  Streptococcus 
pneumoniae  and alpha hemolytic streptococci spp.  S. pneumoniae  lyse when treated 
with a 10 % solution of sodium desoxycholate, while other streptococci and 
Gram-positive cocci are not bile soluble. Lysis occurs because bile-soluble organ-
isms contain autolytic enzyme, an amidase that when activated by bile salts cleaves 
the bond between alanine and muramic acid in the cell wall. 

 One drop of desoxycholate is placed on a well-isolated 18–24-h culture of an 
alpha-hemolytic colony on a BAP and incubated at room temperature, agar side 
down for 15–30 min. The area where the reagent was applied is examined for 
evidence of colony disintegration or lysis. Dissolving of the colony is a positive 
test for  S. pneumoniae . Colonies remaining intact indicates a negative test for 
 S. pneumoniae . 

 False negative may occur when testing isolates older than 18–24 h. Occasionally, 
alpha-hemolytic colonies do not dissolve but merely lift off the surface of the agar, 
 fl oat away, and settle elsewhere on the plate. The plate should carefully be examined 
for evidence of this  [  5,   7  ] .  
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   PYR 

 PYR is a chromogenic substrate ( l -pyrrolidonyl- b -naphthylamide or PYR) which 
when hydrolyzed by PYRase ( l -pyrroglutamyl aminopeptidase) produces a red 
color upon the addition of  p -dimethylaminocinnamaldehyde. PYR is a substrate 
that is hydrolyzed by 100 % of the enterococci and group A streptococci, but not by 
any other streptococcal species. 

 Two to four drops of a buffer reagent is applied to the PYR test strip circle. (Do 
not  fl ood the disk.) The strip is then inoculated with 3–5 colonies of the organism 
(culture grown on BAP; 18–24 h old) and incubated at room temperature for 2 min. 
Two drops of  p -dimethylaminocinnamaldehyde is applied to the test strip circle. An 
intense red color develops immediately around the colonies in the presence of 
hydrolyzed PYR. The PYR test is negative if no color, an orange color, or a weak 
pink color develops. Staphylococci may cause a positive PYR reaction  [  4–  6  ] .  

   Leucine Aminopeptidase Test 

 The leucine aminopeptidase (LAP) Test is a rapid assay for the detection of the 
enzyme leucine aminopeptidase in bacteria cultured on laboratory media. It is used 
as one of the tests for the presumptive identi fi cation of catalase-negative Gram-
positive cocci. Leucine- b -naphthylamide impregnated disks serve as a substrate for 
the detection of leucine aminopeptidase. Following hydrolysis of the substrate by 
the enzyme, the resulting  b -naphthylamine produces a red color upon the addition 
of cinnamaldehyde reagent. 

 A moistened LAP disk is placed on a glass slide or in a Petri dish and inoculated 
with isolated colonies of catalase-negative, Gram-positive cocci. The disk is incu-
bated at room temperature for 5 min before a drop of the color developer is added 
and examined for up to 1 min for pink to red color development. Pink/red color 
indicates positive reaction. No color change/slight yellow indicates negative 
reaction. 

 The LAP test is only part of the overall scheme for identifying catalase-negative, 
Gram-positive cocci. Further biochemical characterization and serological grouping 
may be necessary for speci fi c identi fi cation. False negatives may result from using 
too small an inoculum  [  8  ] .  

   MUG Test 

 The MUG test is a rapid test used for the presumptive identi fi cation of  Escherichia 
coli .  E. coli  produces the enzyme b- d -glucuronidase which hydrolyzes b- d -
glucopyranoside-uronic derivatives to aglycons and  d -glucuronic acid. The substrate 
4-methylumbelliferyl-b- d -glucuronide is impregnated into a disk which, when 
hydrolyzed by the enzyme, yields the 4-methylumbelliferyl moiety which  fl uoresces 
blue under UV light. 
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 Moisten a disk with water and with a wooden applicator stick, rub a portion of a 
colony from a pure culture onto the disk. Incubate in a close container at 35 °C for 
2 h. Observe the disk under long-wavelength (366 nm) UV light. An electric blue 
 fl uorescence is a positive reaction  [  1  ] .  

   Indoxyl Butyrate Disk 

  Moraxella catarrhalis  produces the enzyme butyrate esterase. This property can be 
used as a rapid test in the identi fi cation of  M. catarrhalis . Indoxyl is liberated from 
indoxyl butyrate by the enzyme butyrate esterase, forming an indigo color in the 
presence of oxygen. 

 Smear several colonies of oxidase-positive, Gram-negative diplococci across the 
disk surface using a loop or wooden applicator. Incubate at room temperature for 
5 min and observe for a blue-green color development where the colonies were 
applied indicating a positive test for butyrate esterase production. A negative reac-
tion is indicated by no color change. 

 Interpretation of results is based on testing only oxidase-positive, Gram-negative 
diplococci. Some strains of  Moraxella  sp. other than  M. catarrhalis  may produce a 
positive or weak positive reaction.  Acinetobacter ,  Staphylococcus , and  Pseudomonas  
may also yield a positive reaction  [  5,   6  ] . 

   Chromogenic Enzyme Substrate Test 

 Chromogenic Enzyme Substrate Test is used for rapid identi fi cation of the different 
 Neisseria  species detected by colored end product after hydrolysis by bacterial 
enzymes. The two commercially available systems that use this approach include 
the Gonochek II and the Bacticard  Neisseria .  

   Gonocheck II 

 The Gonocheck II consists of three synthetic chromogenic substrates contained in a 
single tube to detect preformed enzymes associated with different  Neisseria  
species. 

 Oxidase-positive, Gram-negative diplococci from a pure culture growing on 
Martin-Lewis agar is emulsi fi ed in the tube with a wooden applicator. The tube is 
capped with a stopper and incubated for 30 min at 35 °C. Speci fi c color reactions 
con fi rm the identity of  N. lactamica  (blue) and  N. meningitidis  (yellow). If neither 
color develops, the stopper is split apart and the top part is inserted into the tube. 
The tube is inverted so that the suspension comes in contact with the diazo dye 
coupler ( o -aminoazotoluene diazonium) on the stopper. Development of a pink-red 
color indicates that the isolate is  N. gonorrhoeae ; absence of a colored product, 
or a pale yellow color, is presumptive for  M. catarrhalis . The identi fi cation of 



936 Biochemical Pro fi le-Based Microbial Identi fi cation Systems

 M. catarrhalis  can be con fi rmed by a positive  M. catarrhalis  butyrate test. The active 
chemical ingredients used in the tube and the enzymatic reactions detected are the 
following:

    (a)    5-Bromo-4-chloro-indoyl- b - d -galactopyranoside. Hydrolysis of the  b - d -galactoside 
bond by  b -galactosidase yields a blue color from the colorless substrate.  

    (b)    Gamma-glutamyl- para -nitroanilide. Hydrolysis of this substrate by gamma-
glutamyl aminopeptidase releases yellow  p -nitroaniline from the colorless 
substrate.  

    (c)     l -Proline-beta-naphthylamide. Hydrolysis of this substrate by hydroxylprolyl-
aminopeptidase releases colorless free beta-naphthylamine derivative. Coupling of 
the beta-naphthylamine derivative with a diazo dye coupler ( o -aminoazotoluene 
diazonium salt—Fast Garnet, GBC Salt) produces a pink to red color.     

 The Gonocheck II should be used on Gram-negative diplococci isolated from 
media such as Martin-Lewis agar. Do not use on isolates only grown on nonselec-
tive media such as chocolate agar since other  Neisseria  species ( N. sicca ,  N. mucosa ) 
may grow and lead to incorrect results. Similarly,  Kingella  species may be found on 
Martin-Lewis medium. It is essential to perform a Gram stain prior to selecting 
organisms for identi fi cation by NET. If the morphology of the organism selected is 
questionable, it is suggested that a catalase test be performed.  Kingella  species are 
catalase negative, and  Neisseria  and  Moraxella  species are catalase positive. 
 N. cinerea  will be pink after the addition of PRO reagent  [  9  ] .  

   Bacticard  Neisseria  

 This test uses an identi fi cation strip that contains the four chromogenic enzyme 
substrate test for the identi fi cation of the different  Neisseria  species. The four test 
circles are rehydrated with buffer solution, and growth from a selective media is 
applied to each of the four test circles area. If a blue-green color develops in the IB 
(butyrate esterase) within 2 min, the organism is identi fi ed as  M. catarrhalis . If no 
color develops, the strip is incubated for another 13 min. If a blue-green color devel-
ops in the BGAL ( b -galactosidase) the organism is  N. lactamica . If the strip still 
remains colorless in that time, a single drop of color-developing reagent is added to 
the PRO (prolyl aminopeptidase) and GLUT (gamma glutamyl aminopeptidase) 
test area. The development of a red color in the PRO test area identi fi es the isolate 
as  N. gonorrhea  while similar color change in the GLUT test area identi fi es the 
organism as  N. meningitidis .   

   Hippurate 

 The Hippurate hydrolysis test may be used to identify  Campylobacter jejuni , 
 Gardnerella vaginalis , and  Listeria monocytogenes  or differentiate  Streptococcus 
agalactiae  from other beta hemolytic streptococci. The assay is based on hydrolysis 
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of the sodium hippurate by the enzyme hippuricase to sodium benzoate and glycine. 
Glycine is detected by oxidation with ninhydrin reagent that results in production of 
a deep purple color. 

 Hippurate tubes are inoculated with a heavy suspension of the organism or a 
hippurate disk could be added to the suspension and incubated at 35 °C for 2 h. The 
tube is than inoculated with 0.2 ml of ninhydrin and re-incubated for additional 
15–30 min. The presence of deep purple color indicates a positive hippurate and no 
color change indicates negative hippurate. A light inoculum or use of old culture 
may give false negative results  [  4,   6  ] .  

   Lysostaphin 

 The Lysostaphin test is used to differentiate members of  Staphylococcus  sp. from 
 Micrococcus  sp. and is based on the activity of Lysostaphin as an endopeptidase, 
which cleaves the glycine-rich pentapeptide bridges of peptidoglycan. These 
cross bridges are found in all  Staphylococcus  sp. but not in  Micrococcus  sp. or 
 Stomatococcus  sp. 

 A suspension of the organism equivalent to a 3.0 McFarland is prepared and 
0.2 ml of the working Lysostaphin solution is added to the tube and mixed. 
The tube is allowed to stand undisturbed for 2 h at 35 °C. Clearing of the solu-
tion indicates susceptibility to lysostaphin. Turbid Solution indicates resistance to 
lysostaphin.  Micrococcus ,  Stomatococcus , and  Streptococcus  spp. are resistant to lyso-
staphin. Reading the test beyond the 2-h incubation may result in false positive 
tests. Lysostaphin susceptibility can also be determined using the disk diffusion 
method. A plate of Mueller Hinton agar is inoculated and a lysostaphin disk (10  m g) 
is placed on the plate. The plate is incubated for 24 h at 35 °C. A zone of inhibition 
of 10–16 mm indicates a  Staphylococcus  species. Micrococcus and related species 
will show no zones. 

 To obtain optimal result the organism must be grown in media containing beef-
peptone rather than casein-peptone as the glycine content of the media is crucial  [  1  ] .  

   CLO Test 

 The CLO test is a rapid test for identi fi cation of  Helicobacter pylori . The test uses a 
sealed plastic slide holding an agar gel that contains urea, phenol red, buffers, and 
bacteriostatic agents. If the urease enzyme of  H. pylori  is present in the inserted 
gastric tissue biopsy, the urea in the gel is degraded resulting in an increased pH, 
and the color of the gel changes from yellow to a bright magenta. 

 Inoculate the CLO test slide with the specimen and incubate at 37 °C in the non-CO 
2
  

incubator for 3 h. The slide is examined for color change from yellow to magenta 
pink after 1 h of incubation and again at 2 and 3 h. A magenta pink color indicates 
positive reaction. If the biopsy contains urease, the change  fi rst appears around the 
sample and eventually colors all of the gel. The pH change in a positive test is  fi rst 
seen at the interface of the gel and the biopsy. If a signi fi cant amount of urease is 
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present, the visible change is rapid. Any color change of the whole gel to a shade 
other than yellow (i.e., red, magenta, pink, deep orange) indicates the presence of 
 H. pylori . The test is considered negative if the medium remains yellow 24 h after 
insertion of the biopsy. 

 False negative CLO tests may occur when very low numbers of  H. pylori  are 
present or if the bacteria are focally distributed. False positive CLO tests can occur 
in patients with achlorhydria. This is because commensal organisms such as  Proteus  
spp. that also produce urease will grow in the absence of acid  [  10  ]  (Fig.  6.1 – 6.6 ).         

   Overnight Biochemical Tests 

 The overnight biochemical tests are a group of tests that require inoculating one or 
more culture media containing speci fi c substrates and chemical indicators that 

  Fig. 6.1    Flowchart for presumptive identi fi cation of Gram-positive cocci       
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detect pH change or speci fi c microbial by-products. Similar to rapid tests, the choice 
of overnight tests is based on Gram stain morphology and the results of preliminary 
testing with rapid enzyme tests. These tests are also inexpensive and easy to perform 
and may be used in three different ways. They may be used to obtain important 
initial information with respect to the identity of an unknown organism, such as the 
Motile-Indole-Lysine-Sul fi de test, which is used to screen for the presence of enteric 
pathogens. They may be used to verify the result of a preliminary positive/negative 
test result or they may be used to assess an indeterminate  fi nding. For example Taxo 
P is an overnight test that will demonstrate if an isolate with an equivocal bile 
solubility result is a  S. pneumoniae . Similarly, a tube coagulase test will substanti-
ate if a suspicious isolate that is slide coagulase negative is truly a coagulase-
negative staphylococci. Finally these tests may be used as the sole identi fi cation 
system (classical biochemical identi fi cation) to identify an unknown organism. This 
is generally labor intensive and requires the technologist to inoculate, incubate, read, 
interpret, and chart a number of biochemical reactions over several days. This is then 
followed by using various identi fi cation schemes or  fl owcharts to generate  fi nal 
identi fi cation. As a rule, the classical biochemical identi fi cation system is used to 
identify fastidious or slow-growing organisms in the reference laboratories. These 
isolates are by and large rare biotypes that are not part of the commercial identi fi cation 
system’s database. Table  6.1  depicts the list of biochemical tests that are commonly 
used to identify Gram-negative bacilli  [  11  ] .  

   Tube Coagulase Test 

 The Tube coagulase test detects free coagulase (liberated by the cell) that forms a 
complex with coagulase-reacting factor found in plasma. The complex reacts with 
 fi brinogen to form a  fi brin clot. 

 Several colonies of staphylococcus are emulsi fi ed in 0.5 ml of rabbit plasma (with 
EDTA) to give a milky suspension and then incubated at 35 °C for 4 h. Examine for 
the presence of a clot. If negative for clot, re-incubate the tube and reexamine at 24 h. 
Any degree of clot formation at 4 or 24 h is considered positive reaction. No clot 
formation at 24 h is considered negative coagulase reaction  [  1,   4,   6  ] .  

   DNA Hydrolysis 

 The DNA Hydrolysis test detects the presence of enzyme, Deoxyribonuclease 
(DNase), in an organism. Using this media, DNase-positive Coagulase-positive 
staphylococci are differentiated from other  Staphylococcus  sp. The media contains 
either toluidine blue or methyl green which upon hydrolysis of the incorporated 
DNA turns colorless if methyl green is used in the media or pink if toluidine blue is 
used instead. 

 The media is inoculated with the organism (generally, the organisms are boiled 
as some  S. epi  have DNase, but the DNase is not heat stable) and incubated overnight 



102 N.O. Bullock and J. Aslanzadeh

   Table 6.1    Commonly used biochemical test for identi fi cation of a Gram-negative 
organism   

 Date  1  2  3  4  5  6  7 

 Biochemicals 
 Motility 
 OF glucose (oxid) 
 Of glucose (Ferm) 
 Xylose 
 Mannitol 
 Lactose 
 Suctose 
 Maltose 
 Catalase 
 Oxidase 
 MacConkey 
 Citrate 
 Sodium acetate 
 Urea 
 Nitrate 
 Nitrate to gas 
 Indole 
 TSI slant 
 TSI butt 
 H 

2
 S (TSI butt) 

 H 
2
 S (Pb ac paper) 

 Gelatin 
 Pigment 
 Arginine 
 Lysine 
 Growth at 42 °C 

at 35 °C. The plate is examined for evidence of growth and loss of color or a 
pink color around the inoculum (positive reaction). No color change indicates 
negative reaction  [  6  ] .  

   Vancomycin Disk Test 

 The vancomycin disk test is performed as a susceptibility procedure to help 
differentiate the Gram-positive, catalase-negative cocci.  Aerococcus, Gemella, 
Lactococcus, Streptococcus,  and some enterococci are susceptible to vancomycin. 
 Leuconostoc ,  Pediococcus ,  Lactobacillus,  and some enterococci are resistant to 
vancomycin. 

 A 0.5 McFarland suspension of the organism is prepared in sterile saline. Using 
a sterile swab, the bacterial suspension is inoculated onto a BAP. A vancomycin 
disk is placed in the center of the inoculated plate and incubated at 35 °C in a CO 

2
  

incubator for 18–24 h. The plate is observed for the presence of a zone of inhibition 
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around the vancomycin disk.  Leuconostoc  sp.,  Pediococcus  sp.,  Lactobacillus  
sp., and some  Enterococcus  sp. are resistant to vancomycin with growth to the 
edge of the disk  < 9 mm.  Aerococcus  sp.,  Gemella  sp.,  Lactococcus  sp.,  Streptococcus  
sp., and some  Enterococcus  sp. are susceptible to vancomycin and produce a 
zone of inhibition  > 12 mm  [  1,   6  ] .  

   Bacitracin Inhibition Test (Taxo A Disk) 

 The Bacitracin Inhibition Test presumptively differentiates  Streptococcus pyogenes , 
Group A streptococci, from other beta hemolytic streptococci. The bacitracin at 
concentration of 0.04 units will selectively inhibit growth of GAS. While there are 
rare strains of GAS that are bacitracin resistant, approximately 5–10 % of strains of 
non-group A beta hemolytic streptococci (C, F, and G) are bacitracin susceptible. 

 Using a pure culture of the test organism inoculate a BAP with the bacterial 
suspension. Using a sterile forceps, place a bacitracin disk in the  fi rst quadrant (the 
area of heaviest growth of the inoculated BAP) and incubate at 35 °C for 18–24 h. 
Any zone of inhibition around the bacitracin disk is considered positive test. 
Uniform lawn of growth right up to the rim of the disk indicates negative bacitracin 
inhibition test  [  1,   5,   6  ] .  

   Bacitracin and STX Susceptibility Test 

 Susceptibility to low concentrations of bacitracin and sulfonamide trimethoprim–
sulfamethoxazole (SXT) is a relatively inexpensive method for the presumptive 
identi fi cation of both Group A and Group B  b -hemolytic streptococci. Group A 
streptococci are susceptible to bacitracin but resistant to SXT and Group B strepto-
cocci are resistant to both antibiotics. Other  b -hemolytic streptococci may show 
varying susceptibility to bacitracin but are also susceptible to STX, so the combination 
increases the sensitivity and predictive value of the bacitracin test. 

 Streak three or four isolated colonies of  b -hemolytic streptococci down the center 
of a BAP. Using a loop, spread the inoculum across the plate to create a con fl uent 
lawn. Place a Taxo A bacitracin disk and an SXT disk on the inoculated area. 
Incubate the plate in ambient air at 35 °C for 18–24 h. Susceptibility is de fi ned as 
any zone around either disk while resistant is growth up to the edge of the disk  [  1  ] .  

   Taxo P Disks (Optochin) 

 Ethylhydrocupreine hydrochloride (optochin) at the concentration 5.0  m g or less 
selectively inhibits the growth of  S. pneumoniae , but not of other streptococci. 
 S. pneumoniae  may, therefore, be differentiated from other alpha-hemolytic 
streptococci by the formation of a zone of inhibition around a disk impregnated 
with this compound. 
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 Three or four well-isolated colonies of alpha-hemolytic  Streptococcus  isolate are 
streaked onto one half of a BAP plate. Using a  fl amed forceps, place a Taxo P disk 
(optochin)  fi rmly in the upper one-third of the streaked areas and incubate the plate 
aerobically at 35 °C for 24 h in 5–7 % CO 

2
 . If using a 6 mm disk, a zone of inhibition 

of 14 mm or greater is considered sensitive. With a 10 mm disk, a zone of 16 mm or 
greater is sensitive. Other organisms may show zone sizes less than 14 mm in diam-
eter. A diameter between 6 and 14 mm is questionable for  S. pneumoniae  and the 
strain should be tested for bile solubility  [  6  ] .  

   CAMP Test 

 The CAMP Test is based on the fact that group B streptococci produce an extra-
cellular protein known as the CAMP factor that acts synergistically with a staphy-
lococcal beta-hemolysin ( b -Lysin) on sheep erythrocytes to produce an enhanced 
zone of hemolysis. 

 Streak a loopful of  b  toxin-producing  S. aureus  in a straight line across the center 
of a BAP. Streak a loopful of group B streptococci perpendicular to and nearly touch-
ing the streak line of the staphylococci (positive control). Streak a loopful of group 
A streptococci perpendicular to and nearly touching the streak line of the staphylo-
cocci (negative control). Streak a loopful of unknown isolate perpendicular to and 
nearly touching the streak line of the staphylococci and incubate the plate at 35 °C 
for 18–24 h in the aerobic non-CO 

2
  incubator. Following the incubation if the 

unknown isolate demonstrates an arrowhead zone of enhanced hemolysis, the isolate 
is identi fi ed as group B streptococci. If the unknown isolate does not demonstrate an 
arrowhead of enhanced hemolysis, the isolate is not a group B streptococci. 

 Do not incubate the CAMP test plate in the presence of 5–10 % CO 
2
  incubator as 

this can cause false-positive results with non-group B streptococcus spp.  

   Reverse CAMP Test 

 The Reverse CAMP Test is based on the fact that some organisms such as 
 Arcanobacterium haemolyticum  completely inhibit the effect of  S. aureus  
B-hemolysin on sheep erythrocytes. The  b -hemolysin inhibition zone in the form of 
a triangle is formed. 

 A loopful of  b  toxin-producing  S. aureus  is streaked in a straight line across the 
center of a BAP. Group B streptococci and group A streptococci are streaked 
perpendicular to and nearly touching the streak line of the staphylococci. Similarly, 
 A. haemolyticum  and the test isolate are streaked perpendicular to and nearly touch-
ing the line of the staphylococci. The plate is incubated at 35 °C for 24 h in the aerobic 
non-CO 

2
  incubator. Following the incubation if the test isolate demonstrates a 

triangular shaped inhibition of  b -hemolysis, it is reverse camp test positive. If the 
test isolate does not demonstrate a triangle-shaped inhibition of  b -hemolysis, it is 
reverse camp test negative. 
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 Do not incubate the Reverse CAMP test plate in the 5–10 % CO 
2
  incubator. This 

may result in an incorrect interpretation  [  5,   12  ] .  

   Bile Esculin Agar Slant 

 Group D streptococci (including  Enterococcus  spp.) and a few other bacteria, such 
as  Listeria  spp., can grow in the presence of 40 % bile and produce esculinase, 
which hydrolyze esculin to esculetin. Esculetin reacts with ferric ions, supplied by 
ferric citrate in the agar medium, to form a diffusible black complex. Most strains 
of viridans streptococci that are capable of hydrolyzing esculin will not grow in the 
presence of 40 % bile. 

 Streak the surface of the bile esculin agar slant with several colonies of the organ-
ism to be tested. Incubate at 35 °C in non-CO 

2
  for 24–48 h. A diffuse blackening of 

more than half of the slant within 24–48 h is considered positive. No growth or 
growth without blackening of the medium after 48 h is considered negative test. 

 If the inoculum is too heavy, viridans streptococci may give a false positive test 
result. Approximately 3 % of viridans streptococci are able to hydrolyze esculin in 
the presence of bile. Growth in the presence of 6.5 % salt is used to differentiate 
enterococci from non-enterococcal group D streptococci  [  1,   5  ] .  

   6.5 % Salt Broth 

 Heart infusion broth is a general-purpose medium for the cultivation of both fas-
tidious and non-fastidious organisms. With the addition of 6.5 % sodium chloride, 
the medium can be used to differentiate between salt-tolerant and salt-intolerant 
organisms. It is especially useful for distinguishing  Enterococcus  spp., which are salt 
tolerant, from non-enterococcal group D streptococci, such as  S. gallolyticus  (previ-
ously known as  S. bovis ) and  S.   equinus . This broth contains small amount of glu-
cose and a bromcresol purple as an indicator of acid production. 

 Inoculate the tube containing 6.5 % sodium chloride with the organism and 
incubate at 35 °C in non-CO 

2
  for 24–48 h. A visible turbidity with or without color 

change is considered positive and no growth or color change is considered negative. 
 If the medium is inoculated too heavily, the inoculum may be interpreted as 

growth, resulting in a false positive reaction.  Aerococci ,  Pediococci ,  Staphylococci , 
and up to 80 % of group B  Streptococci  can grow in 6.5 % salt broth. In addition, 
 Aerococci  may also be bile esculin positive  [  1,   5  ] .  

   Indole Test 

 Indole, a benzyl pyrrole, is one of the metabolic degradation products of the amino 
acid tryptophan. Bacteria that possess the enzyme tryptophanase are capable of 
hydrolyzing and deaminating tryptophan with the production of indole, pyruvic acid, 
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and ammonia. The indole test is based on the formation of a red color complex when 
indole reacts with the aldehyde group of  p -dimethylaminobenzaldehyde, the active 
chemical in Kovac’s or Ehrlich’s reagent. In order to perform this test, the organism 
must be grown on a medium rich in tryptophan such as indole nitrate broth. 

 Inoculate the Indole Nitrate broth medium with 2–3 colonies of the organism to 
be tested. Incubate the tubes at 35 °C in a non-CO 

2
  incubator for 18–24 h. Examine 

the tubes for growth. When the broth is visibly turbid, using a sterile pipette, transfer 
3 ml into a sterile tube. Add 0.5 ml of Kovac’s reagent to tube and observe for 
the development of a bright fuscia red color at the interface between the reagent and the 
broth. If Ehrlich’s reagent is used instead, add 1 ml of xylene to the contents of 
the tube, which extracts the indole, if present, from the broth into the xylene. Wait for 
1–2 min, and add 0.5 ml Ehrlich’s reagent and observe for the production of a pink 
to red color in the xylene layer. A pink to red color change after addition of either 
reagent indicates positive reaction. No color change indicates negative reaction  [  1  ] .  

   Nitrite Test 

 Organisms that reduce nitrate have the ability to extract oxygen from nitrates to form 
nitrites and other reduction products. The presence of nitrites in the medium is detected 
by the formation of a red diazonium dye,  p -sulfobenzeneazo- a -naphthylamine, 
following the addition of  a -naphthylamine and sulfanilic acid. If no color develops 
after adding the reagents, this indicates that nitrates have not been reduced (a true 
negative reaction) or that they have been reduced beyond the oxidation level of 
nitrite to products such as ammonia, nitrogen gas (denitri fi cation), nitric oxide 
(NO), or nitrous oxide (N 

2
 O) and hydroxylamine. Since the test reagents detect only 

nitrites, the latter process would lead to a false-negative result. Therefore, it is nec-
essary to add a small amount of zinc dust to all negative reactions. Because zinc 
ions reduce nitrates to nitrites, the development of a red color after adding zinc dust 
indicates the presence of nitrates and con fi rms a true negative reaction. 

 Using a sterile inoculating loop, an Indole Nitrate Broth medium is inoculated 
with 2–3 colonies of the organism to be tested and incubated at 35 °C in a non-CO 

2
  

incubator for 18–24 h. When the broth is visibly turbid 3 ml of the broth culture is 
transferred into a sterile tube and 1 ml of  a -naphthylamine (Nitrate Reagent A) is 
added to the broth. One milliliter of sulfanilic acid (Nitrate Reagent B) is then added 
to the broth and observed for the production of a pink to red color within 30 s. If no 
color change occurs within 30 s a small amount of zinc dust is added and looked for 
the production of a pink to red color within 10 min  [  1  ] .  

   ALA ( Haemophilus in fl uenzae  Porphyrin Test) 

 The porphyrin test is used in direct assessment of the ability of  Haemophilus  to 
synthesize protoporphyins intermediates in the production of hemin (Factor X) from 
substrate,  d -aminolevulenic acid.  Haemophilus  species ( H. parain fl uenzae  and 
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 H. parahaemolyticus ) that produce the enzyme porphobilinogen synthase have the 
ability to synthesize heme (factor X) and therefore do not require an exogenous 
source of factor X for growth. Porphobilinogen and porphyrin, precursors in heme 
synthesis, can be detected by inoculation of the  Haemophilus  strain in  d -aminolevu-
lenic acid (which can be incorporated in a disk, agar, or liquid) and by the addition 
of Kovac’s reagent or by examination with a Wood’s lamp. 

 In the tube method, a loopful of organism is suspended in 0.5 ml of  d -aminolevulenic 
acid. Incubate at 35 °C for 4 h if the suspension is heavy or 18–24 h if the suspen-
sion is light. After incubation add an equal volume of Kovac’s reagent and vortex 
the mixture. Allow substrate and reagent to separate. After the addition of Kovac’s 
reagent, a red (pink) color will form in the aqueous phase, indicating the presence 
of porphobilinogen, and therefore a positive test for  Haemophilus  sp. not requiring 
factor X. Alternatively, a Wood’s lamp can be used to detect  fl uorescence in the 
reagent phase, indicating the presence of porphyrins, also a positive test. No color-
ation or  fl uorescence indicates a factor X-dependent  Haemophilus  spp. and a nega-
tive test. In the disk method, the ALA impregnated disk is moistened with water and 
a loopful of organism is gently rubbed onto the disk. The disk is incubated for 4 h 
and observed under ultraviolet light for pink  fl uorescence  [  1,   13  ] .  

   Motility Indole Lysine Sul fi de (MILS) Medium 

 MILS Medium is a semisolid medium useful in the identi fi cation of members of the 
 Enterobacteriaceae , speci fi cally for screening suspicious colonies from stool cul-
tures for potential pathogens. 

 It is used to demonstrate motility, indole production, lysine decarboxylase and 
deaminase activity, and hydrogen sul fi de production. A small amount of agar is 
added to the media for demonstration of motility along a stab line of inoculation. 
Growth of motile organisms extends out from the line of inoculation, while nonmo-
tile organisms grow along the stab line. 

 The pH indicator bromcresol purple is used to facilitate detection of decar-
boxylase activity. When inoculated with an organism that ferments dextrose, acids 
are produced that lower the pH, causing the indicator in the medium to change 
from purple to yellow. The acidic pH also stimulates enzyme activity. Organisms 
that possess a speci fi c decarboxylase degrade the amino acid provided in the 
medium, yielding a corresponding amine. Lysine decarboxylation yields cadaver-
ine. The production of these amines elevates the pH and causes the medium in the 
bottom portion of the tube to return to a purple color. The medium in the upper 
portion of the tube remains acidic because of the higher oxygen tension. Lysine 
deamination produces a color change in the upper portion of MILS Medium. 
Oxidative deamination of lysine yields a compound that reacts with ferric ammo-
nium citrate, producing a burgundy red color in the top of the medium. (The bottom 
portion of the medium remains acidic.) This reaction can only be detected if lysine 
decarboxylation is not produced, which is the case with  Proteus ,  Morganella , and 
 Providencia  species. 
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 Indole is produced in MILS Medium by organisms that possess the enzyme 
tryptophanase. Tryptophanase degrades the tryptophan present in the casein peptone, 
yielding indole. Indole can be detected in the medium by adding Kovac’s reagent to the 
agar surface. MILS Medium is also used in the demonstration of hydrogen sul fi de 
production. Hydrogen sul fi de, which is produced by some enteric organisms from 
sulfur compounds contained in the medium, reacts with ferric ion, producing a char-
acteristic black precipitate. (Note that Kovac’s reagent is not added until the  fi nal 
lysine carboxylation, lysine deamination, and motility results are interpreted.)  [  14  ] .  

    O -Nitrophenyl-b- d -Galactopyranoside Test 

 In order for an organism to ferment lactose it must have enzymes permease to trans-
port the lactose inside the cell and beta-galactosidase to cleave the transported sugar. 
Some organisms (delayed lactose fermenters), though posses beta-galactosidase, do 
not have the enzyme permease. These organisms can utilize the enzyme beta-
galactosidase to hydrolyze  O -Nitrophenyl-b- d -Galactopyranoside (ONPG). ONPG 
is a colorless compound similar to lactose. In the presence of beta-galactosidase ONPG 
is hydrolyzed to galactose and a yellow compound  o -nitrophenyl. 

 Bacteria grown on lactose-rich medium such as KIA and TIA gives optimal 
results with the ONPG test. A loopful of bacteria is suspended in 0.5 ml of saline to 
produce a heavy suspension. Add an equal amount of buffered OPNG solution to 
the suspension and incubate at 37 °C. Periodically examine the color change for up 
to 24 h. Yellow color indicates positive reaction and no color change indicates negative 
reaction. Alternatively an OPNG disk can be added to suspension and observe for 
color change  [  6  ] .  

   Methyl Red Test 

 This assay determines if an organism metabolizing glucose utilizes mixed acid 
fermentation pathway and produces strong acid end products (lactic, acetic, formic) 
that are detected by the indicator methyl red. 

 A 5 ml MR-VP broth tube is inoculated with the organism and incubated at 35 °C 
for 48–72 h. 2.5 ml of the broth culture is transferred to a fresh tube and inoculated 
with  fi ve drops of methyl red indicator. Positive MR is indicated if the methyl red reagent 
remains red. Negative result is indicated if the reagent turns yellow-orange  [  1,   6  ] .  

   Voges–Proskauer Test 

 Organisms such as  Klebsiella ,  Enterobacter ,  Hafnia , and  Serratia  sp. that utilize the 
butylene glycol fermentation pathway produce acetoin, an intermediate in the fermen-
tation of butylene glycol. The VP test detects the production of acetoin by these 
organisms. In the presence of air and potassium hydroxide, acetoin is oxidized to 
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diacetyl, which produces a red-colored complex. The addition of  a -naphthol 
increases the sensitivity of the test. 

 A 5 ml MR-VP broth tube is inoculated with pure culture of organism and 
incubated at 35 °C for 18–24 h. 2.5 ml of the broth culture is transferred to a fresh 
tube and inoculated with six drops of  a -naphthol followed by three drops of KOH. 
Shake the tube gently to expose the suspension to oxygen and leave undisturbed for 
10–15 min. Positive result is indicated by the presence of red color that develops 
within 15 min. No color change indicates negative VP  [  1,   6  ] .  

   Pseudosel Agar Slant 

 Pseudosel agar is a medium used for the identi fi cation of  Pseudomonas aerugi-
nosa . Magnesium chloride and potassium sulfate in the medium enhance the pro-
duction of pyocyanin, a blue-green, water-soluble, non fl uorescent phenazine 
pigment.  P. aeruginosa  is the only Gram-negative rod known to excrete pyocya-
nin. In addition to the promotion of pyocyanin production, Pseudosel agar also 
enables the detection of  fl uorescent products by some  Pseudomonas  species other 
than  P. aeruginosa . Streak the surface of the Pseudosel agar slant, and incubate at 
35 °C in non-CO 

2
  for 18–24 h. A blue-green pigmentation surrounding the 

growth on the agar slant indicates positive reaction. No pigmentation indicates 
negative reaction. 

 Negative Pseudosel slants should be examined under short-wavelength (254 nm) 
ultraviolet light to check for  fl uorescent products produced by some  Pseudomonas  
species.  P. aeruginosa  typically produces  fl uorescein as well as pyocyanin  [  15  ] .  

   Urea Agar Slant 

 Microorganisms that possess the enzyme urease are capable of hydrolyzing urea, 
which releases ammonia. This reaction raises the pH of the medium and is detected 
by phenol red, which turns pink-red above pH 8.0. The color change  fi rst appears in 
the slant since the oxidative decarboxylation of amino acids in the air-exposed portion 
of the medium enhances the alkaline reaction. The color change eventually spreads 
deeper into the medium. Stuart’s urea broth and Christensen’s urea agar are the two 
most common media used in the detection of urease activity. 

 Streak the surface of the urea agar slant with a heavy inoculum of a pure culture. 
Incubate at 35 °C in non-CO 

2
  for 18–24 h. Production of intense pink-red color on 

the slant, which may penetrate into the butt, is considered positive reaction. No 
color change (yellow) indicates negative reaction. 

 The medium is not speci fi c for urease. The utilization of peptones or other 
proteins in the medium by some urease-negative organisms may raise the pH due to 
protein hydrolysis and release of amino acid residues, resulting in false positive 
reactions  [  1,   15  ] .  
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   Citrate Agar Slant 

 Some organisms have the ability to utilize citrate, an intermediate metabolite in the 
Krebs cycle, as the sole external source of carbon. These organisms also utilize 
inorganic ammonium salts in the medium as the sole source of nitrogen. The resulting 
production of ammonia creates an alkaline environment that turns the bromthymol 
blue indicator to an intense blue. 

 Using an inoculating loop, select a well-isolated colony and streak the surface of 
the Simmons’s citrate slant (do not stab the agar). Incubate at 35–37 °C in non-CO 

2
  

incubator and examine daily for up to 7 days. Growth with an intense blue color on 
the agar slant indicates positive reaction and no growth and no color change (green) 
indicate negative reaction. 

 Luxuriant growth on the slant without an accompanying color change may 
indicate a positive test. This should be con fi rmed by incubating the tube for an 
additional 24 h. The biochemical reaction requires oxygen. Therefore, the medium 
should not be stabbed, and the cap must be kept loose during incubation. Carryover 
of protein and carbohydrate substrates from previous media may provide additional 
sources of carbon and therefore, cause false-positive reactions  [  15  ] .  

   Cetrimide Agar 

 Cetrimide agar is a selective differential medium used for the identi fi cation of 
 P. aeruginosa . The principle of the test is to determine the ability of an organism to 
grow in the presence of cetrimide. Cetrimide acts as a detergent and inhibits the 
growth of most other organisms. The magnesium chloride and potassium sulfate of 
the medium stimulate the production of pyocyanin and pyoverdin ( fl uorescein). 

 Using an inoculating loop, select a well-isolated colony and streak the surface of 
the cetrimide slant (do not stab the agar). Incubate at 35 °C in non-CO 

2
  incubator 

and examine daily for up to 7 days. Growth on the agar slant indicates positive 
reaction and no growth indicates negative reaction  [  4,   15  ] .  

   Gelatin 

 The gelatin test is used to identify bacteria that produce the proteolytic enzyme, 
gelatinase. Organisms that produce gelatinase are capable of hydrolyzing gelatin 
and cause it to lose its gelling characteristics. Inoculate several well-isolated colonies 
deep into the gelatin and repeat to inoculate heavily. Incubate the inoculated tube 
and an uninoculated control at 35 °C in ambient air. The tubes are then removed 
daily and incubated at 4 °C to check for liquefaction. Liquefaction is determined 
only after the control has hardened. Alternatively, strips of exposed but undeveloped 
X-ray  fi lm are placed in the bacterial suspension of equivalent to at least 2.0 
McFarland standard and incubate at 35 °C in a non-CO 

2
  incubator for 48 h. Prepare 

an uninoculated tube as control. The strip is examined after 24 and 48 h for loss of 
gelatin coating that leaves the X-ray clear  [  6  ] .  
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   Acetate Utilization 

 Some organisms have the ability to utilize acetate as a sole external source of carbon. 
Acetate slants contain a mixture of salts and sodium acetate in a medium without 
organic nitrogen. Organisms that can utilize acetate as a sole carbon source break 
down sodium acetate causing the pH of the medium to shift toward the alkaline 
range, turning the bromthymol blue indicator blue. Organisms that cannot utilize 
acetate as a sole carbon source do not grow on the medium. Acetate differential agar 
is useful in the differentiation of  Shigella  spp. and  E. coli.  

 Streak the surface of the acetate differential agar slant (do not stab the agar) with 
a colony and cap the tube loosely. Incubate at 35 °C in non-CO 

2
  and examine daily 

for up to 7 days. Growth with an intense blue color on the agar slant indicates 
positive test and no growth or no color change (green) indicates negative test. 

 Luxuriant growth on the slant without an accompanying color change may 
indicate a positive test. This should be con fi rmed by incubating the tube for an addi-
tional 24 h. The biochemical reaction requires oxygen. Therefore, the medium 
should not be stabbed, and the cap must be kept loose during incubation. Carryover 
of protein and carbohydrate substrates from previous media may provide additional 
sources of carbon and therefore, cause false-positive reactions  [  15  ] .  

   Lead Acetate for Hydrogen Sul fi de Detection 

 Some organisms are capable of enzymatically liberating sulfur from sulfur-containing 
amino acids or inorganic sulfur compounds. The released hydrogen sul fi de reacts 
with lead acetate to yield lead sul fi de, an insoluble black precipitate. Lead acetate 
is the most sensitive H 

2
 S indicator reagent and is useful with organisms that 

produce trace amounts of H 
2
 S, especially organisms that are not in the family 

 Enterobacteriaceae.  Inoculate a TSI medium with the isolate. (Stab once through 
the center of the into the butt of the tube to within 3–5 mm of the bottom, withdraw 
the inoculating needle, and streak the surface of the TSI agar slant.) Place the lead 
acetate strip so that it hangs down approximately 1 in. inside the TSI tube. Incubate 
at 35°C in non-CO 

2
  for 18–24 h. A brownish-black coloration of the paper strip 

indicates positive reaction. No coloration of the strip indicates negative reaction. 
 Lead acetate is toxic to bacterial growth. Do not allow the strip to touch the 

medium. The TSI medium must support the growth of the test organism for H 
2
 S 

production to occur  [  1,   6  ] .  

   Lysine Iron Agar 

 Lysine Iron Agar (LIA) is a differential medium used for the identi fi cation of enteric 
bacilli based on their ability to decarboxylate or deaminate lysine and produce 
hydrogen sul fi de. Dextrose serves as a source of fermentable carbohydrate. The pH 
indicator, bromcresol purple, is changed to a yellow color at or below pH 5.2 and is 
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purple at or above pH 6.8. Ferric ammonium citrate and sodium thiosulfate are 
indicators of hydrogen sul fi de formation. Lysine serves as the substrate for detect-
ing the enzymes lysine decarboxylase and lysine deaminase. LIA is designed for 
use with TSI Agar for the identi fi cation of enteric pathogens. 

 Using a sterile inoculating needle stab the butt of the LIA slant twice and then 
streak back and forth along the surface of the agar with the organism. Incubate at 
35 ± 2 °C in non-CO 

2
  for 18–24 h. 

 Alkaline (purple) reaction in butt indicates Lysine decarboxylation; red slant 
indicates Lysine deamination and black precipitate indicates H 

2
 S production. 

H 
2
 S may not be detected in this medium by organisms, which are negative for 

lysine decarboxylase activity since acid production in the butt may suppress H 
2
 S 

formation. For this reason, H 
2
 S-producing  Proteus  species do not blacken this 

medium  [  15  ] .  

   Triple Sugar Iron Agar Slant 

 TSI agar is a medium that differentiates Gram-negative bacilli on the basis of the 
ability to ferment carbohydrates and liberate hydrogen sul fi de (H 

2
 S). The medium 

contains one part glucose to ten parts each of lactose and sucrose. Phenol red serves 
as an indicator to detect pH change, and ferrous sulfate detects the formation of H 

2
 S. 

If the organism ferments glucose, the butt and slant of the agar will become acidic 
and turn yellow. If the organism ferments lactose and/or sucrose, the slant will 
remain acidic (yellow). If the organism is unable to ferment lactose or sucrose, the 
slant will revert to alkaline (red) when the glucose is used up and alkaline amines 
are produced in the oxidative decarboxylation of peptides (derived from protein in 
the medium) near the surface of the agar. Organisms unable to ferment glucose will 
not change the pH of the medium or will produce alkaline products, and the TSI 
tube will remain red. Blackening of the medium indicates H 

2
 S production. Gas 

production is indicated by splits or cracks in the butt of the agar. Gas may also push 
the agar up the tube. 

 Using a sterile inoculating needle stab the butt of the TSI slant twice and then 
streak back and forth along the surface of the agar with the organism. Incubate at 
35 ± 2 °C in non-CO 

2
  for 18–24 hours. If acid slant–acid butt (yellow–yellow): 

glucose and sucrose and/or lactose fermented. If alkaline slant–acid butt (red–
yellow): glucose fermented only. If alkaline slant–alkaline butt (red–red): glucose 
not fermented. The presence of black precipitate (butt) indicates hydrogen sul fi de 
production and presence of splits or cracks or air bubbles indicates gas production. 

 Early readings may result in false acid–acid results, while delayed readings may 
result in false alkaline–alkaline results. Copious amounts of H 

2
 S may mask the 

glucose reaction. If this occurs, glucose has been fermented even if it is not observ-
able. The utilization of sucrose may suppress the enzyme mechanism that results 
in the production of H 

2
 S. Trace amounts of H 

2
 S may not be detectable with the 

ferrous sulfate indicator in the agar  [  1,   15  ] .  
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   Phenylalanine Deaminase 

 This assay is used to detect the ability of an organism to oxidatively deaminate 
phenylalanine to phenylpyruvic acid. The phenylpyruvic acid is detected by adding 
a few drops of 10 % ferric chloride. 

 Inoculate a phenylalanine agar slant with the organism and incubate at 35 °C in 
non-CO 

2
  incubator for 18–24 h with the cap loose. Following the incubation, add 

4–5 drops of 10 % ferric chloride solution to the slant. The development of green 
color on the surface of the slant indicates positive reaction. No color change 
indicates negative reaction  [  4,   6  ] .  

   Decarboxylase (Moeller’s Method) 

 Decarboxylases are a group of substrate-speci fi c enzymes that are capable of decar-
boxylate (or hydrolyze) amino acids to form alkaline-reacting amines. Each decar-
boxylase enzyme is speci fi c for an amino acid. Lysine, ornithine, and arginine are 
the three amino acids used routinely in the identi fi cation of  Enterobacteriaceae , 
Aeromonas , Plesiomanas,  and  Vibrio  species. The decarboxylation of lysine and 
ornithine yields cadaverine and putrescine, respectively. Arginine is converted to 
citrulline by a dihydrolase reaction. A control tube containing the base without an 
added amino acid to verify that the organism utilizes glucose must accompany all 
decarboxylase tests. Since decarboxylation is an anaerobic reaction, the tubes must 
be overlaid with mineral oil prior to incubation. If the organism is viable, both the 
control and the test tube with amino acid should turn yellow because of fermentation 
of the small amount of glucose in the medium. If the amino acid is decarboxylated, 
the alkaline amines cause the indicator (bromcresol purple) in the acid medium to 
revert back to its original purple color. 

 Inoculate a Moeller decarboxylase broth containing ornithine, lysine, and/or 
arginine. Overlay the contents of all tubes with 1 ml of sterile mineral oil and incubate 
in a non-CO 

2
  incubator at 35 °C for 18–24 h. Examine for a color change. Negative 

reactions are examined daily for no more than 4 days  [  15  ] .  

   OF Glucose Medium 

 Bacteria can utilize glucose and other carbohydrates by using various metabolic 
cascades. Some are fermentative routes; others are oxidative. Oxidation–fermentation 
(OF) medium permits classi fi cation of gram-negative bacilli by a simple method 
that differentiates aerobic and anaerobic degradation of carbohydrates. The low 
protein-to-carbohydrate ratio in the medium prevents the neutralization of weak 
acids by the alkaline products if the protein is utilized, thus allowing small quanti-
ties of acid to be detected. Acid production results in a pH shift that changes the 
color of the bromthymol blue indicator from green to yellow. 

 Using inoculating needle, two tubes of OF glucose medium are stabbed, 
inoculating halfway to the bottom of the tubes. The content of one tube is overlaid 



114 N.O. Bullock and J. Aslanzadeh

with 1 ml of sterile mineral oil. Both tubes are incubated at 35 °C in non-CO 
2
 , and 

examine daily for 72 h or longer for slow-growing organisms. Yellow color indi-
cates the production of acid. Acid production in tube without oil overlay is consid-
ered Oxidative reaction. Acid production in both tubes is considered fermentative. 
No acid production in either tube is considered non-saccharolytic. Non-saccharolytic 
organisms produce slight alkalinity (blue-green color) in the tube without oil overlay, 
but the tube with oil will not exhibit a color change and will remain green  [  15  ] .  

   OF Sugars 

 OF basal medium, when supplemented with an appropriate carbohydrate, is used to 
determine an organism’s ability to utilize sugars such as Lactose, Xylose, Sucrose, 
Maltose, or Mannitol. The low protein-to-carbohydrate ratio in OF basal medium 
prevents the neutralization of small quantities of weak acids by the alkaline products 
of protein metabolism, which makes this medium ideal for determining carbohy-
drate utilization. Acid production from carbohydrate metabolism results in a pH 
shift that changes the color of the bromthymol blue indicator from green to yellow. 
Yellow color indicates carbohydrate metabolism. 

 Using an inoculating needle, touch the center of one colony and stab the OF 
medium with the appropriate carbohydrate once halfway to the bottom of the tube. 
Cap the tubes loosely and incubate at 35 °C in non-CO 

2
 , examining the tube daily 

for 72 h or longer for slow-growing organisms. A yellow color indicates carbohy-
drate utilization and no color change (green) or blue color indicates no carbohydrate 
utilization. The acid reaction produced by oxidative organisms is detected  fi rst at the 
surface and gradually extends throughout the medium. When oxidation is weak or 
slow, it is common to observe an initial alkaline reaction at the surface of the tube 
that may persist for several days. This must not be mistaken for a negative test. If the 
organism is unable to grow in the OF medium, add either 2 % serum or 0.1 % yeast 
extract prior to inoculation  [  15  ] .    

   Commercial Microbial Identi fi cation System 

 The commercial microbial identi fi cation system is the backbone of microbial 
identi fi cation in the clinical microbiology laboratories. It provides an advantage 
over conventional identi fi cation systems by requiring little storage space and having 
an extended shelf life, rapid turnaround, low cost, standardized quality control, and 
ease of use. They range from manual to semi-automated to fully automated systems. 
These systems require simultaneous inoculation and incubation of a series of min-
iaturized biochemical reactions which are either based on detecting bacterial 
enzymes or cellular products that do not require microbial growth and have fairly 
rapid turnaround time (2–4 h) or based on metabolic activity that requires microbial 
growth and requires several hours to overnight incubation. In either case, the 
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enzymatic or biochemical end results are combined, and using the Bayer’s theorem 
with the aid of a computer program the identity of the test organism is determined. 
The majority of metabolic based automated commercial identi fi cation systems also 
incorporate antimicrobial susceptibilities testing. In fact, over the years, the growing 
numbers of clinically signi fi cant pathogens and their rapidly emerging resistance to 
various antimicrobial agents have led to innovation of several commercial 
identi fi cation (ID) and antimicrobial susceptibility testing (AST) systems. For the 
most part, these systems have a fairly extensive database. They are fast, accurate, 
and have signi fi cantly improved turnaround time for ID and AST of the common 
organisms. Despite their extensive database, they remain less than optimal in 
identifying fastidious slow-growing esoteric organisms. Table  6.2  presents the list 
of most commonly used commercial identi fi cation systems.  

   API Identi fi cation System 

 The API identi fi cation systems (bioMerieux Inc., Hazelwood, MO) consist of series 
of microcapsules on a plastic strip that contains dehydrated substrates for the dem-
onstration of enzymatic activity or the fermentation of carbohydrates. Depending on 
type of the organism and the API strip utilized, it may or may not require microbial 
growth. API systems are manual and do not incorporate AST  [  16,   17  ] . 

   API Gram-Negative Identi fi cation 

     1.    API 20E is a 24-h identi fi cation test for identi fi cation of Enterobacteriaceae and 
group/species of non-fermenting gram-negative rods.  

    2.    API Rapid 20E is a 4-h identi fi cation test for identi fi cation of Enter-
obacteriaceae.  

    3.    API 20NE is a 24–48-h identi fi cation test for identi fi cation of gram-negative 
non-Enterobacteriaceae.  

    4.    API NH is a 2-h test for identi fi cation of Neisseria, Haemophilus, and 
Moraxella.      

   Table 6.2    Commercial systems commonly used in clinical laboratories   

 Product  Manufacturer  TAT 

 API Systems  bioMerieux Inc.  2 h to overnight 
 BBL Crystal Systems  Becton Dickinson  4 h to overnight 
 BBL Phoenix Systems  Becton Dickinson  2 h to overnight 
 Vitek  bioMerieux Inc.  2 h to overnight 
 MicroScan  Dade International  2 h to overnight 
 MIdI Sherlock  MIDI  Overnight 
 Sensititer AP80  Trek  5 h to overnight 
 Biolog Micro Plate  Biolog  Overnight 
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   API Gram-Positive Identi fi cation 

     1.    API Staph is an overnight test for identi fi cation of clinical staphylococci and 
micrococci.  

    2.    RAPIDEC Staph is a 2-h identi fi cation of the commonly occurring staphylococci.  
    3.    API 20 Strep is a 4- or 24-h test for identi fi cation of streptococci and enterococci.  
    4.    API Coryne is a 24-h test for identi fi cation of Corynebacteria and coryne-like 

organisms.      

   API Anaerobe Identi fi cation 

     1.    API 20A is a 24-h test for identi fi cation of anaerobic organisms.  
    2.    Rapid ID 32 is a 4-h test for identi fi cation of anaerobes.       

   BBL™ Crystal™ Identi fi cation System 

 The BBL™ Crystal™ System (Becton Dickinson, Cockeysville, MD) is a manual 
method that utilizes miniaturized  fl uorogenic and or chromogenic linked substrates 
to detect enzymes that microbes use to metabolize a variety of substrates. These kits 
consist of BBL Crystal panel lids, bases, and inoculum  fl uid tubes. A suspension of 
the test organism is prepared in the inoculum  fl uid and then used to  fi ll the reaction 
wells in the base. The substrates are rehydrated when the base and lid are aligned 
and snapped into place. Following the recommended incubation time, the wells are 
manually examined for color changes or the presence of  fl uorescence. The resulting 
pattern of positive and negative test scores is the basis for identi fi cation  [  17,   18  ] .

    1.    BBL™ Crystal™ Enteric/Nonfermenter (E/NF) Identi fi cation System is an over-
night identi fi cation method utilizing modi fi ed conventional and chromogenic 
substrates. The E/NF identi fi es clinically signi fi cant aerobic gram-negative 
 Enterobacteriaceae  isolates and non-fermenting gram-negative rod.  

    2.    The BBL™ Crystal™ Rapid Stool/Enteric (RS/E) Identi fi cation System is a 
miniaturized 3-h identi fi cation method employing modi fi ed conventional and 
chromogenic substrates. It is intended for the identi fi cation of clinically signi fi cant 
aerobic gram-negative bacteria that belong to the family  Enterobacteriaceae  as 
well as most pathogens isolated from stool specimens.  

    3.    The BBL™ Crystal™  Neisseria/Haemophilus  (N/H) Identi fi cation System is a 
miniaturized 4-h identi fi cation method employing modi fi ed conventional, 
 fl uorogenic, and chromogenic substrates. It is intended for the identi fi cation of 
 Neisseria, Haemophilus, Moraxella, Gardnerella vaginalis,  as well as other 
fastidious bacteria.  

    4.    The BBL™ Crystal™ Gram-Positive ID System is a miniaturized 18-h 
identi fi cation method employing modi fi ed conventional,  fl uorogenic, and 
chromogenic substrates. It is intended for the identi fi cation of both gram-positive 
cocci and bacilli.  
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    5.    The BBL™ Crystal™ Rapid Gram-Positive ID System is a miniaturized 4-h 
identi fi cation method employing modi fi ed conventional,  fl uorogenic, and chro-
mogenic substrates. It is intended for the identi fi cation of gram-positive bacteria 
isolated from clinical specimens.  

    6.    The BBL™ Crystal™ Anaerobe ID kit is a miniaturized 4-h identi fi cation 
method employing modi fi ed conventional,  fl uorogenic, and chromogenic 
substrates to identify clinically signi fi cant anaerobic organisms.      

   BBL Phoenix Identi fi cation and Susceptibility System 

 The BBL Phoenix TM  (Becton Dickinson, Cockeysville, MD) is an automated 
identi fi cation and susceptibility system that can identify clinically signi fi cant 
Gram-negative or gram-positive microorganisms. The Phoenix ID panel utilizes a 
series of conventional, chromogenic, and  fl uorogenic biochemical tests to deter-
mine the identi fi cation of the organism. Both growth-based and enzymatic sub-
strates are employed to cover the different types of reactivity. The tests are based 
on microbial utilization and degradation of speci fi c substrates detected by various 
indicator systems. Acid production is indicated by a change in phenol red indicator 
when an isolate is able to utilize a carbohydrate substrate. Chromogenic substrates 
produce a yellow color upon enzymatic hydrolysis of either  p -nitrophenyl or 
 p -nitroanilide compounds. Enzymatic hydrolysis of  fl uorogenic substrates results 
in the release of a  fl uorescent coumarin derivative. Organisms that utilize a speci fi c 
carbon source reduce the resazurin-based indicator. The AST method is a broth-
based microdilution test. The system utilizes a redox indicator for the detection of 
organism growth in the presence of an antimicrobial agent. Continuous measure-
ments of changes to the indicator as well as bacterial turbidity are used in the 
determination of bacterial growth. Each AST panel con fi guration contains several 
antimicrobial agents with a wide range of two-fold doubling dilution concen-
trations. Organism identi fi cation is used in the interpretation of the MIC values of 
each antimicrobial agent resulting in Susceptible, Intermediate, or Resistant (S, I, R) 
result classi fi cation. 

 The system includes an inoculation station for panel setup and an incubator/
reader carousel module. The carousel houses four horizontal tiers of 26 panel carri-
ers to accommodate a tier-speci fi c Normalizer and 25 Phoenix Panels. Phoenix 
Panel utilizes up to 51 micro-wells for ID and up to 85 micro-wells for AST. A bac-
terial inoculum concentration approximately equivalent to a 0.5 McFarland Standard 
is required for the identi fi cation of either gram-negative or gram-positive bacteria. 
Susceptibility testing is performed with an inoculum concentration of 3–7 × 10 5  cfu/
ml. Kinetic measurements of bio-reactivity within individual micro-wells via red, 
green, blue, and  fl uorescence readings are collected and comparatively analyzed 
with the Phoenix database  [  18  ] .  
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   VITEK and VITEK 2 Identi fi cation System 

 The Vitek (bioMerieux Inc., Hazelwood, MO) is an automated ID and AST system 
that utilizes identi fi cation cards with miniaturized wells. The system is fairly automated. 
It requires the user to prepare a suspension of the isolate in saline and verify the 
organism concentration with a densitometer. The inoculum tube is then placed into 
a rack, called the cassette. The sample identi fi cation number is entered into the 
Carrier via barcode or keypad and electronically linked to the supplied barcode on 
each test card. ID and AST test cards can be mixed and matched in the cassette. All 
information entered at the bench is then transported to the instrument in a memory 
chip attached to the cassette. 

 VITEK 2 is the fully automated version that all processing steps are completely 
autonomous including test setup veri fi cation, AST inoculum dilution test inoculation, 
card sealing, incubator loading, optical reading and data transmission, and card 
disposal. The VITEK 2 optical system reads all the wells every 15 min. There are 
several card that are designed for ID and susceptibility testing with these systems, 
including Vitek GPI (Vitek 1), Vitek GPC (Vitek 2), Vitek EPS, GNI Plus, UID and 
UID, Vitek 2 ID-GNB, and Vitek NHI and AST panels for Gram-positive and 
Gram-negative organisms  [  16  ] .  

   MicroScan WalkAway 

 The MicroScan WalkAway (Dade MicroScan Inc., West Sacramento, CA) is an 
automated ID and AST system that requires the ID and/or AST panels (96-well 
plates) be manually inoculated with bacteria isolated from clinical specimens and 
inserted into the WalkAway System. The panels are then incubated at 35 °C for 
16–42 h, depending on panel, organism type, and results of readings. At the appropri-
ate time, the WalkAway System automatically dispenses reagents into the appropri-
ate biochemical wells and incubates the panels for an additional period of time 
(approximately 2–20 min, depending on the panel type). The WalkAway System 
then reads the panels. The identi fi cation of bacteria is based on measuring a series 
of biochemicals contained in panels designed for the speciation of most medically 
signi fi cant bacteria. The panels contain identi fi cation media consisting of substrates 
and/or growth inhibitors, which, depending on the species of the bacteria present, 
will exhibit color changes or increases in turbidity after incubation. 

 The panel may also contain series of antibiotic that are present in speci fi ed con-
centrations in the wells of applicable MicroScan panels. The WalkAway System 
reads the minimum inhibitory concentrations (MICs) and certain biochemicals and, 
if the criteria are met for adding reagents, reagents are added. The panel is then 
incubated for an additional period of time (approximately 5–30 min) depending on 
the panel type. The readings for the biochemicals needing no reagents and MIC 
wells (for Combo panels) are stored prior to reagent addition. If additional incubation 
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is necessary for the biochemicals, the susceptibilities and certain biochemicals will 
be read  fi rst and stored. The reagents will not be added until after additional incu-
bation, at which time biochemicals not previously read will be determined. The 
following is the list of commonly used MicroScan panels: MicroScan Gram Pos ID 
panel, MicroScan Rapid Gram Pos ID panel, MicroScan Neg Type 2, MicroScan 
Rapid Neg ID Types 2 and 3, and MicroScan NHID  [  19  ] .  

   Sensititre ®  Microbiology Systems 

 The Sensititre ARIS 2X (TREK Diagnostic Systems, Inc., Cleveland, OH) is an 
automated ID and AST system. The Sensititre ID and AST panels (96-well plates) 
may be inoculated manually or with an autoinoculator that is designed to automati-
cally deliver inoculum in multiples of 50  m l to the 96-well sensititre plate. The 
Sensititre ID system is based on 32 biochemical tests pre-dosed and dried in the 
Sensititre plate that are formulated to allow  fl uorometric reading along with unique 
 fl uorescent tests. The AST plate may be read manually or using the automated 
system. The automated system is  fl uorescent based and detects bacterial growth by 
monitoring the activity of speci fi c surface enzyme produced by the test organism. 
Growth is determined by generating a  fl uorescent product from a non fl uorescent 
substrate. Presumptive ID of Gram-negative organisms can be obtained in  fi ve 
hours; identi fi cation to species level for both Gram-negatives and Gram-positives 
can be obtained after overnight incubation. The Sensititre ARIS 2X is a combined 
incubation and reading system that  fi ts onto an autoreader. Sensititre uses an internal 
barcode scanner to identify each plate type, assign the appropriate incubation time, 
and, when this assigned time has elapsed, transport the plate to the autoreader for 
 fl uorescence measurement. The system has capacity to accommodate up to 64 ID or 
AST plates. The following is the list of ID and AST plates with this system: GNID 
(AP80) for Gram-negative, GPID for Gram-positive Identi fi cation, Gram-positive 
and Gram-negative MIC plates, Sensititre  Haemophilus in fl uenzae  or  Streptococcus 
pneumoniae  susceptibility Plates, Anaerobe MIC Plate, EBSL Con fi rmatory MIC 
plate, and  S. pneumoniae  MIC plate  [  17,   20  ] .  

   MIDI Sherlock 

 The MIDI Sherlock ID system (MIDI, Inc., Newark, DE) is based on Gas 
Chromatographic (GC) analysis of the bacterial fatty acids. Branched-chain acids are 
known to predominate in most Gram-positive bacteria, while short-chain hydroxy acids 
often characterize the lipopolysaccharides of the Gram-negative organisms. The 
system is fairly labor intensive and is designed for use in reference laboratories to 
identify isolates that are not easily identi fi ed by the routine identi fi cation systems. 
The Sherlock system detects the presence or absence of more than 300 fatty acids 
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and related compounds (9–20 carbons in length) as well as quantity of these com-
pounds. The peaks are automatically named and quanti fi ed by the system. 

 Initially the organism undergoes saponi fi cation, methylation, extraction, and 
base wash before GC analysis. A GC with phenyl methyl silicone fused silica capil-
lary column is injected with the  fi nal prep. The temperature program in GC ramps 
from 170 to 270 °C at 5 °C/min. Following the analysis, a ballistic increase to 
300 °C allows cleaning of the column. The electronic signal from the GC detector 
is then passed to the computer where the integration of peaks is performed. The 
electronic data is stored on the hard disk and the fatty acid methyl ester composition 
of the sample is compared to a stored database using the Sherlock pattern recognition 
software  [  2,   17  ] .  

   BioLog ID System 

 The Biolog Micro Plate ID System (Biolog, Inc., Hayward, CA) relies on carbon 
source utilization test methodology in a 96-well format. The system is based on 95 
reactions from six to eight different classes of carbon sources with redox indicator 
(tetrazolium dye) and one negative control well with no carbon source. The isolate 
is inoculated to the micro-well plate and incubated. If the isolate oxidizes any of the 
carbon sources the net electron will reduce the tetrazolium to highly colored formazin 
(purple color). The carbon source utilization produces a characteristic pattern or 
“ fi ngerprint” that is then compared to the Biolog database for identi fi cation. The 
system can identify environmental as well as fastidious organisms. In addition to the 
original Microlog manual and a semi-automated version, the manufacturer has 
recently introduced a fully automated version (OmniLog) with a database to identify 
over 700 species of Gram-positive and Gram-negative organisms  [  17,   21  ] .       
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         Introduction 

 Biomarkers, or biologic markers, are measurable substances which are produced by 
the body in response to a particular infection, or a recent change in status of the 
patient. They are in vivo host responses which are indicative of the overall bio-
logical state of the patient at the time. According to the De fi nitions Biomarkers 
Working Group, a biomarker is “… a characteristic that is objectively measured and 
evaluated as an indicator of normal biologic processes, pathogenic processes, or 
pharmacologic responses to a therapeutic intervention”  [  1  ] . Usually quanti fi able, 
biomarkers include both antibody- and non-antibody-based host responses. This 
chapter focuses on the assessment and interpretation of non-antibody-based host 
responses which are produced by the patient in response to changes in homeostasis 
due to infection. 

 The study of biomarkers has become popular in recent years due to the rapid 
information they can provide, beyond the routine clinical and laboratory data which 
have traditionally been available to the caregiver. Speci fi cally, serum biomarker 
concentrations have been targeted as possible alternative markers of sepsis. In 
addition, biomarkers can provide information about a wide variety of disease states, 
including but not limited to ventilator-associated pneumonia (VAP), community-
acquired pneumonia (CAP), lower respiratory tract infections, bloodstream infections 
in the absence of sepsis, abdominal infections, urinary tract infections, aspergillosis, 
and infectious hepatitis  [  2–  9  ] . 

 Biomarkers have many potential uses. They can aid in diagnosis or prognosis, as 
well as in therapeutic decisions, such as monitoring response to interventions or 
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guiding further antibiotic treatment  [  10  ] . Levels of some biomarkers change 
dynamically as the patient responds or fails to respond to treatment and so may be 
useful to measure over time. They may be used to screen patients who have not yet 
developed clinically signi fi cant disease but may be at risk of doing so; or, they may 
be used in risk strati fi cation. Some studies have analyzed the use of biomarkers in 
the identi fi cation of patients who are at increased risk of poor outcomes or who may 
need further diagnostic testing. Other studies have assessed the role of biomarkers 
in indicating which patient may bene fi t from therapeutic interventions. 

 Although the study of non-antibody-based host responses is a rapidly growing 
 fi eld, there are few consensus guidelines regarding the use of these tests. In general, 
biomarker results are helpful to use in conjunction with culture or other diagnostic 
markers for the diagnosis and management of disease states. This chapter focuses 
primarily on the potential uses of biomarkers in infectious disease critical care med-
icine but also discusses the roles of novel biomarkers in the diagnosis and manage-
ment of infectious diseases in general. Procalcitonin (PCT) is perhaps the most 
widely studied of biomarkers in recent years for its role in the diagnosis of sepsis; 
however, its role in diagnosis and management of other disease states will also be 
covered. PCT and other biomarkers, such as C-reactive protein (CRP), cytokines 
(such as interleukins [ILs] and interferons), cell markers, and other miscellaneous 
biomarkers related to in fl ammatory states will be discussed. Refer to Table  7.1  for 
an outline of biomarkers covered in this chapter. The chapter will conclude with 
highlights of potential applications of novel and promising biomarkers.   

   Procalcitonin 

 PCT is a peptide precursor of the hormone calcitonin and is released by parenchy-
mal C cells of the thyroid in response to toxins produced by microorganisms. PCT 
may also be synthesized in extrathyroidal neuroendocrine tissues during bacterial 
infection  [  11  ] . Bacteremia appears to lead to higher PCT levels than does localized 
infection, viral infection, or infection with intracellular organisms, such as 
 Mycoplasma pneumoniae   [  12,   13  ] . Gram-negative bacteremia leads to higher rises 
in PCT levels than gram-positive bacteremia  [  14  ] . Steroid use does not signi fi cantly 
affect PCT levels  [  15  ] . 

 PCT is rapidly upregulated and sustained in the serum during infection  [  16  ] . 
It rises quickly within 2–4 h after the onset of infection and peaks between 6–8 h 
and 24 h  [  11,   17–  19  ] . The half-life of PCT is 24 h  [  11  ] . It is present at very low 
concentrations of 0.033 ng/mL in the serum of healthy subjects and increases up to 
1,000 times during periods of in fl ammation  [  18,   20–  22  ] . Serum PCT levels rise 
after exercise  [  23  ] . In neonates, serum PCT levels rise to 2–3 ng/mL within 24 h 
after birth and return to normal by 72 h  [  18  ] . As a stable molecule, PCT is not 
signi fi cantly affected by varying blood preparation methods and different freezing 
or storage conditions  [  24–  26  ] . 
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 In surgical patients, PCT can increase after trauma, particularly after abdominal 
surgery or pancreatitis, but the levels usually rise transiently and decrease to normal 
levels after 12–24 h  [  11,   27  ] . In contrast, CRP can remain elevated for several days 
after surgery  [  11  ] . Mildly to moderately elevated PCT levels have also been reported 
in association with major abdominal or thoracic surgery and cardiac surgery  [  28, 
  29  ] . Patients with renal impairment have also shown elevated PCT levels in the 
absence of infection  [  30  ] . When PCT levels remain elevated, a persistent infection 
or ongoing sepsis may be suspected in a patient without renal impairment  [  20  ] . 

 The diagnostic accuracy of PCT is high, with sensitivities ranging from 74.8 to 
100%, speci fi cities 70–100%, positive predictive values (PPVs) 55–100%, and neg-
ative predictive values (NPVs) 56.3–100%  [  17,   21,   24,   31–  35  ] . Variations in diag-
nostic accuracies of tests are due to differences in cutoff values, testing platform 
used, and study designs  [  16  ] . Most studies have employed 0.5 ng/mL cutoff values, 
but cutoff values reported ranges from 0.3 to 8.05 ng/mL  [  16  ] . 

 Many assays have been developed for PCT measurement, and most of them are 
manufactured by BRAHMS (part of Thermo Fisher Scienti fi c, Berlin, Germany). 
Refer to Table  7.2  for a list of PCT tests. The  fi rst commercial PCT assay was a 

   Table 7.1    Types and speci fi c examples of biomarkers evaluated for the diagnosis and/or 
management of infectious diseases   

  Acute phase protein biomarkers  
 • Lipopolysaccharide-binding protein 
 • Serum amyloid A 
  Coagulation biomarkers  
 • Activated partial thromboplastin time waveform 
  Biomarkers related to vascular endothelial damage  
 • Angiopoietins 
 • Neopterin 
  Receptor biomarkers  
 • Soluble urokinase-type plasminogen activator receptor (suPAR) 
 • Soluble form of the receptor for advanced glycation end products (sRAGE) 
 • Toll-like receptor-2 (TLR-2) 
 • Triggering receptor expressed on myeloid cells-1 (TREM-1) 
  Cell marker biomarkers  
 • CD64 
 • HLA-DR 
 • Presepsin, or soluble CD14 subtype 
  Cytokine/chemokine biomarkers  
 • Various interferons 
 • Various interleukins 
  Biomarkers related to vasodilation  
 • Proadrenomedullin 
  Other biomarkers  
 • Alpha-1 antitrypsin 
 • Gelsolin 
 • Interferon-gamma-inducible protein-10 (IP-10) 
 • Neutrophil distribution width 
 • Regulatory T lymphocytes 
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manual immunometric assay named the LUMItest, now the PCT LIA assay 
(BRAHMS USA, Inc., Middletown, VA, USA). The PCT LIA measures PCT as 
well as calcitonin and calcitonin-carboxyl-peptide-I (CCP-I), with a measuring 
range between 0.1 and 500 ng/mL  [  20  ] . The second generation assay approved by 
the US Food and Drug Administration was the PCT Kryptor Sensitive immunoassay 
(BRAHMS USA, Inc., Middletown, VA, USA) which is based on TRACE technol-
ogy (time resolved ampli fi ed cryptate emission) and has a measuring range between 
0.02 and 5,000 ng/mL  [  38  ] . The Kryptor assay measures PCT and CCP-I. The 
TRACE technology uses both the anti-katacalcin and anti-calcitonin antibodies 
labeled with different  fl uorescent tracers. If PCT is present within the patient sam-
ple, it is sandwiched between the two tracers in close proximity, and a transfer of 
energy results between the tracers. The intensity of the energy transfer signal is pro-
portional to the amount of PCT in the specimen. None of the currently available 
PCT assays measure PCT levels alone. The PCT-Q Rapid assay (BRAHMS 
Diagnostica, Henningdorf BEI, Berlin, Germany) is a semiquantitative immuno-
chromatographic kit, with a band which turns red in color after application of the 
patient specimen  [  39  ] . The intensity of the color is read against a reference card, and 
concentrations are reported as <0.5,  ³ 0.5,  ³ 2, or  ³ 10 ng/mL. However, interpretation 
of this test can be dif fi cult, given that the test results are somewhat subjective in 
nature  [  26  ] . In one study, there was only moderate agreement between the results of 
the Kryptor assay and the PCT-Q assay when used in a clinical setting  [  26  ] . The LIA 
and LIA Sensitive assays are manual two-step sandwich luminescence immunoassays, 
while the Liaison PCT assay (BRAHMS Diagnostica, Henningdorf BEI, Berlin, 
Germany) is a two-site immunoluminometric assay. Advantages of the random 
access automated platforms include less manual handling and shorter incubation 
times (19 min incubation for Kryptor Sensitive and 30 min for Liaison, compared to 
1 h for the LIA and 2.5 h for the LIA Sensitive)  [  40  ] . Although turnaround times 
vary from laboratory to laboratory based on testing platform and staf fi ng, the aver-
age turnaround time is approximately 3 h for quantitative tests performed in the 
clinical laboratory  [  11  ] .  

 Although cutoff values vary according to disease state, PCT levels of 0.25–0.5 ng/mL 
generally suggest bacterial infection, in the absence of other factors which may lead 
to increased PCT levels  [  41  ] . If PCT levels are less than 0.25 ng/mL, sepsis and 
severe bacterial infection are unlikely  [  41  ] . Higher cutoff values may be required for 
use in patients with renal disease  [  42  ] .  

   The Roles of PCT and Other Biomarkers in Sepsis 

 Sepsis is one of the leading causes of death in critically ill patients worldwide, with 
mortality rates ranging from 20 to 50%  [  43,   44  ] . Sepsis is currently de fi ned as a 
systemic in fl ammatory response to bacterial, fungal, or viral infections  [  45  ] . It is an 
innate physiologic response by the immune system to infection, involving complex 
pathophysiologic processes with many different disease mechanisms, including 
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coagulation, in fl ammation, complement activation, and apoptosis in many different 
organ systems in the body  [  46  ] . The septic response to infection is a complex chain 
of events involving many different arms of the immune and circulatory systems 
 [  43  ] . Early in the disease course, a massive release of in fl ammatory mediators is in 
part responsible for organ hypoperfusion and dysfunction  [  47  ] . The innate immune 
response directly or indirectly results in the release of thousands of endogenous 
mediators of in fl ammation and coagulation  [  48  ] . Compensatory mechanisms are 
then adapted in order to dampen the immune response. There are many underlying 
causes of sepsis. Likewise, clinical management and prognosis are equally as variable. 
Treatment of sepsis focuses on administration of broad-spectrum antimicrobials, 
with stabilization of the circulatory system. 

 The traditional diagnosis of sepsis based on physical  fi ndings and conventional 
laboratory methods is complicated by the nonspeci fi c signs and symptoms and high 
variability of presentation from patient to patient  [  49  ] . Methods of diagnosis include 
culture, but diagnosis by culture is prolonged due to length of time to grow the 
microorganism. In addition, cultures may be insensitive, as some organisms may 
not grow under certain circumstances, and others may only be present in very low 
concentrations below the threshold of sensitivity for the blood culture system used 
 [  50  ] . Hence, a de fi nitive microbiological diagnosis can only be made in two-thirds 
of patients with clinical sepsis  [  51  ] . Leukocytosis and band counts of peripheral 
blood also have low diagnostic accuracy for sepsis  [  52  ] . 

 Rapid diagnosis of sepsis is important in order to start appropriate antimicrobial 
and other therapy, because even a 1-h delay in beginning antibiotic therapy increases 
mortality of infection and sepsis by 5–10%  [  41  ] . Alternative diagnostic methods, 
such as molecular-based testing, increase sensitivity and speci fi city and decrease 
time to results. 

 Biomarkers can also decrease the time to results, as the assays are more typically 
rapid than conventional cultures. Biomarkers have been studied for their roles in 
many different aspects of sepsis, such as distinguishing sepsis from non-septic 
patients with systemic in fl ammatory response syndrome (SIRS). The role of biomarkers 
in determining the severity of sepsis for prognostic purposes has been assessed, in 
addition to the differentiation of bacterial from viral or other causes of infection  [  20, 
  53  ] . Biomarkers have also been used to guide antibiotic therapy, to differentiate 
gram-negative from gram-positive microorganisms as the cause of sepsis, and to 
evaluate response to therapy  [  20,   54  ] . 

 Investigators have studied hundreds of biomarkers in an effort to identify sensitive, 
speci fi c, and rapid markers of sepsis, more so than in many other disease processes 
 [  55  ] . Of the available biomarkers, acute phase proteins are the best studied, particu-
larly PCT in recent years. Many potential biomarkers of sepsis have been proposed, 
but PCT has been the most frequently assessed and has been integrated into practice 
guidelines and routine testing in some clinical laboratories  [  56  ] . C-reactive protein 
has been utilized as a biomarker for many years, but its speci fi city is relatively low 
 [  57–  59  ] . In their review of 3,370 studies on biomarkers of sepsis, Pierrakos and 
Vincent found that 178 different biomarkers were evaluated amongst the studies  [  55  ] . 
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Some of these biomarkers were evaluated only in experimental studies, and some 
were evaluated in clinical studies. An overview of the most commonly reported 
biomarkers will be presented, as will some novel biomarkers which appear promising 
for future use in clinical diagnostic laboratories. 

   The Roles of PCT in Sepsis 

 Studies have shown that PCT is generally a useful and accurate biomarker for 
bacterial infection  [  18,   20  ] . Several studies have reported signi fi cantly elevated 
PCT levels in patients with sepsis, compared to patients without sepsis  [  18,   20,   21, 
  31  ] . However, most studies have been somewhat small in number with fewer than 
200 patients. The studies have used different methodologies and different cutoff 
values for PCT. Uzzan and colleagues performed a meta-analysis of 25 PCT studies, 
with a subanalysis on 15 studies to compare PCT to CRP  [  60  ] . In that meta-analysis, 
the sensitivities of PCT for the diagnosis of systemic infection ranged from 42 to 
100%; the sensitivities for CRP ranged from 35 to 100%. The global diagnostic 
accuracy odds ratio for the diagnosis of systemic infection for PCT was 15.7 (95% 
con fi dence interval [CI] 9.1–27.1), while the odds ratio was 5.4 for CRP (95% CI 
3.2–9.2). Uzzan et al. concluded that PCT was a helpful diagnostic marker for sep-
sis. However, results reported by Tang et al. in their meta-analysis suggested that 
PCT did not perform as well, with mean speci fi city and sensitivity of 71%  [  61  ] . The 
authors concluded that PCT could not reliably distinguish sepsis from noninfectious 
causes of SIRS in adults. 

 PCT levels appear to rise with increasing severity of sepsis. In a large prospective 
multicenter observational study, blood was collected within 24 h of onset of sepsis 
in 1,156 hospitalized patients  [  62  ] . Among patients in the intensive care unit (ICU), 
mortality was signi fi cantly higher for patients with PCT concentrations of at least 
0.85 ng/mL. 

 Several studies have demonstrated that PCT is a useful prognostic marker of 
response to treatment and is associated with improved outcomes  [  18,   54,   63–  66  ] . 
A rising PCT level may be indicative of an infectious process which is not resolving, 
as suggested by Giamarellos-Bourboulis et al.  [  53  ] . Nobre and colleagues performed 
a small, randomized open-label study comparing PCT-guided antibiotic duration 
against usual care  [  54  ] . The authors found a signi fi cant reduction in antibiotic treat-
ment duration among patients whose therapy was guided by PCT levels. The use of 
PCT levels to follow respiratory tract infections and sepsis appears to reduce antibi-
otic exposure without worsening mortality rate  [  67  ] . As shown by Reinhart and 
Hartog in their review of 11 randomized controlled trials, the use of PCT resulted in 
35–70% reduction in antibiotic use  [  68  ] . The systematic review by Agarwal and 
Schwartz which evaluated the ef fi cacy and safety of PCT-guided antimicrobial ther-
apy among ICU patients showed that PCT was associated with signi fi cant reduc-
tions in antimicrobial therapy in  fi ve of six studies  [  69  ] . On the other hand, infection 
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relapse and mortality were not changed in any of the studies. The PRORATA trial 
(PROcalcitonin to Reduce Antibiotic Treatments in Acutely ill patients) was the 
largest randomized PCT trial to date which compared PCT-guided antibiotic therapy 
to usual care for patients with bacterial sepsis  [  70  ] . Prede fi ned algorithms for initia-
tion or discontinuation of antibiotics based on serum PCT levels were used for the 
621 ICU patients in the PRORATA trial. The duration of antibiotic treatment 
decreased for those patients in the PCT-guided group, without apparent detrimental 
patient outcomes. 

 Not all studies have appeared as promising as those mentioned above. The 
Procalcitonin and Survival Study (PASS) group demonstrated that PCT-guided 
antimicrobial escalation in the ICU did not improve survival and, in fact, led to 
organ-related damage and prolonged stay in the ICU  [  71  ] . 

 Some studies have attempted to utilize PCT to distinguish between gram-
negative and gram-positive infections, but the data have not been conclusive  [  20,   33,   63  ] . 
PCT has also been used in an attempt to distinguish viral and fungal infections from 
bacterial infection. PCT levels during viral infections remain at low levels, similar to 
those measured in healthy persons  [  19,   20,   65  ] . Fungal infections, on the other hand, 
tend to cause mild elevations in PCT levels, as compared to bacterial infections 
 [  19–  21,   32,   63  ] . 

 Systemic reviews have shown that PCT is superior to CRP in sensitivity  [  60  ] . 
In comparison to CRP, PCT is also a more speci fi c marker of bacterial infection 
 [  72,   73  ] . The levels of PCT rise earlier than CRP and seem to correlate more closely 
with disease severity  [  74  ] . PCT may be a more speci fi c biomarker than CRP, but 
some investigators have challenged its prognostic value  [  21,   61,   75  ] . Some stud-
ies suggest that PCT is not necessarily a more reliable marker of sepsis than CRP 
 [  61,   76,   77  ] . PCT appears to be an advance over CRP in the diagnosis of sepsis. 
However, given that healthcare providers have had experience with CRP in the past, 
and that many know it to be a relatively nonspeci fi c marker of in fl ammation, some 
investigators believe that insuf fi cient evidence exists to rely solely upon PCT for the 
initial diagnosis of sepsis  [  11  ] . 

 In summary, PCT may result in false negative results at admission, particularly 
if specimens are collected too early in the course of infection or sepsis  [  78  ] . In such 
situations, a repeat test may be worthwhile at 6–12 h  [  13  ] . However, if all micro-
bial cultures are negative and a clear source of infection has not manifested by 
24 h, a repeat low PCT level, in conjunction with clinical judgment, may be helpful 
in guiding discontinuation of antibiotics or in searching for another source of the 
infection  [  11  ] . PCT and CRP have been helpful in the identi fi cation of serious 
infections in febrile pediatric patients, but different cutoff values for the assays 
should be further studied in order to increase the yield of these assays in children 
 [  79  ] . PCT appears to be an improvement over CRP and may be better used to rule 
out infection than to rule in systemic sepsis in a critically ill patient, due to its rela-
tively low speci fi city  [  11  ] .  
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   The Roles of CRP in Sepsis 

 C-reactive protein is a general acute phase protein of the family of calcium-dependent 
ligand-binding plasma proteins. It is synthesized primarily by hepatocytes in 
response to stimulation by cytokines such as IL-6 and is a marker of in fl ammation. 
Serum CRP levels vary with age in healthy individuals and children  [  39,   80  ] . The 
plasma half-life of CRP is approximately 19 h  [  81  ] . In healthy adults, the plasma 
concentration of CRP is approximately 0.8 mg/dL  [  82,   83  ] . During infection or 
acute in fl ammation, CRP values rise over 10,000-fold  [  84  ] . CRP rises in response 
to infection after a delay of 12–24 h and peaks at 36 h  [  13,   23,   85,   86  ] . Since it rises 
relatively slowly, it may not be a highly sensitive marker of infection during initial 
assessment. Yet, CRP is more sensitive as a marker of sepsis than peripheral white 
blood cell count or body temperature, but it lacks speci fi city  [  87  ] . Increased levels 
of CRP have been associated with many other conditions, including ankylosing 
spondylitis, psoriatic arthritis, polymyalgia rheumatica, and rheumatoid arthritis 
 [  81  ] . CRP levels can overlap between infected and noninfected patients; therefore, 
the absolute levels may not be as important as the trend of CRP levels over time. 
Since CRP is produced by the liver, CRP levels do not always increase in patients 
with sepsis and concurrent fulminant liver failure  [  88  ] . 

 Elevated CRP levels have been correlated with an increased risk of organ failure 
and death  [  89  ] . Sequential measurement has been utilized to evaluate response to 
therapy in septic patients  [  58  ] . CRP does not appear to be helpful in differentiating 
gram-negative from gram-positive infections  [  90  ] . Other authors have used CRP to 
distinguish between bacterial and fungal infections, with levels above 100 mg/L as 
indicative of bacterial infection  [  32,   91  ] . Most data suggest that CRP alone is an 
unreliable marker for viral infection  [  92,   93  ] . 

 CRP may be more helpful in ruling out than ruling in sepsis  [  81  ] . The wide range 
of diagnostic accuracy reported in the literature is mainly due to the wide range of 
cutoff values reported in different studies  [  16  ] . There are several different assays 
and platforms which are currently available for CRP measurement with unique 
detection limits. 

 The main advantages of CRP testing include its availability, low cost, and famil-
iarity of practitioners with its use. However, it is not speci fi c for sepsis, as CRP 
levels may be increased in other in fl ammatory conditions.   

   The Roles of CRP and PCT in Infectious States 
Other than Sepsis 

 PCT also shows potential as a biomarker for other disease processes, including 
pneumonia, abdominal infections, urinary tract infections, and lower respiratory 
tract infections  [  2,   3,   6,   7,   10  ] . Chen et al. evaluated the role of PCT in the early 
detection of central venous catheter-related bloodstream infections in patients after 



132 A.N. Schuetz

orthotopic liver transplantation  [  5  ] . Their study revealed that PCT may be a rapid, 
useful tool for the diagnosis of bacteremia while awaiting blood culture results, in 
order to facilitate earlier removal of the central venous catheter if PCT levels are 
elevated. Some other studies have shown that PCT may be useful as a biomarker to 
diagnose healthcare-associated infection in critically ill patients  [  94,   95  ] . Dallas 
et al. conducted a study of antimicrobial therapy in patients with hospital-acquired 
pneumonia (HAP) or VAP. They found that PCT measurements had little diagnostic 
value in such situations  [  96  ] . Blood PCT measurements may aid in differentiating 
viral from mixed viral–bacterial pneumonia in patients during in fl uenza season  [  97  ] . 
For neonates, serum PCT at onset of sepsis appears to show good accuracy  [  98  ] . 

 Some studies have demonstrated that PCT levels may be associated with improved 
outcomes in acute respiratory infections  [  99  ] . Agapakis and colleagues demon-
strated that CRP levels of 100 mg/L were prognostic in determining the severity of 
CAP and the need for hospitalization  [  100  ] . PCT has been well studied for its use in 
the decision-making process of administration of antibacterial agents in patients 
presenting with pneumonia. In two studies, clinicians were encouraged to avoid 
prescription of antimicrobials in patients with PCT levels of <0.1 mcg/L but to pre-
scribe antimicrobials if PCT levels measured >0.25 mcg/L  [  101,   102  ] . PCT guid-
ance in lower respiratory tract infections substantially reduced antibiotic use, with 
an adjusted relative risk of antibiotic exposure of 0.49 in the PCT group. Several 
large, randomized controlled studies have shown signi fi cant decreases in antibiotic 
use without obvious harm when daily or serial PCT measurements were used to 
guide antibiotic treatment for patients with infections. Such studies have included 
patients with lower respiratory tract infections, exacerbations of chronic obstructive 
pulmonary disease (COPD), and CAP  [  4,   102–  104  ] . In patients with VAP, Stolz and 
colleagues found that PCT use increased the number of antibiotic-free days alive, 
with an overall reduction in antibiotic exposure of 27%  [  2  ] .  

   The Roles of Miscellaneous and Novel Biomarkers 
in Infectious States 

 Other biomarkers have been examined for a variety of roles in the diagnosis and/or 
management of infectious diseases. 

   Serum Amyloid A 

 Serum amyloid A (SAA) is an apolipoprotein with a potential for use in sepsis diag-
nosis. SAA is expressed at levels 1,000 times higher within 8–24 h after the onset of 
sepsis  [  17,   105  ] . SAA levels of less than 15 mg/L for elderly persons and less than 
10 mg/L for other adults and newborns are seen in healthy individuals  [  80  ] . 
Compared to CRP, SAA levels rise faster and higher after the onset of sepsis and 
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remain higher for a longer period of time  [  106  ] . Similar to PCT and CRP, SAA has 
demonstrated a variety of diagnostic accuracies and cutoff values based on the 
assays used.  

   Lipopolysaccharide-Binding Protein 

 Lipopolysaccharide-binding protein (LBP) is an acute phase protein synthesized by 
the liver which rises in concentration 20–40 times within 24 h of an in fl ammatory 
response  [  107  ] . LBP levels increase during bacterial and fungal infections but not 
during viral infections  [  108  ] . In a pediatric study, LBP showed the highest combina-
tion of sensitivity and speci fi city in differentiating sepsis from noninfectious SIRS, 
as compared to PCT, CRP, and soluble CD14 in children and neonates younger than 
48 h  [  108  ] . In a prospective cross-sectional study of prognostic markers of sepsis in 
adults, LBP showed higher speci fi city in patients with sepsis than PCT and CRP, as 
compared to healthy controls  [  109  ] .  

   Coagulation Markers 

 Certain coagulation markers, such as activated partial thromboplastin time (aPTT) 
waveform analysis, offer some promise as biomarkers of sepsis. The optical trans-
mission biphasic waveform is related to calcium-dependent formation of complexes 
between very low density lipoprotein and CRP. In a study of 331 ICU patients, a 
biphasic waveform was a highly speci fi c measure of sepsis (92–98% speci fi c) when 
measured on admission to the ICU  [  110  ] . Chopin et al. showed that a biphasic 
waveform was more useful than PCT or CRP in distinguishing severe sepsis and 
septic shock from SIRS and sepsis  [  111  ] .  

   Angiopoietins 

 Angiopoietins (Angs) comprise a family of vascular growth factors which act on 
endothelial cells. Ang-1 and Ang-2 are secreted from endothelial cells. Ang-1 
stabilizes the endothelium, preventing vascular leakage, in fl ammation, and the 
recruitment and transmigration of leukocytes  [  112  ] . Ang-2 promotes leaky endothe-
lium. Ang-1 exerts its action by binding to the Tie2 receptor (tyrosine kinase recep-
tor with immunoglobulin and epidermal growth factor domains). Ang-2 is stored 
with von Willebrand factor in platelets and is released from monocytes and endothe-
lial cells in septic shock  [  113  ] . The actions of Ang-1 and Ang-2 antagonize each 
other, and Ang-2 competes with Ang-1 for binding to the Tie2 receptor  [  114  ] . In 
animals, infusion of lipopolysaccharide stimulates the expression of Ang-2 and 
attenuates gene expression of Ang-1  [  115  ] . 
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 Numerous studies have shown that Ang-2 expression is increased in sepsis 
 [  116,   117  ] . Some studies have demonstrated increased Ang-2/Ang-1 ratios in 
patients who did not survive sepsis  [  118,   119  ] . Ricciuto and colleagues assessed the 
ability of a panel of biomarkers including Angs to predict outcome in sepsis  [  120  ] . 
The panel included Ang-1, Ang-2, von Willebrand factor, soluble intercellular adhesion 
molecule-1, and E-selectin. The panel was successful in predicting mortality. Ang-1 
has itself been an independent factor related to unfavorable outcome in infection 
 [  113  ] . Activated protein C, which is used in the treatment of sepsis, increases the 
level of Ang-1 and decreases the level of Ang-2 in vitro  [  121  ] . One study of Angs in 
patients with invasive streptococcal infections demonstrated greater dysregulation 
of Angs in patients with shock than in those without shock  [  122  ] .  

   Neopterin 

 Neopterin is a mediator of cell immunity against intracellular pathogens. It has been 
used to discriminate between bacterial and viral origins of lower respiratory tract 
infections  [  123,   124  ] . Neopterin correlates with severity of infection in patients with 
CAP  [  125  ] . In patients with exacerbations of COPD, lower levels of neopterin were 
measured when patients had respiratory cultures positive for pathogenic bacteria, as 
opposed to those who had cultures growing only normal respiratory  fl ora  [  126  ] .  

   Toll-Like Receptor-2 

 Toll-like receptor-2 (TLR-2) is present on cell surfaces and is upregulated on mono-
cyte cell surfaces during infection. Kajiya et al. found signi fi cantly elevated TLR-2 
expression in viral and bacterial infections  [  92  ] . However, the role of TLR-2 as a 
biomarker of infections remains poorly understood.  

   Triggering Receptor Expressed on Myeloid Cells-1 

 The plasma concentration of triggering receptor expressed on myeloid cells-1 
(TREM-1), a member of the immunoglobulin superfamily, is upregulated in the 
presence of bacterial products but not during noninfectious in fl ammatory disease 
states  [  64  ] . TREM-1 is increased in patients with sepsis and appears to be both sen-
sitive and speci fi c for the diagnosis of sepsis  [  127,   128  ] . Gibot et al. reported 
signi fi cantly high plasma TREM-1 levels in patients with sepsis as compared to 
patients with non-septic SIRS  [  129  ] . Serial monitoring of TREM-1 may also be 
helpful in following the course of infection  [  127,   128  ] . TREM-1 measurements in 
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bronchoalveolar lavage  fl uid are accurate for the diagnosis of pneumonia  [  130  ] . 
However, TREM-1 has not been as extensively studied as PCT and CRP.  

   Soluble Urokinase-Type Plasminogen Activator Receptor 

 Urokinase-type plasminogen activator receptor (UPAR) is expressed on neutrophils, 
lymphocytes, macrophages, endothelial cells, and malignant cells. The soluble form 
of UPAR, or soluble urokinase-type plasminogen activator receptor (suPAR) has 
been reported as a potential biomarker for infectious diseases  [  131,   132  ] . Yilmaz 
et al. assessed the abilities of suPAR, CRP, and PCT to diagnose and provide prog-
nostic information for patients with SIRS  [  131  ] . SuPAR possessed high sensitivity 
and speci fi city in the diagnosis of SIRS; additionally, high levels were shown to be 
poorly prognostic  [  131  ] . SuPAR shows potential prognostic value over a wide range 
of infectious diseases, including viral, bacterial, and parasitic diseases  [  133  ] .  

   Soluble Receptor for Advanced Glycation End Products 

 The soluble form of the receptor for advanced glycation end products (sRAGE) has 
been used as a biomarker in patients with acute lung injury  [  134  ] . RAGE is a trans-
membrane pattern-recognition receptor of the immunoglobulin superfamily. It is 
constitutively expressed in low levels in all cells but most abundantly in the lung  [  135  ] . 
When RAGE is activated, cell signaling pathways result in an in fl ammatory response. 
In a acute respiratory distress syndrome study, plasma levels of sRAGE correlated 
with severity of acute lung injury  [  136  ] . The elevated levels of sRAGE measured dur-
ing acute lung injury were independent of associated sepsis  [  134  ] . Sepsis has also 
been associated with increased levels of plasma sRAGE  [  137  ] .  

   CD64 

 Neutrophil CD64 (nCD64) is a highly sensitive and speci fi c marker of systemic 
in fl ammation and sepsis  [  138  ] . CD64 expression on neutrophils is present at low 
levels in the normal state  [  47  ] . When tissue injury occurs in the setting of in fl ammation, 
nCD64 expression increases  [  139  ] . nCD64 has been used as a biomarker for bacte-
rial infection, but its expression does not differ between systemic and local bacterial 
infections  [  140,   141  ] . nCD64 is helpful in guiding antibiotic therapy; if nCD64 
levels are negligible within 24 h of infection, antibiotics may be discontinued  [  142  ] . 
nCD64 may be measured in ethylenediaminetetraacetic acid (EDTA)-anticoagulated 
whole blood and is stable at least 24 h at room temperature  [  47  ] .  
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   HLA-DR 

 HLA-DR expression is a marker of monocytes which generate proin fl ammatory 
cytokines in response to a stimulus  [  114  ] . HLA-DR is strongly expressed on mono-
cyte surfaces at baseline. Monocytes with diminished HLA-DR expression have 
decreased antigen-presenting ability and cannot produce in fl ammatory mediators in 
response to a stimulus  [  44,   143  ] . In septic patients, decreased cell surface expres-
sion of HLA-DR has been observed in circulating monocytes  [  44  ] . Low levels of 
monocyte HLA-DR have been associated with adverse outcomes and septic compli-
cations in critically ill patients, particularly when the levels are persistently low  [  44, 
  144–  147  ] . In injured patients who recover, monocyte HLA-DR rapidly returns to 
normal levels, generally in less than 1 week.  

   Presepsin 

 Presepsin, also known as sCD14-subtype, is believed to be a soluble fraction of 
CD14 circulating in blood and is the receptor for the LBP complex  [  148  ] . CD14 is 
present in macrophages, monocytes, and granulocytes and is thought to be respon-
sible for intracellular transduction of endotoxin signals  [  148  ] . It is produced in 
response to bacterial infection. A study has shown that presepsin increased propor-
tionally to the severity of sepsis  [  149  ] . Presepsin performed well as compared to 
other diagnostic markers of sepsis, including PCT, CRP, and IL-6.  

   Cytokines 

 The cytokines comprise a group of compounds which are currently well studied as 
potential biomarkers of sepsis. As important mediators in the complex pathway of 
sepsis, they are produced early after the onset of sepsis  [  55  ] . However, blood 
cytokine measurements can be erratic, which render interpretation dif fi cult  [  150  ] . 
Circulating cytokines have short half-lives, which can result in false negative results 
 [  18,   106  ] . Various interleukins have been proposed as potential biomarkers  [  151  ] . 
Measurement of IL-6 levels has not proven to be useful in identifying patients who 
might bene fi t from treatment  [  152  ] . The cytokines IL-1 b , IL-6, IL-8, IL-10, IL-12, 
tumor necrosis factor- a  (TNF- a ), and interferon-(IFN)- g  were compared in one 
study to several other biomarkers, including PCT, soluble CD14, heparin-binding 
protein (HBP), cortisol, and monocyte expression of TLR-2, TLR-4, HLA-DR, and 
CD14  [  7  ] . The study included 54 adult patients with bacterial infections, 21 patients 
with viral infections, and patients with acute CAP, pyelonephritis, and urosepsis. 
Serum PCT, HBP, IL-6, and cortisol showed the highest sensitivity and speci fi city 
for bacterial infection. Serum levels of IFN- g  and cortisol were higher and IL-8 
levels lower in patients with pneumonia, as compared to patients with pyelonephritis 
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and urosepsis. In another study, Zetioun et al. reported that IL-10 may be helpful in 
the diagnosis of early- and late-onset sepsis in neonates  [  85  ] . Ng and colleagues 
reported sensitivity and speci fi city of >80% for IL-10 in the diagnosis of late-onset 
sepsis in very low birth weight infants  [  153  ] . Increases in TNF and IL-6 were seen 
within the  fi rst 24 h after patient admission to the ICU due to sepsis  [  150  ] . Serum 
cytokines have also been assessed for their roles in the diagnosis and outcome 
assessment of invasive aspergillosis  [  8,   154  ] .  

   Proadrenomedullin 

 Proadrenomedullin (pro-ADM) belongs to the calcitonin peptide superfamily and 
exerts various vasodilatory, immune modulatory, and bactericidal effects  [  99  ] . 
Guignant et al. showed that pro-ADM and pro-vasopressin (copeptin), when mea-
sured within the  fi rst week after the onset of shock, were signi fi cantly elevated in 
patients who died  [  155  ] . Another group of investigators successfully utilized pro-
ADM with the CURB65 risk assessment score (a severity assessment score for 
CAP) to predict adverse events and mortality in patients with CAP and with non-
CAP lower respiratory tract infections  [  156  ] .  

   Alpha-1 Antitrypsin and Other Hepatitis Biomarkers 

 One of the most common protease inhibitors in human serum, alpha-1 antitrypsin, 
is signi fi cantly elevated in serum samples from patients with severe chronic hepatitis 
 [  157  ] . Other potential biomarkers which have been examined for their roles in 
infectious hepatitis include plasma soluble human leukocyte antigen-G and serum 
microRNA 122 (miR-122)  [  9,   158  ] .  

   Gelsolin 

 A plasma protein, gelsolin is an actin scavenger which severs and caps actin 
 fi laments which are released during tissue injury  [  114  ] . Gelsolin also binds to 
in fl ammatory mediators. In critically ill surgical patients, plasma gelsolin levels 
remained low compared to control patients  [  159  ] .  

   Interferon-Gamma-Inducible Protein-10 

 Interferon-gamma-inducible protein-10 (IP-10) is a proin fl ammatory chemokine 
which is a promising biomarker for the diagnosis of viral infection  [  153  ] . IP-10 is 
released in response to rhinovirus, respiratory syncytial virus, hepatitis B and C 
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viruses, and H5N1 in fl uenza virus  [  160,   161  ] . IP-10 may also correlate with severity 
of infection  [  153  ] . It has been used as a prognostic marker to guide treatment of 
patients with hepatitis C  [  162  ] .  

   Neutrophil Distribution Width 

 Increased neutrophil distribution width (NDW) has been associated with left-shifted 
and reactive neutrophils  [  163  ] . NDW was compared to CRP and PCT in the detec-
tion of early sepsis in the ICU  [  164  ] . In that study, NDW was found on multivariate 
analysis to be helpful in the diagnosis of early sepsis in adults.  

   Regulatory T Lymphocytes (Treg) 

 During severe sepsis, T lymphocyte dysfunction leads to an anergic state, with 
decreased proliferation to mitogens, increased Th2 cytokine secretion, apoptosis, 
and increased percentage of CD4 + CD25+ regulatory T lymphocytes (Treg)  [  43, 
  44,   165,   166  ] . An increased percentage of Treg has been described in patients with 
septic shock as compared to healthy states  [  165,   167  ] . CD127 gating on the 
CD4 + CD25+ cell population allows differentiation of regulatory from activated T 
cells. A signi fi cant increase in the percentage of circulating CD4 + CD25 + CD127(low) 
Treg has been demonstrated in septic shock patients in comparison to healthy indi-
viduals  [  168  ] .   

   Summary of Miscellaneous Biomarkers 

 Pierrakos and Vincent performed a review of the roles of over 178 biomarkers in 
sepsis diagnosis  [  55  ] . The authors described  fi ve biomarkers with sensitivities and 
speci fi cities of over 90% which may be particularly helpful for the early diagnosis 
of sepsis. The  fi ve biomarkers and their roles include: (1) IL-12 in newborns, which 
showed higher levels in patients with sepsis than in patients without sepsis  [  169  ] ; 
(2) IP-10 in neonates, which showed higher levels in patients with sepsis and necro-
tizing enterocolitis than in patients who had necrotizing enterocolitis without sepsis 
 [  153  ] ; (3) phospholipase group II (PLA2-II), which was useful in the diagnosis of 
bacteremia in critically ill adult patients within 1 day of admission  [  170  ] ; (4) CD64, 
useful in the early diagnosis of sepsis in adults  [  141  ] ; and (5) neutrophil CD11b, 
which was helpful in pediatric patients in distinguishing culture-positive sepsis 
from patients with a septic clinical picture but who were culture-negative  [  171  ] . 
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The remaining 11 biomarkers in their review which were assessed in various studies 
speci fi cally for the early diagnosis of sepsis had reported sensitivities and speci fi cities 
of less than 90%. Pierrakos and Vincent also assessed the prognostic ability of the 
reviewed biomarkers to differentiate those patients who are likely to survive from 
those who are likely to die  [  55  ] . However, according to the authors, none of the 
biomarkers in their opinion had suf fi cient ability to predict mortality with adequate 
(>90%) sensitivity and speci fi city  [  55  ] . 

 Certain biomarkers can be helpful in ruling out sepsis due to high NPVs. Three 
biomarkers seem particularly useful in this regard: (1) PCT with 99% NPV when a 
cutoff of 0.2 ng/mL is employed  [  172  ] ; (2) aPTT biphasic waveform with 96% NPV 
 [  173  ] ; and (3)  fi brin degradation products, with 100% NPV for gram-negative 
sepsis  [  174  ] . 

 Since the use of a single biomarker in the septic patient is limited by either test 
availability or performance characteristics, it may be helpful to measure several 
biomarkers together in combination. A clinical trial showed that the combination of 
aPTT waveform and PCT increased the speci fi city of the aPTT waveform in the 
diagnosis of sepsis  [  173  ] . Other studies employing a variety of panels of biomarkers 
have shown some success in the use of a biomarker panel  [  175–  177  ] .  

   Newer Platforms for Measurement of Biomarkers 

 Microarrays may aid in understanding the complexity of the host response to sepsis 
at the level of transcription of messenger RNA (mRNA), by measuring many dif-
ferent potential biomarkers at one time  [  178,   179  ] . The microarray platform is a 
system whereby various patterns of upregulated or downregulated mRNA levels 
can be compared  [  179  ] . Microarray studies have shown that apoptotic genes are 
highly expressed in in fl ammatory states, and that proin fl ammatory response genes 
decrease over time in sepsis  [  114  ] . A microarray panel of 42 gene expression mark-
ers representing many different immunologic and cellular response pathways was 
found in one study to be helpful in the early diagnosis of sepsis  [  180  ] . Dif fi culties 
inherent to the use of an mRNA microarray system include the marked variation 
within the same individual of gene expression over time, the interindividual varia-
tion due to complexities of the host in fl ammatory response, and the differences in 
gene expression in different areas of the body. 

 Functional proteomics is the study of synthesized proteins and their relationship 
to health and disease. Two systems currently studied for a role in identi fi cation of 
biomarkers in disease states include matrix-assisted laser desorption/ionization 
time-of- fl ight mass spectrometry (MALDI-TOF MS) and surface-enhanced laser 
desorption/ionization coupled to time-of- fl ight mass spectrometry (SELDI-TOF 
MS)  [  181,   182  ] .  
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   Conclusions and Future Directions 

 Numerous studies exist which assess the roles of non-antibody-based host response 
biomarkers in disease. The most commonly studied biomarkers include PCT and CRP, 
but cytokines and other markers related to endothelial dysfunction and in fl ammation 
are also under investigation. Despite ongoing research, there are problems inherent 
to the study of biomarkers. For example, sensitivities and speci fi cities are dif fi cult 
to establish, as a gold standard of sepsis diagnosis against which to measure perfor-
mance characteristics is not available. Typically, the ef fi cacy of a biomarker must be 
compared to current methods of diagnosis, which is usually a combination of clini-
cal signs and traditional laboratory values. Small sample sizes, heterogeneous popu-
lation types, and differences in assay equipment are also problematic in biomarker 
research. Importantly, cutoff values for biomarkers differ greatly from study to 
study. Therefore, direct comparison of testing methods and results between studies 
can be dif fi cult. Of the many assays available to measure biomarkers, only a few are 
currently applicable for use in the clinical laboratory. Despite the large number of 
biomarker publications, differentiation of sepsis from other noninfectious causes of 
systemic in fl ammatory responses continues to remain problematic. 

 Further studies relating speci fi cally to test costs, reliability of testing, and rapid-
ity of testing for biomarkers are needed. Standardization of assay methodologies 
and systematic comparison of different systems should also be performed. 
Additionally, published reports should provide more detailed information about the 
platforms employed in analyte measurement and calibration characteristics. Given 
the potential uses of biomarkers, cost-effectiveness studies of their applications 
would be helpful. Development of multiplex point-of-care biomarker testing for 
triaging patients in emergency care or ICU settings is needed. Biomarker research 
of non-antibody-based host responses will continue to grow. However, the exact 
roles of biomarkers in the management of septic patients and patients in a wide 
variety of infections remain unde fi ned (55). Clear consensus guidelines concerning 
the use of such testing would be invaluable in de fi ning applications of biomarkers in 
the future.      
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         Introduction 

 Microbes and viruses infect their host cells and in doing so alter the physiological 
functions of the host cells leading to diseases. Analysis of pathogen-infected cells 
provides critical information with regards to functional assessment of microbe–host 
and virus–host interactions in addition to serving as an important diagnosis for 
infection. As early as 1950s, hemagglutination assay using red blood cells (RBC) 
were employed to detect the presence of hemagglutinin antigen-bearing virus 
particles  [  1  ] . Recently this assay was also used for bacterial detection  [  2  ] . Some 
viral families and many bacteria have envelope or surface proteins, which are able 
to agglutinate human or animal RBC and bind to  N -acetylneuraminic acid. As each 
of the agglutinating molecule attaches to multiple RBCs, a lattice structure will 
form, allowing for visual inspection. 

 Mammalian cell culture has long been used to detect microbial and viral 
infections. The viral infection process of the host cells is complex involving many 
key steps required for productive infection and culminates in many changes in the host 
cells, collectively referred to as cytopathic effect (CPE). Such changes include altered 
shape, detachment from substrate, lysis, membrane fusion, altered membrane per-
meability, inclusion bodies, and apoptosis. Assessment of virus-induced CPE in 
host cells can provide a diagnostic tool for assessment of a given virus infection. 
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For example, human rhinovirus infection of HeLa cells results in the cells changing 
shape, becoming round and more refractile (brighter) under phase contrast 
microscopy  [  3  ] . Some infected cells detach from the tissue culture  fl ask and  fl oat in 
the medium, which can be measured by colorimetric cell viability assays. In addi-
tion, plaque formation assays are routinely being used for quantitative assessment 
of virus particles where the plaques resulting from virus-induced cytolytic effect 
can be seen and counted in cell culture lawns after staining. 

 Cellular analysis has also been used for assessing bacteria and host cell interaction 
and bacteria toxin detection. In order to induce an infection, bacteria must  fi rst 
colonize their host. Bacterial pathogens express various molecules or structures 
able to promote attachment to host cells  [  4  ] . These adhesins rely on interactions 
with host cell surface receptors or soluble proteins acting as a bridge between 
bacteria and host. Adhesion is a critical  fi rst step prior to invasion and/or secretion 
of toxins, thus it is a key event to be studied in bacterial pathogenesis. Furthermore, 
adhered bacteria often induce exquisitely  fi ne-tuned cellular responses, the studies 
of which have given birth to the  fi eld of “cellular microbiology”  [  5  ] . Robust assays 
for bacterial adhesion to host cells and their invasion therefore play key roles in 
bacterial pathogenesis studies and have long been used in many pioneer laboratories 
 [  6–  8  ] . In another example, the bacterium  Chlamydia trachomatis  causing a common 
sexually transmitted infection (STI) in humans is naturally found living only inside host 
cells. Cell culture using McCoy cells has been the gold standard assay for the diagnosis 
of genital chlamydial infections  [  9  ]   [  10  ] . The infection of Chlamydia in McCoy 
cells forms speci fi c inclusion bodies which can be recognized by microscopy. 

 These cell based assays are now conducted on routine basis by most laboratories 
working on bacterial pathogenesis. In many other cases, bacterial toxins are recognized 
as virulent factors produced by pathogenic bacterial infections. These toxins are 
very potent and require only a relative small number of molecules to affect cells 
through endocytotic pathways mediated by cell surface receptors. Many of these 
toxins such as  Clostridium dif fi cile  toxin,  Clostridium botulinum  toxin, and diphthe-
ria toxin are lethal to the host cells. Taken together, bacterial host interaction is a 
multistep process which ultimately culminates in infection of the host cell. The 
precise mechanism of infection is speci fi c to the bacterial strain and the host cell 
being infected. In terms of designing cell-based assays for bacterial infection, each 
step of the infection process can potentially lend itself to design of speci fi c assays. 
It is imperative for diagnostic purposes that the assay and the detection methods 
should be extremely sensitive and functional. It has been estimated that Vero cell 
express approximately 150,000 receptor molecules for diphtheria toxin with the K a  
of 10 −9  M for binding to the receptor. The abundance of toxin-speci fi c receptor with 
high binding af fi nity has allowed these cells to be extremely sensitive to bacterial 
toxin. Therefore, cell-based assays can serve as sensitive and functional measurements 
of bacterial toxin. 

 Although a variety of diagnostic assays based on cellular analysis has been 
developed for microbial infections, very few platform technologies have been 
employed speci fi cally for this purpose thus far. The majority of assays are still built 
on conventional optical-based technologies, which use different staining processes 
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including  fl uorescent and colorimetric dyes. Experienced staffs are often required to 
perform such assays and readouts are descriptive and often nonquantitative. With 
evolution of much easier, faster, and more quantitative molecular tests in clinical 
diagnostics such as PCR, EIAs, and sequencing, the crucial challenge is how to 
improve the performance of traditional cellular analysis while keeping the irreplace-
able nature of its disease relevance and sensitivity in infectious disease diagnostics. 
Development of a quantitative, functional, faster, affordable, and yet easy to use 
cellular analysis system is urgently needed. In this chapter we will introduce an 
emerging technology termed real-time cellular analysis (RTCA) and its utility in 
microbial and viral infections including bacterial toxin detection, analyzing bacterial 
and host cell interaction, virus-induced CPE quanti fi cation, neutralizing antibody 
detection, parasite infective activity assessment, as well as functional detection and 
monitoring of host immune system.  

   RTCA and Its Principle of Detection Using Impedance 
Microelectrode Sensor Arrays 

 The RTCA utilizing cell-electrode subtract impedance readout to noninvasively 
quantify cellular status in real time was  fi rst reported by Giaever and Keese more 
than two decades ago  [  11–  13  ] . This approach has gained considerable traction 
recently and the driving force mainly stems from signi fi cant progresses in cell 
research and understanding the value of physiologic relevance of cellular analysis in 
diagnosis of microbial and viral infections  [  14–  19  ] . The RTCA system which is 
codeveloped by ACEA Biosciences and Roche Applied Sciences uses impedance 
sensor technology at its core. The system is comprised of three components, an 
electronic analyzer, an E-Plate station, and a microelectronic plate (E-Plate) 
(Fig.  8.1 ). Microelectrode sensor arrays are fabricated on glass slides with litho-
graphical microfabrication methods and the electrode-containing slides are assem-
bled to plastic trays to form electrode-containing wells (Fig.  8.1 ). The E-Plate 
station receives the E-Plate and is capable of electronically switching any one of the 
wells to the sensor analyzer for impedance measurement. In the operation mode, the 
E-Plates with cells cultured in the wells are connected to the E-Plate station which 
is connected to the sensor analyzer. Under the RTCA software control, the sensor 
analyzer can automatically select wells to be measured and continuously conduct 
impedance measurements. The impedance data from the analyzer is transferred to a 
computer, analyzed, and processed by the integrated software. Impedance measured 
between electrodes in an individual well depends on electrode geometry, ionic 
concentration in the well and whether there are cells attached to the electrodes. 
In the absence of the cells, electrode impedance is mainly determined by the ionic 
environment both at the electrode/solution interface and in the bulk solution. In the 
presence of the cells, cells attached to the electrode sensor surfaces will alter 
the local ionic environment at the electrode/solution interface, leading to an increase 
in the impedance (Fig.  8.2 ). The more cells there are on the electrodes, the larger the 
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increase in cell-electrode impedance. Furthermore, the impedance change also 
depends on cell morphology and the extent to which cells attach to the electrodes. 
To quantify cell status based on the measured cell-electrode impedance, a parameter 
termed the cell index (CI) was derived to represent cell status based on the change 
of the electrode impedance for the wells with the cells relative to that of control 
wells without the cells (Fig.  8.2 ). The frequency-dependent electrode impedance 

  Fig. 8.1    RTCA system (xCELLigence, Roche Applied Sciences). The system is con fi gured to 
contain three elements, the analyzer, the E-plate station and the microelectrode-integrated 96-well 
microtiter E-plate. The impedance sensor array shown is interdigitated microelectrodes       

  Fig. 8.2    Schematic representation of impedance measurement. ( a ) No cell is on an electrode sur-
face, and there is baseline impedance ( top panel ). A cell attaches to the electrode surface and 
blocks partially the electrical current in the circuit, leading to an increase in the electrode imped-
ance ( middle panel ). Two cells attach to the electrode surface and reduce even further the electrical 
current, leading to doubly increased impedance as compared with the  top  and  middle panels  ( bot-
tom panel ). ( b ) The electrode impedance was plotted against time after cell addition to the wells 
( top panel ). (With time, cells attach and spread on the electrodes. For the same amount of cells on 
the electrodes, better cell attachment and more cell spread onto the electrodes lead to a larger 
increase in the electrode impedance  bottom panel )  [  13  ]        
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where  N  is the number of the frequency points at which the impedance is measured. 
Several features of the CI can be derived: (1) under the same physiological condi-
tions, if more cells attach to the electrodes, the impedance value will increase. If no 
cells are present on the electrodes or if cells are detached from the electrodes,  R  

cell
 ( f ) 

will be the same as R 
b
 ( f ), leading to CI = 0. Therefore, CI is a quantitative measure 

of the number of cells attached to the sensors. (2) For the same number of cells 
attached to the sensors, changes in cell status will lead to changes in CI. For example, 
an increase in cell adhesion or cell spread leading to a large cell/electrode contact 
area will lead to an increase in  R  

cell
 ( f ) and therefore an increase in CI. In contrast, 

cell death or microbe- or virus-induced cell detachment or cell rounding will lead to 
a smaller  R  

cell
 ( f ) and therefore a lower CI. In the current study, for display of RTCA 

response curves, a normalized cell index (nCI) generally was used, where cell index 
is normalized at the last time point before the microbial infection or the chemical/
toxin treatment. 

 The impedance readout harnesses and quanti fi es these unique changes in cell 
number, morphology, and adhesion allowing for an unbiased detection of speci fi c 
cellular processes in real time. Therefore, label-free, real-time cell-based technologies 
have recently received considerable attention for implementation in cellular analy-
sis. As the name implies, the preclusion of label allows for assessment of cells in 
their native and physiologically relevant environment circumventing the potential 
negative impact of label on cellular processes. The inclusion of certain labels and 
reporters, particularly labels for live cells has been shown to impact various aspects 
of cellular behavior. For example, it has been shown that that the live cell  fl uorescent 
dye 2 ¢ ,7 ¢ -bis-(2-carboxyethyl)-5-(and 6)-carboxy fl uorescein (BCECF-AM) and 
rhodamine 6G (R6G) can dose-dependently block the migration of macrophage 
and mononuclear cells, respectively, urging caution when utilizing these dyes for 
cell-based assays. Label-free technologies have the added advantage of being non-
invasive and therefore live cells present in tissue culture wells can be continuously 
interrogated (Fig.  8.3 ). This feature directly leads to one of the main advantages 
of label-free technologies, which is real-time kinetic measurement  [  12,   20–  23  ] . 
Real-time monitoring of cellular processes offers distinct and important advantages 
over traditional end-point assays (Fig.  8.3 ). First, comprehensive representation of 
the entire length of the assay is possible, allowing the user to make informed decisions 
regarding timing of manipulations or treatments. Second, the actual kinetic response 
of cells provides important information regarding the biological status of the cells 
such as growth, arrest, and morphological changes (Fig.  8.3 ). This technology has 
been applied in a number of cell-based assays including cytotoxicity, cell adhesion 
and spreading, functional monitoring of receptor-mediated signaling and cell inva-
sion and migration, and stem cell-derived cardiomyocyte beating  [  24–  28  ] .   
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   Analysis of Host Cell Responses to Bacterial 
Infections on RTCA System 

 The RTCA system can measure and monitor minute changes in cell morphology, 
adhesion, and cell number which are the very parameters that are affected by bacte-
rial infections including through release of bacterial toxins or direct cell–cell con-
tact. Therefore, this system is well suited to serve as a functional assay for bacterial 
detection. To demonstrate the utility of the system for functional detection of toxin 
effect and host cell response to bacteria–host cell interaction, the system was used 
to conduct in vitro testing of cellular processes after exposure to microbial toxins 
including  Clostridium dif fi cile  ( C. dif fi cile ) toxin and  Clostridium botulinum  
( C. botulinum ) toxin or infected with  Neisseria meningitidis . 

   Detection of  Clostridium dif fi cile  Toxin 

  C. dif fi cile  is recognized as the leading cause of infectious diarrhea that develops 
in patients after hospitalization and/or in patients receiving antibiotic treatment 

  Fig. 8.3    Dynamic proliferation curves of A549 cells (a lung cancer cell line) in response to treat-
ment of anticancer compounds having distinct mechanisms of action: control, DNA-damaging ( a ), 
antimitotic ( b ), cytostatic ( c ), and cytoskeletal ( d ). In contrast to conventional endpoint cell analy-
sis, the RCTA allows real-time monitoring entire cell processes in response to compounds from 
same wells and continuous QC of the assay       
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 [  29,   30  ] . A recently emerged, highly virulent strain BI-Nap1-027 has been associated 
with increased morbidity and mortality  [  16,   31  ] . A de fi nitive diagnosis depends on 
the detection  C. dif fi cile -speci fi c toxin B production in the laboratory, which allows 
for prompt treatment and isolation procedures to prevent further nosocomial spread 
of the infection. The well-accepted standard for  C. dif fi cile  diagnosis is cytotoxi-
genic culture, which is conducted by culturing  C. dif fi cile  from the stool and then 
performing a cytotoxic assay on the isolates on cultured cells  [  32  ] . Cytotoxigenic 
assay is a “gold standard” assay for  C. dif fi cile  toxin detection even though it is 
labor-intensive, subjective, and time-consuming, and therefore is not widely used in 
the clinical setting  [  29,   32  ] . Recently, several enzyme immunoassays (EIAs) and 
PCR-based toxin gene detection have been used in clinical laboratory  [  33,   34  ] . 
Although promising performance has been reported, the low assay sensitivity (EIAs) 
and functional relevance between toxin gene detection by PCR and disease onset 
are still a matter of debate. The use of RTCA for quantitative detection of  C. dif fi cile  
toxin has been reported recently  [  14,   35  ] . He et al. described an ultrasensitive cell-
based immunocytotoxicity assay for detecting  C. dif fi cile  toxin A and B on RTCA 
system. The assay utilized a cloned CHO cell line expressing a high level of Fc g  
receptor. By adding a speci fi c antibody to  C. dif fi cile  toxin, the toxin–antibody com-
plex could be captured by Fc g  receptor residing on the surface of the cells triggering 
the endocytotic process. The cytotoxic activity of  C. dif fi cile  toxin was then moni-
tored and quanti fi ed using the RTCA system in real time. The detection sensitivity 
was shown to be 1 pg/ml for  C .  dif fi cile  toxin in this assay. While the  C. dif fi cile  
toxin used in the above-mentioned report was recombinant, it has been reported to 
behave similarly to the native toxin  [  18  ] . Whether the detection and the sensitivity 
can be achieved in real clinical patient samples remained to be tested. Recently, a 
clinical study using RTCA technology for  C. dif fi cile  toxin detection was reported 
on the quantitative capability of the toxin detection. The authors used a human 
 fi broblast cell line, HS27, which is commonly used for conventional cytotoxicity 
assessment for  C. dif fi cile  toxin  [  14  ] . The toxin caused cytotoxic effects on the cells, 
resulting in a dose-dependent and time-dependent decrease in cellular impedance 
(Fig.  8.4 ). The RTCA assay displayed an analytical sensitivity of 0.2 ng/ml for 
 C. dif fi cile  toxin B with no cross-reactions with other enterotoxins, nontoxigenic 
 C. dif fi cile , and other  Clostridium  species  [  14  ] .  

 To quantify the toxin concentration from a given sample, a calibration curve was 
established by monitoring the cell response to toxin treatment at a number of known 
concentrations and plotting the time for normalized nCI to drop by 50 % versus the 
toxin concentration (Fig.  8.4 ). Using this calculation curve, toxin concentrations 
from the cell response curves for all the specimens assayed can be calculated based 
on the time taken for a sample to result in a 50 % drop in nCI. Clinical validation 
was performed on 300 consecutively collected stool specimens from patients with 
suspected  C. dif fi cile  infection (CDI). A positive  C. dif fi cile  toxin was called in a 
representative patient sample (sample 14, Fig.  8.5 ) when a sample resulted in a 
time-dependent drop in nCI and when such an nCI drop could be rescued by the 
addition of the toxin-speci fi c neutralizing antibody. A negative  C. dif fi cile  toxin 
result (sample I4, Fig.  8.5 ) was called when sample treatment with or without 
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  Fig. 8.4    Quantitative detection of  C. dif fi cile  toxin on RTCA system. HS27 cells (5,000 cells/
well) were cultivated in E-plate, and cell status (attachment and spreading) were monitored on the 
system in real time for 18 h before the toxin treatment as indicated in the  top panel . The cells then 
were treated with  C. dif fi cile  toxin (TcdB) at different concentrations as indicated in the  top panel  
followed continuous monitoring of the cytotoxic effect of the toxin for 24 h. The vertical line indi-
cates the time point  t  = 0, when the tested toxin was added and the horizontal line indicates the nCI 
50 % cutoff values. The dependency of the time for a 50 % drop in nCI ( y  axis) in a TcdB-treated 
well on the toxin concentration ( x  axis) ( bottom panel ). A nonlinear regression of the data provided 
a formula of  y  = 4.6715 x  −0.5659  ( R  2  = 0.9945,  p  = 0.0001)       

neutralizing antibody would not cause a drop in nCI. The nCI drop on RTCA showed 
very good correlation with cytotoxicity imaged under microscope (Fig.  8.5 ). The 
performance of  C. dif fi cile  toxin detection was also compared with conventional 
EIAs and PCR-based assays.  
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 The detection of 300 clinical stool specimens on RTCA system resulted in a 
sensitivity of 87.6 %, a speci fi city of 99.6 %, a positive predictive value (PPV) of 
96.5 % and a negative predictive value of 98.5 % (Table  8.1 ). In addition, the RTCA 
assay allowed for quanti fi cation of toxin protein concentration in a given specimen. 
Among RTCA-positive specimens collected prior to treatment with metronidozole 
and/or vancomycin, a signi fi cant correlation between toxin protein concentrations 
and clinical CDI severities was observed ( R  2  = 0.732,  p  = 0.0004). Toxin concentra-
tions after treatment (0.89 ng/ml) were signi fi cantly lower than those prior to the 
treatment (15.68 ng/ml, Wilcoxon  p  = 0.01)  [  14  ] . In one case (Fig.  8.6 ), the toxin 
level in the patient stool sample detected on RTCA system was correlated very well 
with the ef fi cacy of the treatment and clinical symptom. The study demonstrates 
for the  fi rst time that the RTCA assay provides a functional tool for the potential 
assessment of CDIs, including determining clinical CDI severity prior to treatment 
as well as monitoring therapeutic intervention.    

  Fig. 8.5    Detection of  C. dif fi cile  toxin in stool samples from a  C. dif fi cile  infected patient (sample 
#14) and a uninfected patient (sample #14) on RTCA system comparing with conventional 
methods including EIAs (Premier, Wampole), qPCR (BD), and conventional cytotoxic assay 
(DHI). The cytotoxic effect can be seen in the sample from the infected patient but not the unin-
fected patient and the toxic effect can be neutralized in the presence of the speci fi c neutralizing 
antibody ( top panel , DHI and  middle panel , RTCA). The kinetic curves were recorded by real-time 
monitoring of cytotoxic effect of  C. dif fi cile  toxin on RTCA system (RTCA). The fast drop of nCI 
can be seen in the patient stool sample in the absence of the neutralizing antibody (Ab − ) but not in 
the presence of the neutralizing antibody (Ab + ). The detection results for two representative patient 
samples are summarized in the table. Note that the qPCR shows the false positive for the sample 
I4 from uninfected patient. P = positive, N = negative, 1:5 = dilution of stool samples. The time in 
the parlance = at the time when a de fi nitive call was given       
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   Detection of  Clostridium botulinum  Toxin 

 Botulinum neurotoxin produced by neurotoxigenic clostridia are the most potent 
naturally occurring toxin known  [  36  ] . Based on their antigenic speci fi city, the toxins, 
zinc-containing metalloproteins, are distinguished into seven serotypes, with type 
A, B, and E accounting for nearly all recorded cases of human botulism. The toxin 
appears to target neuronal cells, especially motor neurons. Endocytotic internalization 

   Table 8.1    Correlation between disease severity and concentration of  C. dif fi cile  toxin in the stool 
samples   

 No. of 
toxin-positive 
specimens 
detected  CDI severity 

 Stool toxin concentration (ng/ml) a  

 Mean 
 Geometric 
mean  Median  Minimum  Maximum  SD 

 9  None  0.27  0.17  0.19  0.03  0.89  3.0 
 1  Mild  1.32  1.32  1.32  1.32  1.32  NA 
 4  Mild to moderate  33.49  11.51  10.11  2.21  111.53  5.6 
 2  Moderate  15.68  15.68  15.68  15.68  15.68  0 
 2  Moderate to severe  58.04  22.52  58.04  4.55  111.53  9.6 
 1  Severe  111.53  111.53  111.53  111.53  111.53  NA 

   a The toxin concentration for a specimen is calculated based on the time for a 50 % nCI drop 
after addition of specimen to the cells and the formula  y  = 4.6715 x  − 0.5659 (Fig.  8.4 ).  NA  not 
applicable. Cell responses were monitored on the RTCA system for up to 48 h after addition 
of processed specimen  

  Fig. 8.6    Monitoring treatment of  C. dif fi cile  infected patient by quantitatively detection of  C. 
dif fi cile  toxin. Stool samples were collected from a  C. dif fi cile  infected patient at the time before 
the treatment was initiated (day 0), 6 h, 4 days, and 8 days after the treatment. The  C. dif fi cile  toxin 
was detected and quanti fi ed on RTCA system. The  y -axis shows the toxin concentration and the  x  
axis shows the time points when the sample collected       
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of the toxin through the binding of the heavy chain of the toxin to the cell surface 
receptor leads to the release of the light chain of the toxin inside the cells which 
targets the SNAP-25, VAMP/synaptobrevin, and syntoxin 1 and as a consequence, 
blocks the release of neurotransmitters  [  37–  39  ] . Animal study is the only standard 
assay for functional assessment of botulium toxin. In vitro assays including the 
mouse diaphragm assay, EIAs, immunoprecipitation assay, radioimmunoassays, 
and enopeptidase assays have been developed to replace the animal study. However, 
due to the drawback of nonfunctional nature of these assays, it is dif fi cult to predict 
whether the toxin is functional or nonfunctional inside the cells  [  40  ] . 

 Attempts have been made to develop reliable cell-based assays to conduct func-
tional assessment. Preliminary cell detection was performed on RTCA system  [  41  ] . 
In this study, cytological effect of botulinum toxin on CNS cell lines, A172 glioblastoma 
cell line, and SH-SY5Y neuroblastoma cell line can be detected. Cells were treated 
with botulinum toxin at a concentration of 6.67  m g/ml, and the effect was continu-
ously monitored on RTCA system. Since botulinum toxin can have a complex effect 
on the cells, including binding to cell surface receptors, uptake, processing, and 
prevention of synaptic vesicle anchoring to the cell membrane, the underlying cel-
lular mechanisms responsible for the cellular processes after toxin treatment remain 
unknown and need to be studied further. We believe that the quantitative detection 
of botulinum toxin effect on CNS cells by the RTCA system has the potential of 
replacing the required animal test and further studies are warranted to improve the 
assay sensitivity and determine the extent of correlation with LD 

50
  data derived 

from animal testing.  

   Detection of Meningococcal Infection 

 Interaction of meningococcus ( Neisseria meningitidis ) with host cells leads to 
physiological and pathological changes of the host cells, some of which are critical 
and required for bacterial infection. For example, the infection of  N. meningitidis  
results in brain microvascular endothelia cell detachment from matrix leading to 
disruption of the blood–brain barrier (BBB), and interestingly, the direct cell–cell 
contact is required for  N. meningitidis  to induce such host cell response  [  42  ] . The 
bacterial cell surface proteins such as the lipopolysaccharide (LPS), the polysaccha-
ride capsule and the outer membrane protein Opc are considered to be the virulence 
factors. Slanina et al. recently reported using the RTCA system to measure responses 
of brain endothelial cells infected both by pathogenic  N. meningitidis  and apatho-
genic  Nesseria  spp. strains  [  43  ] . In this study, human brain microvascular endothelial 
cells (HBMEC) were seeded into gelatin-coated wells (50,000 host cells/well) of 
the E-Plate, and cells were then infected with the bacteria at different doses (multi-
plicity of infection or MOI) followed by real-time monitoring of cellular responses 
to the infection. A unique kinetic response curve was reported, which showed a 
signi fi cant increase of nCI immediately after addition of the bacteria followed by a 
dramatic drop of nCI. The peak of nCI increase and the onset of nCI drop resulting 
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from cells rounding up or detachment were correlated well with infection dose of 
 N. meningitidis . The higher the MOI the higher the nCI peak is and faster nCI 
drops. The unique kinetic pattern resulted speci fi cally from HBMEC in response to 
 N. meningitidis  infection but not the bacterial cells since the bacteria only in the 
wells did not produce such pattern. To address whether the kinetic pattern was 
correlated with the pathogenesis of  N. meningitidis , the authors tested 14 apatho-
genic strains and found that cellular responses were minor, and kinetic patterns 
were very different from the pathogenic strain. Therefore, kinetic pattern in response 
to  N. meningitidis  generated from RTCA system may provide virulence assessment 
of  N. meningitidis  infection.   

   Virus-Induced CPE and Neutralizing Antibody 
Detection on RTCA System 

 Microscopically visible changes on the cells after virus infection include cell 
shrinkage or enlargement, deterioration, cell fusion, and the formation of small 
particles called inclusion bodies. Not all viruses cause CPE in their host cell, but 
when they do, it can be a useful tool for identifying or diagnosing a virus in the labo-
ratory. Typically, a thin, single layer of cells, called a monolayer, is inoculated with 
a virus specimen and observed for morphological changes. The unique adaptation 
of the RTCA system to CPE assay was described in recent studies to quantitatively 
monitor virus-induced CPEs and neutralizing antibodies speci fi c to viruses  [  15–  17  ] . 
The examples given below include those applications for West Nile virus, St. 
Louis encephalitis, in fl uenza virus, and Hand-foot-mouth virus ,  as well as speci fi c 
neutralizing antibodies. 

   West Nile Virus and St. Louis Encephalitis Virus CEP 
and Neutralizing Antibody Detection 

 West Nile virus (WNV) and Louis encephalitis virus (SLEV) are closely related 
antigenically and classi fi ed within the Japanese encephalitis virus serocomplex 
within the genus Flavivirus in the family Flaviviridae. Both viruses are maintained 
and ampli fi ed within Culex-passerine bird cycle that intermittently spills over to 
induce equines and humans that suffer variable symptoms and disease, but are dead-end 
hosts for these viruses  [  44,   45  ] . Human disease caused by these two viruses varies 
clinically and is frequently confused with in fl uenza viruses. Disease onset typically 
occurs after peak viremia, making clinical diagnosis dif fi cult and requiring laboratory 
con fi rmation by serology  [  46,   47  ] . Both viruses grow well on a variety of mosquito, 
avian, and mammalian cell cultures, and measurement of viral concentration is 
quanti fi ed by counting plaque forming units (PFU) on cell monolayers of 
African green monkey kidney or Vero cells. This method is slow, time-consuming, 
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and dif fi cult to measure in real time. RTCA system was used to monitor CPE in 
Vero cell cultures induced by West WNV and SLEV at infectious doses ranging 
from 10 1  to 10 6  PFU of virus. A kinetic parameter characterizing virus-induced 
CPE, CIT 

50
 , time to 50 % decrease in cell impedance, was inversely proportional to 

virus infectious dose. In WNV-infected cells, the onset and rate of CPE was earlier 
and faster than in SLEV-infected cells, which was consistent with viral cytolytic 
activities (Fig.  8.7 ). A mathematical model simulating impedance-based CPE kinetic 
curves indicated that the replication rate of WNV was about three times faster than 
SLEV  [  15  ] . The RTCA system also was used for quantifying the level of cell protec-
tion by speci fi c neutralizing antibodies against WNV and SLEV. The onset of WNV 
or SLEV-induced CPE was delayed in the presence of speci fi c antisera and the delay 
in the ClT 

50
  was well correlated with the titer of the neutralizing antibody as mea-

sured independently by plaque reduction neutralization test (PRNT) (Fig.  8.8 ). This 
assay was also employed to detect serum samples from infected birds in the  fi eld 
and very good correlation was reported between the result obtained from RTCA 
system and conversion PRNT. In this study, the authors also used the time of the 
delay of the onset of CPEs (CIT50) to a standard antibody dose curve and deter-
mined the neutralization antibody titer without performing serum titration  [  15  ] . The 
results demonstrated that RTCA system can provide a high-throughput and quanti-
tative method for real-time monitoring of viral growth in cell culture and its inhibi-
tion by neutralizing antibodies.    

  Fig. 8.7    Real-time monitoring of ( a ) WNV and ( b ) SLEV-induced CPE on Vero cells. Normalized 
cell index plotted as a function of time in hours post infection for E-wells inoculated with different 
plaque forming units (PFU) of virus and control (ctrl) wells without virus addition. The curve is an 
average of two independent replicate wells. The horizontal line depicts the 50 % point in the 
decline of the CI value. The intersect of the horizontal line and cell index response curve corre-
sponds to the CIT50. CIT50 values were regressed as a function infectious dose in log 10 PFU. 
Goodness of regression  fi t to experimental data is shown by  R  2        
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   In fl uenza Virus and Neutralizing Antibody Detection 

 RTCA was also used for in fl uenza A virus detection  [  48  ] . Recently, this technology 
was successfully applied for quantitative measurement of in fl uenza A H1N1 strain-
induced CPE , which is a pandemic in fl uenza strain  fi rst isolated in Mexico and that 
caused a global outbreak in 2009. To conduct the RTCA on H1N1 virus-induced 
CPE on MDCK cells using RTCA system, 10,000 cells (early stationary phase) 
were infected with H1N1 virus isolated from a H1N1-infected patient. The concen-
tration of the virus was determined by real-time PCR. A decline of CI indicated the 
cells dying as a consequence of H1N1 virus replication in the cells and onset of CPE 
(the time of cell index drop in the infected cells) was linearly correlated well with 
infection doses of H1N1 virus (Fig.  8.9 ). Furthermore, consistent with WNV infection, 
onset of H1N1-induced CPE can be delayed in the presence of neutralizing antibody 

  Fig. 8.8    Quantitative detection of WNV neutralizing antibody titer using real-time monitoring of 
virus-induced CPE. Virus-induced CPE kinetic pattern of Vero cells presented with 106 PFU of 
WNV incubated with different titers of conspeci fi c neutralizing antibody; control (ctrl), no infec-
tion. The  cross line  indicates the 50 % decline of CI value. Linear regression between CIT50 value 
and the WNV PRNT antibody titer was signi fi cant between 1:20 and 1:320. Antibody values are 
the reciprocal of the endpoint PRNT titers       
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  Fig. 8.9    Quantitative detection of H1N1 virus-induced CPEs in MDCK cells. The kinetic curves 
recorded by real-time monitoring of H1N1 virus-induced CPEs on MDCK cells ( left panel ) at 
different concentrations as indicated. Normalized cell index plotted as a function of time in hours 
after infection of the virus. The solid line curves are the curves recorded from infected cells, the 
dot line curves are the curves simulated from a mathematic model created to quantify the infection 
of virus-induced CPEs on RTCA system  [  22  ] . The logarithmic numbers indicate the TCID 

50
  units 

of virus used for infection. The control (ctrl) indicates the cells without viral infection. The good 
linearity of quantitative measurement of H1N1-induced CPE was calculated by using the time at 
50 % drop of CI ( right panel )       
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speci fi c to H1N1, and such delay was also quantitatively correlated with antibody 
concentration or titers. The higher the titer or activity of the neutralizing antibody 
the more profound the delay of the onset of H1N1 virus-induced CPE. The ability 
to quantitatively measure neutralizing antibody activity on RTCA system can allow 
for evaluating the success of vaccination of H1N1 vaccine in human population. 
Samples of 123 human subjects vaccinated with the virus strain A/California/07/2009 
(H1N1) were tested on RTCA system. For each subject, three samples from differ-
ent times (day 0, day 7, and day 21) were collected and the seroconversion and 
neutralizing activity against the H1N1 virus were monitored on the RTCA system 
(Fig.  8.10 )  [  16  ] . According to hemagglutinin-inhibition antibody titers of 1:40 or 
more, 67.48 % of vaccinated subjects showed neutralizing antibody positive on day 
7 post-vaccination, and on day 21, 82.11 % of subjects scored positive for the neutral-
izing antibody  [  17  ] . For neutralization assays, all subjects could be ensured that 
they obtained the immune protection against wide in fl uenza virus. Moreover, the 
rates of seroconversion, as measured using hemagglutinin-inhibition assays and 
neutralization assays, were 73.98 and 91.87 % of subjects, respectively. This result 
indicates that the vaccination was successful. Although, the result obtained from 
the neutralizing antibody test agreed with that from HI test, the seroconversion rate 
using neutralizing antibody detection is slightly lower than the seroconversion 
rate using standard HI test, indicating that the HI activity against H1N1 might not 
be necessarily related to the neutralizing activity.    

  Fig. 8.10    Neutralizing antibody activity measurement in H1N1-vaccinated human subjects using 
real-time monitoring of virus-induced CPE on RTCA system. Samples of two human subjects 
from different days after vaccination were tested for neutralizing activity against H1N1 virus challenge. 
In samples from day 0 (before vaccination), no protection can be seen showing the CPE onset simi-
lar to virus control. Sample #2 (S#2) at day 7 showed signi fi cant delay of H1N1-induced CPE 
indicating the presence of speci fi c neutralizing antibody against H1N1 virus, and in contrast, 
Sample #1 (S#1) at day 7 showed no effect on the onset of H1N1 virus-induced CPE. At the day 
21, both samples (S#1 and S#2) showed complete protection against H1N1-induced CPE indicating 
both subjects developed neutralizing antibody against H1N1 virus after vaccination       
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   Hand-Foot-Mouth Virus Detection 

 Hand, foot, and mouth disease (HFMD) is a common viral illness in infants and 
children. The disease causes fever and blister-like eruptions in the mouth and/or a 
skin rash. HFMD is caused by viruses that belong to the enterovirus genus (group). 
This group of viruses includes polioviruses, coxsackieviruses, echoviruses, and 
enteroviruses  [  49  ] . Enteroviruses, including enterovirus 71 (EV71), have also been 
associated with HFMD and with outbreaks of the disease  [  50,   51  ] . As described 
above, we evaluated RTCA system for detection of EV71-induced CPE of in RD 
cells (Fig.  8.11 ). The RD cells cultivated in E-Plates were infected with EV71 at 
serially diluted concentrations ranging from 1:10 2  to 10 8  dilution of a viral stock. 
The EV71-induced CPEs were then monitored in real time on the RTCA system as 
shown in the Fig.  8.11 , and an infected dose-dependent kinetic curve can be clearly 
seen. The higher the dilution of the viral stock is, the longer the onset of CPE (nCI 
drop). Interestingly, a good quantitative curve can also been generated by using the 
time of 50 % drop of nCI (Fig.  8.11 ).    

   Helminth Motility and Egg Hatching Activity on RTCA System 

 Billions of people are infected with helminths in developing countries, resulting in 
many thousands of deaths annually. Parasitic worms cause untold morbidity and 
mortality of billions of people and livestock worldwide  [  52  ] . Drugs are available but 
resistance is problematic in livestock parasites and is a looming threat for human 
helminths. Currently, new drug discovery and resistance monitoring is hindered as 
drug ef fi cacy is assessed by observing motility or development of parasites using 
laborious, subjective, low-throughput methods evaluated by using low throughput 
techniques such as visualization by light microscopy. Recently, a group of Australian 
researchers utilized the RTCA system to develop a novel application that can simply 
and objectively assess real-time antiparasite ef fi cacy of drugs on eggs, larvae, and 
adults in a fully automated, label-free, high-throughput fashion (Fig.  8.12 ). This 
technique overcomes the current low-throughput bottleneck in anthelmintic drug 
development and resistance-detection pipelines. The widespread use of this device 
to screen for new therapeutics or emerging drug resistance will be an invaluable 
asset in the  fi ght against human, animal, and plant parasitic helminths and other 
pathogens that plague our planet.  

 The motility of all helminth species and developmental stages were assessed 
using an RTCA system that monitors cellular events in real time without the 
incorporation of labels by measuring electrical impedance across interdigitated 
microelectrodes integrated on the bottom of tissue culture E-Plates  [  19  ] . 

 Because the RTCA system measures changes in worm motility with a high level of 
precision, it is widely applicable to a range of helminth species and developmental 
stages. While this technique was used only for the species herein (Table  8.2 ), it is 
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highly likely that any motile developmental stage from any species that will rest at 
the bottom of a 96-well microtiter plate can be monitored using minor adaptations 
of the techniques that we describe here. The ability to directly assess multiple devel-
opmental stages for susceptibility to a drug or other intervention is a distinct 
advantage. For example, PZQ is much more effective against the adult stage of 
 S. mansoni  than it is against the schistosomulum, the developmental stage that is 
usually the focus of in vitro drug assessments.  H. contortus  displays drug suscepti-
bility differences between infective larval and adult stages, which poses a problem 
for drug screening and resistance detection that can be overcome by utilizing the 
RTCA assay for assessing motility of adult worms.   

  Fig. 8.11    Quantitative detection of EV71 virus-induced CPEs in RD cells. The kinetic curves 
obtained by real-time monitoring of EV71-induced CPEs in RD cells ( top panel ) on RTCA system. 
Normalized cell index was plotted as a function of time in hours after infection of EV71 virus at 
different concentrations as indicated by logarithm of TCID 

50
  units and control is the cells without 

infection. The good linearity ( R   2   = 0.986) of quantitative measurement of EV71-induced CPE was 
calculated by using the time at 50 % drop of CI ( bottom panel )       
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   Host Immune Function Assessment on RTCA: 
Nature Killer Cells and T Cells 

   Natural Killer Cell Function Assessment 

 Natural killer (NK) cells are considered the major cytotoxic effector cells of innate 
immunity. NK cells are de fi ned by their ability to kill cells displaying a foreign Ag 
(e.g., tumor cells or cells infected with virus or microbes) regardless of MHC type 
and regardless of previous sensitization (exposure) to the antigens. Some NK cells are 

  Fig. 8.12    RTCA unit differentiates between live and dead parasites from different developmental 
stages using the cell index readout. Panel ( a ): Micrograph of adult  Ancylostoma caninum  
hookworms—females in the top two wells and magni fi ed image on the  left , and males in the 
bottom two wells. Note the gold circular electrodes covering the base of the E-Plate in the magni fi ed 
image. Panel ( b ): Cell index output generated by a single adult female  A. caninum  with and with-
out exposure to thiabendazole (TBZ)*. Panel ( c ):  Haemonchus contortus  L3 cell index output in 
the presence of varying amounts of levamisole (LEVA)*. Panel ( d ):  H. contortus  egg hatching in 
the presence of varying amounts of TBZ—curves show the average of duplicate experiments. Note 
that increasing drug concentrations result in less egg hatching and a corresponding lesser cell index 
output. *The cell index numerical value is not relevant to this analysis—the curves have been 
manually repositioned to assist with visualization of the data. The amplitude within each curve is 
the important feature of the data for this experiment       
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   Table 8.2    Summary of IC50 values for a range of drugs and developmental stage of parasitic 
helminthes as measured by RTCA   

 Parasite  Drug 
 IC 

50
  

(ng/ml) 
 95 % CI 
(ng/ml) 

 Time to stable 
IC 

50
  (h) 

 Previous data (95 % CI) 
(ng/ml) 

 Female  A. caninum  a   TBZ  13.4  6.3–28.5  6  Unknown 
  S. mansoni  adult pairs  PZQ  188  161–221  48  Varies depending on 

methodology 
  S. ratti  L 

3
   IVM  174  103–296  4  1,032 (946–1,204) 

(Kotze et al. 2004) 
  H. contrortus  L 

3
  

IVM-resistant strain 
 IVM  310  240–390  24 b   2,950 (1,910–4,550) 

(pers. Comm. 
Andrew Kotze 2010) 

 IVM-sensitive strain  280  230–330  1,040 (860–1,250) 
   (Kotze et al. 2006) 

 LEVA-resistant strain  LEVA  1,710  1,480–
1,990 

 6 c   24,000 (1,810–3,200) 
(pers. Comm. 
Andrew Kotze 2010) 

 LEVA-sensitive strain  410  380–440  20,000 (1,890–2,110) 
(pers. Comm. 
Andrew Kotze 2010) 

  H. contortus  eggs 
(TBZ-resistant 
strain) 

 TBZ  704  525–946  12  4,400 (3,980–4,870) 
(Kotze et al. 2009) 

   a Male hookworms were successfully tested but too few worms were available to calculate IC 
50

  
values 
  b IVM-resistant strain does not show signi fi cant IC 

50
  difference after stabilization (24 h), but does 

show a signi fi cant difference up to 12 h (minimum  p  < 0.01) 
  c Signi fi cantly different to sensitive strain at all time points (minimum  p  < 0.01) 
 doi:  10.1371/journal.pntd.0000885.t001      

probably derived from TC cells (CTLs), but they do not display T cell markers  [  53  ] . 
NK cells can be activated by IL-2 and gamma IFN  [  54  ] . Natural Killers lyse cells in 
the same manner as CTLs, which require cell-to-cell contact mediated by the pair-wise 
recognition between multiple NK cell receptors present on the surfaces of effector 
and target cells  [  55  ] . In other cases, some NK cells have receptors for the Fc domain 
of IgG and so are able to bind to the Fc portion of IgG antibody on the surface of a 
target cell and release cytolytic components that kill the target cell. This mechanism 
of killing is referred to as antibody-dependent cell-mediated cytotoxicity (ADCC). 
NK cells play an important role in defending against microbial and viral infections 
and therefore functional assessment of NK cell activity greatly helps in the diagno-
sis and prognosis of microbial and viral infections. Various methodologies have 
been developed to measure cell-mediated cell death. Most in vitro assays are based 
on quantifying cytoplasmatic constituents (labels or naturally occurring compounds) 
that are released to the extracellular compartment as a result of plasma membrane 
disintegration. The prototypic experimental setup employs targets cells loaded with 
a compound that is retained in the cytoplasm. The  51 Cr release assay is widely used 
for in vitro measurement of cell-mediated cytotoxicity  [  56  ] , but the radioactive 
materials and non-kinetic readouts of the analysis have signi fi cantly limited the 
applications for functional assessment in clinical laboratories. 

http://dx.doi.org/10.1371/journal.pntd.0000885.t001
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 RTCA system has been used to detect NK cells-mediated cytotoxic effect  [  57,   58  ] . 
Unlike the conventional assay, the assay developed on the RTCA system does not 
require any labeling process and dynamically monitors the cytotoxic effect of NK 
cells in target cells. In the reports by Glamann et al.  [  57  ] , a human breast cancer cell 
line, MCF-7, was used as the target cell for measuring NK-mediated cell killing. 
MCF-7 cells are adherent cells, and the cell attachment on the electrodes leads to 
increase in CI. In contrast to the adherent cells, the suspended NK cells cause minimum 
CI increase when they were added to the wells in the E-plate where the target cells 
(MCF-7 cells) were cultured. Therefore, the CI changes after addition of effector, NK 
cells are mainly contributed by target cells. There was a clear discrepancy between 
CI and number of viable cells during the  fi rst hours of NK cell killing. At 2.5 h the 
CI decreased by 60 % (effector:target cell ratio 5:1) and 80 % (effector:target cell 
ratio 20:1), whereas the [3H]thymidine amount was lowered only by 10–15 % for 
both ratios as determined. The loss of radioactivity did approach the decline of CI 
with time, but it took many hours (6 h) before there was a match, indicating the 
RTCA assay was more sensitive than a [3H] thymidine-based cell viability assay. In 
another study  [  58  ] , a murine NK cell line and a murine target cell line, NIH 3T3 
were used. The target cells were seeded in the wells of 96-well E-plate at 5,000 
cells/well and cell growth was continuously monitored on RTCA system. When the 
cell growth reached the logarithmic phase, the effector cells added at different E:T 
ratios (30:1, 15:1, and 7.5:1) and the NK cell-mediated cytolysis was dynamically 
monitored on the RTCA system A signi fi cant decline of nCI was seen in the wells 
where the mNK cells were added (Fig.  8.13 ). In this study, a control cell line, Yac 
cell line was also used to determine the speci fi city of NK cell killing. When the Yac 
cells, a T lymphocyte line without cytolysis function, were added to the target cells, 
no signi fi cant cytolysis effects were seen in E:T ratio at 15:1 and 7.5:1. However, 
when the Yac cells were overloaded to the well (30:1), the decline of CI can be seen 
only after 20 h, and such decline of CI mainly resulted from the nutrition depletion 
in the well (Fig.  8.11 ). Therefore, the appropriate E:T ratios are needed to be selected 
before the assay can be used for NK cell function assessment. RTCA system also 
could be used to measure ADCC. A431 is a known ADCC target using human anti-
bodies speci fi c for the EGF-R. The values of CI 10 h after addition of NK cells were 
used to construct a dose–response curve, which gave a 50 % effective concentration 
for Erbitux of 1.3 ng/ml. This result is consistent with previous report  [  59  ]  with the 
51Cr labeling assay in the same cell line with another human antibody against EGF-R.   

   T Cell Surface Receptor Detection 

 The importance of antigen-speci fi c T cells for proper immune function is widely 
recognized  [  60,   61  ] . T cell receptor numbers and ratios are commonly used to 
assess disease status and progression as well as monitor treatment  [  62  ] . In certain 
disease states where nonfunctional T cells are present  [  63,   64  ] , enumeration of 
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antigen-speci fi c T cells may yield only a partial picture of the disease. A cell-based 
assay is an added tool to de fi ne functional T cells. Flow cytometry is a standard 
clinically approved method used to quantitate antigen-speci fi c T cells and can also 
be used for a functional readout (i.e., cytokine production). However, this assay 
still requires lysis/ fi xation, permeabilization, and labeling steps. We demonstrated 
that by coating the wells of the E-Plates with functional anti-CD3 or anti-CD28 
antibodies, activation of the T cell receptor complex, which leads to cell adhesion, 
was re fl ected as an increase in cell index (Fig.  8.14 ). Co-stimulatory molecules 
such as CD28 activate secondary signaling cascades, allowing the cell to prolifer-
ate through release of interleukin-2  [  65  ] . Upon co-stimulation of the T cell recep-
tor complex with CD28, there was an increase in cell index over that of either 
anti-CD3 or anti-CD28 antibody alone (Fig.  8.14 ). Note that the peak response 
does not occur at the same time and is readily distinguished and quantitated in a 
real-time format with kinetic monitoring.    
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  Fig. 8.13    Dynamic monitoring of mouse NK cell (mNK) cytolysis of target cells using the RTCA 
system. NIH3T3 cells (target cells) were seeded in the wells of E-plate and mouse NK cells, or Yac 
cells (T cells without NK function) and media alone were added at the indicated time point (arrow) 
at different E/T ratios as shown. The viability of target cells was continually monitored using the 
RTCA system (Top panel) in the wells in the presence of NK, Yac, media control for 20 h in real 
time. At the end of the experiment (20 h), the wells of the E-plates were washed,  fi xed in methanol, 
and stained with Giemsa dye, and the target cells. The wells were visualized and photographed 
using a light microscope connected to CCD camera. The  bar graph  shows the Normalized Cell 
Index at 14 h of treatment       
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   Perspectives 

 Cellular analysis is not a new laboratory procedure. Clinical diagnostics using cells 
and tissues is one of the oldest laboratory medicine disciplines which had changed 
little until recently. What is new, however, is the myriad of combinations of cell-
based assays and technologies. As discussed in this chapter, a microelectronic sensor-
based cellular analysis technology was developed allowing for real-time monitoring 
kinetic cellular processes. Notably, the kinetic responses of cells to the microbial and 
viral infections make the quantitative and functional assessment possible and can 
hardly be achieved by conventional cell-based assay systems. Although the clinical 
applications of RTCA system and related platform technologies remain to be further 
explored, the value in diagnostics of the microbial and viral infections and guidance 
of treatments for complex diseases in a functionally relevant setting have been dem-
onstrated both for pathogen detection and host immune system assessment. Assays 
based on RTCA technology may become widely utilized in clinical diagnostics of 
microbial and viral infections and in assessment of host immune functions. 
Furthermore, a new map of cell diagnostics based on RTCA technology will be 
created to cover the assay systems that are highly diversi fi ed and involve several 
laboratory disciplines, including not only microbiology but also hematology, histol-
ogy, cytology, tissue transplant medicine, and most recently cell therapeutics. The 
evolution of cell research and cellular analysis technologies has turned cell-based 
diagnostics into a melting pot of clinical diagnostics and technologies.      

  Fig. 8.14    T Cell activation and adhesion using the RTCA system. Wells of the E-Plate were 
coated with functional antibodies for CD3, CD28, or IgG overnight at 4 °C. After washing the 
E-Plates with PBS, media was added for background measurement, followed by the addition of 
250,000 Jurkat cells per well. Activation and adhesion of Jurkat cells was monitored every 3 min 
for 4 h ( left panel ). Peak Cell Index responses upon activation by CD3, CD28, CD3 + CD28, or IgG 
are summarized from the data in  right panel        
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         Introduction 

 Bacteria produce a wide array of complex lipids and fatty acids. Both fatty acids and 
complex lipids can vary in chain length, number and position of functional groups, 
and number and position of double bonds. As early as 1963, the analysis of cellular 
fatty acid (CFA) for the purpose of bacterial identi fi cation was introduced by Abel 
et al. and Kaneda  [  1,   2  ] . The variability of fatty acid structure in bacteria has led to 
the characterization of over 300 bacterial fatty acids and related compounds  [  3  ] . 
These fatty acids and related compounds range from relatively polar lipids found in 
bacterial membranes to more complex lipids found in lipooligosaccharides and 
lipopolysaccharides. Other fatty acids are components of highly specialized lipids, 
such as the mycolic acids, found in  Mycobacteria ,  Nocardia , and related genera. 
Specialized methods have been developed for detailed analysis of fatty acids and 
related lipids. These methods have aided efforts in bacterial classi fi cation yielding 
both qualitative and quantitative analysis of speci fi c fatty acids and their constituent 
components. Such methods have provided the basis for bacterial identi fi cation and 
taxonomic classi fi cation and continue to be used by many laboratories as an inex-
pensive and rapid screening tool or as an ancillary test to other standard bacterial 
identi fi cation methods. More recently, CFA analysis has been used to identify 
bacterial agents of bioterrorism  [  4  ] . 

 The following sections describe the basic principles of CFA analysis, currently 
available testing platforms for bacterial identi fi cation, speci fi c identi fi cation of 
bioterror agents, use of mycolic acid analysis for mycobacterial identi fi cation, 
potential for rapid susceptibility testing, and advantages and disadvantages versus 
other identi fi cation technologies currently in use.  
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   General Principles and Methods of Cellular Fatty Acid Analysis 

 In bacteria, fatty acids are primarily found in the phospholipids of the cell mem-
brane, the Lipid A component of LPS (gram-negative organisms), lipoteichoic acid 
(gram-positive organisms), or mycolic acids in aerobic Actinomycetes. So speci fi c 
are the fatty acids contained within some of the larger lipids that the presence or 
absence of a particular chemical species can be indicative of a gram-negative or 
gram-positive organism. For instance, hydroxy fatty acids, such as 10:0 3OH, 12:0 
3OH, and/or 14:0 3OH, are derived from LPS, which indicates a gram-negative 
organism, whereas the absence of LPS and hence the absence of hydroxylated fatty 
acids are indicative of a gram-positive organism  [  5  ] . 

 The vast majority of bacteria synthesize fatty acids with chain lengths ranging 
from 10 to 19 carbons in length, with hexadecanoic acid being the predominant 
type. This 16 carbon, saturated fatty acid is highly conserved among bacteria. Higher 
organisms tend to have polyunsaturated fatty acids not found in bacteria. The fatty 
acids of gram-negative bacteria tend to have a higher proportion of straight-chain, 
saturated and monounsaturated cellular fatty acids comprising even numbers of car-
bon atoms. Gram positives (e.g.,  Bacillus  spp. and  Staphylococci ) tend to have satu-
rated, branched-chain cellular fatty acids consisting of odd numbers of carbon atoms 
with overall lower amounts of straight-chain, saturated fatty acids. Other organisms 
have both straight-chain and unsaturated cellular fatty acids ( Streptococci  and 
coryneforms). In contrast, eukaryotic cells of humans and fungi typically lack the 
branched-chain and cyclopropane-containing fatty acids found in bacteria  [  5  ] . 

 Preparation of samples for CFA analysis begins with hydrolysis of whole-cell 
fatty acids forming sodium salts followed by methylation of the CFA esters. 
Although various procedures have been utilized over time, the most commonly 
used procedure involves a four-step process in sample preparation. Initially, cells 
are harvested (approximately 20 mg wet weight) off speci fi c solid media from an 
area of the plate which represents log phase growth. Typically plates are incubated 
for 24 h (±2 h). It is important to note that the quantitative CFA composition of 
bacteria can vary depending on both culture conditions, including temperature and 
the type of media used  [  6–  8  ] . Thus when utilizing such methods for routine bacte-
rial identi fi cation, it is important to insure that standardized and validated growth 
conditions including the use of commercially available media are met before under-
taking any CFA analysis. Once harvested, fatty acids are saponi fi ed using a sodium 
hydroxide–methanol solution for 30 min at 100 °C. The saponi fi cation breaks cova-
lently linked fatty acids from cellular lipids and the application of heat accelerates 
the process. The free fatty acids are then methylated using hydrochloric acid and 
methanol at 80 °C for 10 min followed by extraction into an organic solution of 
hexane and methyl  t -butyl ether for 10 min. Once these steps have been completed, 
extracts are washed with aqueous sodium hydroxide for 5 min and transferred to 
vials for analysis by gas liquid chromatography (GLC). Sample preparation requires 
roughly an hour.  
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   CFA Testing Platforms for Bacterial Identi fi cation 

 CFA analysis has been in use for more than 50 years for bacterial identi fi cation  [  9  ] . 
Initial systems relied on manual rather than automated operation. The most 
common GLC technology currently in use is fully automated and utilizes fused 
silica capillary columns which allow for extremely small injection volumes 
(Sherlock ®  Microbial Identi fi cation System, MIDI, Newark, Delaware). Fatty acids 
ranging from 9 to 20 carbons (9:0 to 20:0) are identi fi ed and quanti fi ed. A calibra-
tion standard (MIDI) consisting of saturated (9–20 carbons) and additional hydroxy 
fatty acids is used to monitor the quality control and performance characteristics of 
the assay. For each peak eluting from the column, retention times are calculated and 
converted to equivalent chain length (ECL) which is used in turn for fatty acid 
naming. Each fatty acid pro fi le is then compared to a library database containing 
greater than 100,000 entries from strain collections obtained from around the world 
 [  10  ] . This is an important consideration since geographic bias is possible given that 
microbes occupy a wide variety of environmental conditions. In addition, for each 
species or subspecies, approximately 20 or more strains of each species tested were 
included in the analysis to allow for strain-to-strain variation  [  10,   11  ] . The particular 
fatty acid pro fi le of an unknown organism is compared with the mean fatty acid 
composition of the strains used to create the library entry or entries listed as its 
match. The resulting similarity index represents the relative distance from the popu-
lation mean for a given species. Thus, an exact match between two pro fi les would 
yield a similarity index of 1.0. Currently available libraries include a large number 
of bacterial genera and species including aerobic bacteria (192 genera; >700 spe-
cies), anaerobic bacteria (92 genera; >500 species),  Mycobacteria  (>31 species), 
and bacterial agents of bioterrorism ( fi ve genera; six species)  [  10  ] . In addition, a 
rapid sample preparation method is also available designed to identify environmental 
aerobes and yeast in less than 15 min from pure culture  [  10  ] .  

   Library Expansion and Fatty Acid Polymorphisms 

 As our ability to recover and identify new organisms or subspecies or strain varia-
tions within the same genus increases, it will become extremely important that stan-
dardized culture conditions are being used to routinely expand current library entries 
and databases now in use for identi fi cation. It is important to recognize that discrep-
ancies in identi fi cation may occur as a result of variation in the similarity index, and 
may also re fl ect poorly de fi ned library entries (i.e., too few representative strains). 
Discrepancies in identi fi cation may also occur due to organisms which are very 
closely related biochemically and genetically. 

 However, the fatty acid composition of all strains within a species is not neces-
sarily homogeneous. For example, the CFA pro fi le of  Francisella  spp. is distinctive. 
The predominant fatty acids are C10:0 (22 %), C14:0 (15 %), C16:0 (18 %), 3 OH 
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C18:0 (17 %), and the somewhat unusual C22:0, C24:0, and C24:10  [  12  ] . In a study 
conducted by Clarridge et al., all strains analyzed were named  Franciscella tularen-
sis  by the database in use, yet the pro fi les were different enough to separate the 
strains into three closely related groups  [  13  ] . A second study illustrated this same 
 fi nding with Yersinia spp. in which all species tested had the following fatty acids: 
12:0, 14:0, 3-OH-14:0, 16:0, 16:1v9cis, 17:0-cyc, and 18:1v9trans indicating that 
the overall fatty acid composition between strains and species was very homoge-
neous  [  14  ] . However, when ratios for speci fi c fatty acids were examined more 
closely (12:0/16:0 and 14:0/16:0) it was determined that the genus  Yersinia  could be 
separated into three distinct clusters, the last of which contained  Y. pestis  and  Y. 
pseudotuberculosis   [  14  ] . Findings such as these indicate that just like genetic poly-
morphisms, fatty acid polymorphisms may occur within each genus and species and 
also between strains. The presence of such polymorphisms may lead to dif fi culties 
in interpretation if they are not represented in the currently used database. Such 
issues can be overcome by inclusion of additional strains of a given species which 
may broaden the fatty acid pro fi le and provide more precise separation from other 
taxonomically similar organisms.  

   Identi fi cation of Agents of Bioterrorism and Other Select Agents 

 The recent threat of bioterrorism has resulted in development of technologies which 
can rapidly detect and identify select bacterial agents. With regard to CFA analysis, 
it was recognized early on that speci fi c select agents had unique fatty acid pro fi les 
versus other species within the same genus  [  15,   16  ] . In fact, CFA analysis was 
used to identify  Burkholderia mallei  in a laboratory-acquired infection in a micro-
biologist  [  17  ] . 

 Separation of organisms suitable for biowarfare and bioterrorism from related 
nonpathogenic species within the same genus is based upon unique fatty acid 
pro fi les between the two. For instance, in one study, 95 % of  B. pseudomallei  strains 
tested were positive for 2-hydroxymyristic acid (14:0 2OH), as compared with 0 % 
of the avirulent  B. thailandensis  strains  [  18  ] . Similarly, other agents of bioter-
rorism, such as  B. mallei and B. pseudomallei ,  Y. pestis ,  F. tularensis , and  Brucella  
spp., can also be differentiated from each other and from other members within 
each respective genus based on CFA analysis  [  13,   15–  17,   19  ] . It is very dif fi cult, for 
example, to differentiate the two closely related  Yersinia  species,  Y. pestis  and 
 Y. pseudotuberculosis , by phenotypic means alone. The fact that these two organ-
isms are genetically very close also poses dif fi culties for the use of molecular test 
methods. CFA has been shown to be a useful and alternate test method to reliably 
differentiate between these two species  [  14,   20  ] . Currently, the MIDI Sherlock 
system and the MIDI BIOTER database are approved by the AOAC International 
Of fi cial Methods of Analysis for con fi rmatory identi fi cation of  B. anthracis  
 [  10,   15  ] . The assay was also granted FDA 510(k) clearance for con fi rmation of 
 B. anthracis  which can be differentiated from  B. cereus . Furthermore, with the 
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increase in outbreaks of food-borne illnesses, CFA has been shown to be a valuable 
asset to laboratories for the identi fi cation of organisms associated with food-borne 
illnesses (e.g.,  Listeria ,  Bacillus ,  Salmonella ,  Vibrio ,  Escherichia coli ) as well as 
for identi fi cation of endospore-forming aerobic bacilli  [  21  ] . 

 A disadvantage to the use of CFA analysis for identi fi cation of bioterror agents is 
the requirement for isolates to be grown in pure culture to insure accuracy and 
reproducibility. This necessarily exposes laboratory personnel to potentially 
dangerous pathogens; thus proper training and handling of the organism(s) are of 
paramount importance.  

   Mycolic Acid Analysis for Identi fi cation of Mycobacteria 

 Mycobacteria produce unique fatty acids known as mycolic acids. Mycolic acids 
are high-molecular-weight  a -alkyl,  b -hydroxy fatty acids containing an  a -branch of 
20–25 carbons, and a primary or meromycolate chain of 50–60 carbons. The total 
combined size of these fatty acids ranges from 70 to 90 carbons. In addition, these 
large fatty acids contain a variety of functional groups and can vary in both quali-
tative and quantitative characteristics between species. This variety provides the 
basis for separation and identi fi cation of a large number of mycobacterial species 
using high-performance liquid chromatography (HPLC). HPLC rather than GLC is 
necessary for separation of mycolic acids due to their large size and complexity 
which requires the use of different columns and solvents. Initial methods required 
manual interpretation of chromatograms with eventual development of automated 
systems  [  22,   23  ] . 

 Mycolic acids are covalently linked to the cell wall arabinogalactan matrix. 
Removal of the mycolic acids requires saponi fi cation with potassium hydroxide 
(50 % w/v) which is often performed in an autoclave to accelerate the process and 
provide for the safety of laboratory personnel working with Biosafety Level III 
mycobacterial species. Once autoclaved, the organisms are killed by the procedure 
and the mycolic acids released from the cell wall. As in the case of GLC and bacte-
ria, standardized culture conditions must be used in order to permit accuracy and 
reproducibility of chromatograms. Mycobacteria are typically grown on solid 
medium such as Middlebrook 7 H10 or 7 H11 at 35–37 °C until growth is visible. 
Currently available databases have been developed which incorporate mycobacte-
rial species which require different growth conditions such as  M. haemophilum  and 
 M. marinum  (30 °C)  [  24  ] . Once autoclaving has been completed, samples are cooled 
to room temperature, acidi fi ed, and extracted into chloroform. Subsequently, 
 fl uorescently labeled derivatives of the mycolic acid methyl esters are prepared 
using a combination of 4-bromomethyl 1-6, 7-dimethoxycoumarin and crown ether. 
The  fl uorescently labeled mycolic acids are then analyzed via HPLC using a reverse-
phase column (C18) and a  fl uorescent detector. Both quantitative and qualitative 
data are captured by the instrument. The amount of mycolic acid present is related 
to the amount of light emitted and the structure of the mycolic acid is related to the 
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time of elution off the column (retention time). Analysis is performed by the software 
which utilizes retention time, peak width, and peak amount to provide a peak 
name which can then be compared to a library database in order to provide an 
identi fi cation  [  24  ] . 

 HPLC-based identi fi cation of the  Mycobacteria  provides an alternative to other 
more technically demanding and often time-consuming methodologies such as 
DNA sequencing for those laboratories which frequently encounter the species 
contained in the current library database. If the isolate cannot be identi fi ed using the 
currently available database, the testing algorithm may proceed to alternative meth-
ods such as DNA sequencing for identi fi cation. Some species of mycobacteria can-
not be separated based on mycolic acid pro fi les as their fatty acids are too similar. 
This also occurs with other technologies such as DNA sequencing in which the 
genetic sequences are too similar to allow for separation and identi fi cation. In such 
cases, identi fi cation is often reported to the species-complex level. Very often, these 
species are typically closely related in terms of both DNA and fatty acid homology 
and often share clinical signi fi cance. Common examples include the  M. tuberculo-
sis complex  and the  M. avium  complex. Other species which cannot be reliably 
separated at this time due to the closely related characteristics of the mycolic acids 
are  M. abscessus / M. chelonae  and  M. fortuitum/M. peregrinum.  Simple ancillary 
biochemical tests can often con fi rm the species identi fi cation. For instance, a positive 
citrate test would be con fi rmation of  M. chelonae  versus  M. abscessus   [  25  ] .  

   HPLC and Susceptibility Testing 

 Quantitative data extracted from the current HPLC-based identi fi cation platform 
has enabled development of a more rapid, phenotypically based susceptibility testing 
method for  M. tuberculosis  and  M. avium   [  26–  29  ] . The principle of this method 
rests on the fact that nearly 30–50 % of the dry weight of the mycobacterial cell 
comprises mycolic acids. As a result, this large proportion of mycolic acids is linearly 
related to the number of colony-forming units (CFUs) per ml of culture. The method, 
which has been standardized for all  fi rst-line drugs (isoniazid, rifampin, ethambutol, 
and pyrazinamide), is performed much as the standard identi fi cation procedure with 
a few modi fi cations. The entire incubation required for all drugs considered together 
is 72 h versus the typical days to weeks for other automated platforms and solid 
media. Hence the common name for this method is termed “RAM,”  r apid  a nalysis 
of  m ycolic acids. For each test, a standardized inoculum is prepared, and used to 
inoculate control and paired drug containing broth cultures. Samples are subse-
quently incubated for 72 h, at which time the cultures are harvested and subjected to 
the standard HPLC extraction protocol using equal volumes from control and treated 
cultures. Once the HPLC is run the resulting chromatogram provides a quantitative 
measure of the total peak height/area response of the mycolic acid peaks (TMAP). 
Values from control versus drug-treated cultures are acquired with ChemStation 
software and processed using Sherlock software for calculation of the total mycolic 
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acid pro fi le. TMAP is determined for each isolate–drug combination and compared 
to the corresponding untreated control. The resulting ratio is plotted relative to a 
standardized breakpoint of 30 % which is used for all further data analysis  [  26,   28  ] . 

 In one study, test agreement with the reference method was 99.5 % for INH, 
EMB, and PZA, and 98.7 % for RIF. Inter- and intra-assay reproducibility varied by 
drug with an average precision of 13.4 %  [  28  ] . Discernible differences in TMAP 
reductions were also noted based on the mechanism of action of individual drugs. 
For instance, the most rapid decrease in TMAP occurred in MTB treated with INH. 
This is not surprising since the INH-speci fi c mechanism of action in MTB is inhibi-
tion of mycolic acid synthesis. Thus, with a mycolic acid-speci fi c inhibitor such as 
INH, signi fi cant differences in CFU/ml are not necessary to detect susceptibility or 
resistance. However, for other drugs which do not directly target mycolic acid syn-
thesis such as RIF or PZA, or are bacteriostatic as in the case of EMB, a signi fi cant 
difference in CFU/ml is required to determine drug susceptibility using TMAP, 
requiring longer incubation times to maximize differences in CFU/ml  [  28  ] . 

 Subsequent studies have been conducted in which this same methodology has 
been applied to other mycobacterial species of medical importance including  M. 
avium . In this study, clarithromycin susceptibility testing was performed using a 
modi fi cation of the standard HPLC method previously described for  M. tuberculo-
sis . As with  M. tuberculosis , clarithromycin susceptibility and resistance was deter-
mined following 72-h incubation versus the standard 7–14 days required for the 
reference method, microbroth dilution  [  26,   30  ] . RAM concordance with the refer-
ence method for claritrhomycin susceptibility was 98 % (254/258) and 100 % for 
clarithromycin resistance (72/72). The four discordant results occurred with two 
strains, which demonstrated intermediate resistance with an MIC of 16  m g/ml  [  26  ] . 
These studies demonstrate that RAM-based susceptibility testing for determination 
of  fi rst-line drugs in  M. tuberculosis  and clarithromycin resistance in  M. avium  is 
both rapid and accurate. In both cases, a signi fi cant reduction in turnaround time 
from days/weeks to hours was realized. Currently, the RAM assay is performed 
using growth in pure culture. Smaller studies have been conducted which demon-
strate that direct susceptibility testing from smear-positive sputum is possible with 
this assay  [  31  ] . Additional improvements in mycolic acid extraction, derivatization, 
and sensitivity should streamline the assay and improve this possibility.  

   Advantages and Disadvantages of Fatty Acid-Based 
Identi fi cation Methods 

 Technological advances continue to move the  fi eld of microbiology forward with 
improvements in both detection and identi fi cation of organisms. Molecular-based 
methods such as DNA sequencing of various targets are now competing with other 
techniques for detection and identi fi cation of microorganisms. However, the single 
most perfect diagnostic method remains elusive and more often than not,  fi nal 
identi fi cation requires a combination of methods. For this reason, many clinical 



184 N. Parrish and S. Riedel

laboratories continue to use CFA analysis in conjunction with other methods such as 
biochemical testing and DNA sequencing for identi fi cation of bacterial unknowns. 
Many laboratories  fi nd CFA analysis especially helpful in identi fi cation of gram-
negative, non-fermentative organisms for which biochemical testing is not routinely 
performed. 

 As with any testing platform, there are advantages and disadvantages to be 
considered. CFA analysis requires relatively low technical pro fi ciency and can 
accommodate large numbers of unknowns per day (~40 to ~200), depending upon 
the capability of the laboratory. A technician averages about 5 min per sample to 
prepare a batch of 30 samples and because nonsubjective of fl ine tests or gram stains 
are required, the naming is highly objective and reproducible. 

 In addition, CFA analysis is relatively inexpensive to perform at a cost of less 
than $3.00 per test versus an average of >$100.00 per test for many molecular 
assays. Although the list of consumables needed for sample preparation and 
chromatographic analysis is quite lengthy, they are all stored at room temperature 
and though the initial investment for the instrument itself is not trivial, it is compa-
rable to that of other identi fi cation systems on the market. 

 CFA analysis requires growth in pure culture using standardized conditions 
negating the possibility of direct testing of patient specimens. In addition, numerous 
steps are required for sample preparation including harvesting of the bacterial 
unknown which can result in unintentional laboratory exposures. Laboratory directors 
must consider all aspects of their particular testing needs when considering imple-
mentation of not only existing technologies but emerging ones as well.      
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         Introduction 

 Rapid and accurate species identi fi cation of bacteria, fungi, and viruses is a fundamental 
requirement in clinical and food microbiology and other  fi elds of microbiology 
diagnostics. Whereas virus recognition is usually achieved within hours by either 
serological tests or genotyping approaches using various nucleic acid detection 
systems, the conventional identi fi cation of bacteria and fungi still mainly relies on 
methods that include laborious and time-consuming initial cultivation and ensuing 
isolation of the microorganism. This approach is therefore dependent on the genera-
tion time (growth) of the particular microorganism, resulting in assay durations of 
16–24 h minimum, e.g., in the case of  Enterobacteriaceae  or other fast-growing 
prokaryotes, and up to several weeks in the case of slow-growing mycobacteria and 
some fungi. Though species identi fi cation of a pure culture is achievable within 
24–48 h with various (semi-)automated systems, additional isolation steps are 
frequently necessary, which can extend the time until diagnosis by days, e.g., if the 
potential pathogen must be separated from the physiological background  fl ora. 
Realistically species assignment of a putative pathogen from a nonsterile specimen 
takes at least 2–3 days. In many areas of patient care, elapsed time until diagnosis 
may considerably reduce the therapeutic quality of care due to a lack of information 
about the infecting pathogen. Therefore, a rapid species diagnosis is of high priority 
as a focused therapy might be lifesaving for the patient  [  1,   2  ] . Similarly, a timely 
diagnosis is imperative for surveillance studies or screenings with particular demands 
during outbreak situations of foodborne pathogens or preadmission screening to 
detect multiresistant bacteria in the hospital setting  [  3,   4  ] . Both species identi fi cation 
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and resistance testing are of equal importance; however, this chapter focuses 
primarily on species identi fi cation. 

 In addition to the time required to identify an unknown species, some bacterial 
species or groups are still dif fi cult to differentiate. During the last decade molecular 
studies have raised doubts about traditional genus and species assignments, result-
ing in profound reclassi fi cations of numerous bacterial genera and species as well 
as the discovery of a large number of novel species. Furthermore, these investiga-
tions demonstrated substantial limitations of previously employed methods and the 
urgent need for the development of more reliable techniques  [  5,   6  ] . Finally, in some 
bacterial species, such as within the diverse group of gram-negative, nonfermenting 
rods, extensive reclassi fi cation as well as their nonreactive biochemical behavior 
and different colony morphologies pose further challenges in unequivocal species 
identi fi cation  [  7  ] . 

 Great efforts have been made to enhance the accuracy and the speed of species 
identi fi cation. In addition to genotypic methods that rely on DNA sequencing of 
discriminatory regions, for example 16S rRNA encoding genes in prokaryotes  [  8,   9  ] , 
various phenotype-related procedures have been developed such as cell wall analysis 
or determination of fatty acid and protein pro fi les  [  10–  12  ] , enabling a robust species 
identi fi cation that is independent from the bacterial metabolism or regulatory phe-
nomena. In addition to the ameliorated species identi fi cation, the expense per assay 
is a key issue and has to be considered. The applicability to automation plays a pivotal 
role in modern clinical laboratories and must be taken into account in addition to the 
hands-on/turn-around time and assay costs. Finally, ease and robustness of proce-
dures are prerequisites for their implementation in the clinical laboratory. In this 
context, reproducibility of results and acceptance by both the client and regulatory 
authority are essential for the establishment in a clinical laboratory. 

 Here, the power of matrix-assisted laser desorption/ionization time-of- fl ight 
mass spectrometry (MALDI-TOF MS) is demonstrated as a redevelopment that has 
evolved to revolutionize the identi fi cation of prokaryotic and eukaryotic pathogens 
in microbial laboratories during recent years. This chapter starts with a short technical 
overview about the principles of mass spectrometry, in particular MALDI-TOF MS. 
Speed, accuracy, and reproducibility of MS techniques will be compared with 
customary methods and their current limitations will be discussed. Additionally, 
an alternative MS strategy based on electrospray ionization (ESI), also suitable for 
species identi fi cation, will be introduced.  

   General Remarks on Mass Spectrometry 

 Mass spectrometry is an emerging technique that has been developed into a very 
useful tool to structurally analyze biomolecules of various substance classes, such as 
nucleic acids  [  13  ] , (glyco)proteins  [  14  ] , (glyco)lipids  [  15  ] , and others. The primary 
objective of MS lies in identi fi cation of the exact molecular mass of an isolated 
biomolecule or individual molecules such as proteins in mixture. The applicability of 
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mass spectrometry to the analysis of complex biomolecules has been greatly improved 
by introducing two soft ionization techniques—MALDI and ESI MS. Both methods 
ionize large molecules, which tend to be fragile and fragment when more conven-
tional ionization methods are applied. MALDI and ESI MS can be easily imple-
mented in a straightforward diagnostic procedure to reliably identify the genus, 
species, and, in some cases, subspecies of bacteria  [  16  ] . 

 Generally, a typical mass spectrometer is built up from three components: an ion 
source, a mass analyzer, and a detector. The ion source produces ions from the 
sample, the mass analyzer separates ions with different mass-to-charge ratios ( m / z ), 
and the numbers of different ions are detected by the detector. The resulting output 
is a mass spectrum which is displayed as a graph of the ion intensities versus  m / z  
values and consists of a number of mass spectral peaks, forming a unique pattern. 
The majority of ions generated by MALDI contain only one charge and only one 
peak is shown for each individual compound in the spectrum, facilitating data 
interpretation. Ions produced by ESI may be multiply charged resulting in consider-
ably more complex mass spectra than MALDI. Notably, signal intensities do not 
necessarily re fl ect the quantities of different sample molecules.  

   MALDI and ESI MS 

 In the past decades, several different MALDI- and ESI-based methods were devel-
oped, a few of which are nowadays applied in systems used for microbial 
identi fi cation purposes. Both methods are highly advantageous as the analyte struc-
ture is preserved due to the use of soft ionization. MALDI, invented in the 1980s 
 [  17,   18  ] , is based on UV laser ionization of the analyte (any substance up to whole 
bacterial or fungal cells), which is embedded in an appropriate matrix on a target 
plate. Matrix molecules ful fi ll several requirements that are crucial for ionization of 
the investigated biomolecules. They are of low molecular weight and low volatility 
preventing vaporization during sample preparation. Acidic matrices are useful as 
they act as proton donors that are essential for ionization of the analyte. Furthermore, 
they not only possess polar groups that enable use in aqueous solutions but also 
exhibit strong optical absorption in the UV range, so that they ef fi ciently absorb the 
energy from laser irradiation. In most cases small organic molecules, such as 
2,5-dihydroxy benzoic acid (DHB) or  a -cyano-4-hydroxycinnamic acid (CHCA), 
are used for UV MALDI and mixed in a 1,000–10,000-fold excess to the analyte 
 [  17,   19  ] . Cocrystallization of the analyte with the matrix is a another key issue in 
selecting a proper matrix to obtain a good quality mass spectrum of the analytes of 
interest. A pulsed laser-beam, usually a nitrogen UV laser (  l   = 337 nm), is  fi red 
within a vacuum at the matrix/analyte crystals that are within the dried-droplet spot 
on the target plate. The laser energy is absorbed by the matrix, which in turn is 
desorbed in an expanding plume and ionized by addition of a proton  [  20  ] . Charging 
of the analyte occurs through the transfer of protons or sodium ions to the sample 
molecules and quasimolecular singly charged ions are formed, e.g., [M+H] +  or 
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[M+Na] + , respectively (Fig.  10.1 ). After the sample and matrix molecules have 
entered the gas phase of the vacuum environment, the newly generated ions are 
accelerated in an electric  fi eld of known strength in the time-of- fl ight (TOF) analyzer. 
The TOF analyzer is a  fi eld-free  fl ight tube, where the ions can travel in a strait and 
linear direction to the detector (Fig.  10.1 ). A linear TOF spectrum is limited in 
resolution and cannot distinguish ions with similar  m / z  values. This can be partially 
corrected in a re fl ectron TOF analyzer in which ions are re fl ected by an “iron mirror” 
using an electric  fi eld, thereby doubling the ion  fl ight path and increasing the resolu-
tion (not shown). The velocity of the ions depends on the mass and the degree of 
ionization, i.e., the  m / z  ratio, and is measured as the time it takes for the ions to  fl y 
from one end of the analyzer to the other and strike the detector. The  fl ying speeds 
of ions are proportional to their  m / z  ratio and the  m / z  values versus signal intensity 
are then  fi nally drawn as the mass spectrum where the  x -axis depicts the  m / z  value 
and the  y -axis the intensity  [  19  ] . Figure  10.1  displays a schematic graphical repre-
sentation of a linear TOF MALDI mass spectrometer and an example mass spectrum 
of a sample composed of three different mass components.  

 The mathematical basis of the mass determination is the following equation:

     
2

kinE   ½ m v   z  U= = e    

with  E  
kin

  as the kinetic energy of the ions after acceleration within the electric  fi eld 
with the voltage  U . The speed  v  is determined indirectly via the TOF and the 

  Fig. 10.1    Schematic illustration of a linear UV laser MALDI-TOF mass spectrometer. The matrix-
analyte mixture is shot with an UV laser leading to desorption of the analyte and matrix and to a 
transfer of protons from the matrix to the analyte molecules. Ions are subsequently accelerated in 
an electric  fi eld, separated during their travel in a  fi eld-free  fl ight tube according to their mass-
to-charge ( m / z ) ratio, and  fi nally detected with the detector. The resulting mass spectrum is 
displayed as a graph of the ion intensities versus  m / z  values       
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covered distance, and  e  is the elementary electric charge. Altogether, this enables 
the exact calculation of the  m / z  values. For further characterization of biomolecules, 
modern mass spectrometers can also be equipped with a collision chamber  fi lled 
with an inert gas, e.g., argon. Collision with these molecules leads to fragmentation 
of the analyte ions and assists in full structural characterization of the unknown 
analyte molecules. 

 In contrast to MALDI, in ESI the sample is solubilized in volatile organic solvent 
(e.g., methanol, acetonitrile) prior to ionization. The analyte is then nebulized, 
together with the solvent, as a  fi ne spray through a very small, charged and usually 
metal or glass capillary equipped with a stainless steel needle into the electric  fi eld 
at atmospheric pressure. The resulting charged droplets of the analyte are then sub-
jected to a TOF analyzer for generation of a mass spectrum. During the spraying 
process, the solvent continuously evaporates leading to an increase of the charge 
density. At the Raleigh-limit the electrostatic repulsive forces exceed the surface 
tension and the droplets divide into smaller subunits (Coulomb explosion). The 
smaller droplets continue to evaporate and the process is repeated again ultimately 
resulting in charged analyte molecules which enter the mass analyzer. As whole 
bacterial or fungal cells cannot be solubilized suf fi ciently, ESI is mainly used for 
analysis of cellular components or other soluble analytes such as polymerase chain 
reaction (PCR)-ampli fi ed microbial nucleic acids providing an alternative biomarker 
analysis  [  21,   22  ] . As mentioned above, a general advantage of MALDI-TOF MS is 
the soft ionization of the embedded analyte without destruction of the analyte, which 
makes it especially suitable in the structural characterization of intact biomolecules. 
Moreover, only a few microliters of the matrix–analyte mixture are required for 
placement onto the target plate. Preparation of this mixture is usually very simple 
and requires only a few minutes to complete  [  19  ] .  

   Species Identi fi cation Using MALDI-TOF MS 

 Species identi fi cation of intact microorganisms, taken directly from culture, by 
means of MALDI-TOF MS has been  fi rstly described for various gram-positive and 
gram-negative bacteria by Claydon et al. in 1996 and the general applicability has 
been reviewed, including intact viruses, spores, and fungi, by Fenselau and Demirev 
in 2001  [  23,   24  ] . The spectra obtained allowed identi fi cation of microorganisms 
from different genera, different species, and from different strains of the same 
species  [  23  ] . Assignment was realized with whole cell extracts by the exact mass 
determination of desorbed peptides and small proteins of the cell wall resulting in a 
unique mass spectral  fi ngerprint of the microorganism under investigation. At that 
time it was assumed that the measured masses were unique and representative for 
individual microorganisms forming the basis of applications of mass spectrometry 
in microbiology without knowing the detailed characterization of each component 
 [  24–  26  ] . Figure  10.2  illustrates the work fl ow for species identi fi cation using 
MALDI-TOF MS.  
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 Shortly after the  fi rst description  [  23  ]  it became apparent that the poor reproduc-
ibility of measurements was mainly due to (1) shortcomings in sample preparation, 
especially in gram-positive bacteria  [  27  ] , (2) inconsistencies among different 
MALDI-TOF mass spectrometers employed, and (3) variability in bacterial culture 
conditions  [  28  ] . Moreover, until the middle of the last decade, there was still a lack 

  Fig. 10.2    Principal work fl ow of MALDI-TOF MS-based species identi fi cation. ( 1 ) Bacterial or 
fungal colonies on an agar plate. ( 2 ) Mixing of matrix and analyte for sample preparation and 
subsequent cocrystallization of the matrix–analyte mix by gentle air-drying. ( 3 ) Laser desorption, 
ionization, and mass analysis of the analyte molecules. ( 4 ) Generation of the mass spectrum. ( 5 ) 
Computer-assisted data analysis and comparison of acquired spectra with reference database 
entries       

 



19310 MALDI-TOF MS-Based Microbial Identi fi cation

of a urgently needed sophisticated software and data analysis tools that were 
essential for the integration of MALDI-TOF MS outcomes into the clinical labora-
tory. A valid identi fi cation of bacterial and fungal species was further hampered by 
the de fi cit in central spectra databases that comprised  fi ngerprint libraries derived 
from well-characterized reference strains required for comparison with newly 
generated mass spectra of unknown composition. For these reasons microbial 
MALDI-TOF MS at its infancy was neither well accepted nor implemented for 
routine application into the microbial and/or clinical laboratory. 

 To address poor reproducibility and serious inconsistency that could be attributed 
to different culture conditions and resulting alteration of the microorganisms’ 
metabolism, the investigation of proteins was shifted to a higher  m / z  range. Whereas 
the  fi rst publications reported on measured mass ranges from 550 to 2,000 Da to 
identify a species  [  23  ] , current systems encompass a mass range of 2,000–20,000 Da. 
This mass range mainly measures ribosomal proteins  [  29,   30  ] , conserved proteins 
that are highly abundant in any type of prokaryotic and eukaryotic cells. This approach 
warrants a relatively high robustness against variability of metabolic products and 
 fl uctuation of other cell components that may occur by varying culture conditions. 
Additionally, ribosomal proteins are positively charged, which facilitates MALDI-
TOF MS  [  31  ] . This improved stability and reproducibility has been recently 
demonstrated for some prokaryotic microorganisms, e.g., nonfermenting bacteria 
or staphylococci  [  31,   32  ] . For other groups of pathogens, a strict adherence to 
certain culture conditions is strongly recommended as accumulation of metabolites 
 [  33  ] , sporulation (e.g.,  Bacillus  spp.) or autolytic processes due to long-term storage 
(e.g.,  Streptococcus  spp.) might cause sizeable changes in the mass pattern. 

 Technical advancements in the last decade have eliminated the production of 
diverging spectra due to operation on individual instruments (Fig.  10.3 )  [  31  ] . 
Additionally, optimization and standardization of sample preparation protocols now 
allow for rapid processing of any type of bacteria within minutes  [  27,   34  ] .  

 To further enhance the quality of MALDI-TOF mass spectra for use in species 
identi fi cation, new algorithms have been developed which aim at better and more 
valid comparison of spectra from unknown microorganisms against a database 
harboring spectra from well-characterized reference strains  [  35–  39  ] . In combination 
with continuously growing reference databases, nowadays commercially available 
systems produce a correct species identi fi cation in most instances. The following 
two prerequisites should be ful fi lled for a reference database: First, the database 
should contain spectra from well-characterized culture collection strains that have 
been cultured under optimal and standardized conditions. These strains should be 
relevant for the speci fi c diagnostic questions that may differ signi fi cantly between 
various disciplines (e.g., medical microbiology, food microbiology, or environmental 
monitoring). Second, the reference database should include not only the prototypi-
cal strain of a certain species but also as many other strains as possible from the 
same species to both determine and compensate for the naturally occurring intraspe-
cies variability. In general, these two core conditions are essential for any diagnostic 
procedure that is based on comparisons against a reference  [  8,   40  ] . Similar to other 
identi fi cation strategies that rely on phenotype-related  fi ngerprint libraries, the 
assignment is usually supplemented by calculation of an error probability or result 
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validity extrapolated from the quality and quantity of matched peaks within the 
newly generated and the reference MALDI pattern  [  29  ] . 

 Tables  10.1  and  10.2  provide an overview about the studies focusing on mass 
spectrometry derived identi fi cation of bacterial and fungal species. Most of the 
studies were performed within the last 5 years indicating the growing use of MALDI-
TOF MS in the  fi eld of microbe identi fi cation. Systematic comparisons between 
MALDI-TOF MS and classical genotypic and phenotypic methods for species 
identi fi cation demonstrate not only the capability but also comparability of MALDI 
to provide reliable results  [  41–  45  ] . In many studies, MALDI-TOF MS has impres-
sively shown its potential to further differentiate species to the subspecies or even 
clonal level. For example, it is now possible to differentiate the  Burkholderia cepa-
cia -complex into its species by mass spectrometry  [  31,   46,   47  ]  while in the past this 
issue required great efforts using conventional phenotypic or even genotypic methods. 
This aspect is of high relevance in medical microbiology due to the distinct outcome 
and infection control measures related to the different species. Other impressive 
examples of the enhanced discriminatory power (see also Tables  10.1  and  10.2 ) are 
the differentiation of  Salmonella  spp.  [  48  ]  or  Listeria  spp.  [  49  ] . Although differen-
tiation of diverse clonal lineages within the species  Staphylococcus aureus  could be 
attained, attempts to discriminate methicillin-resistant  S. aureus  (MRSA) from 
methicillin-susceptible  S. aureus  were unsuccessful  [  50  ] .   

 After the major obstacles impending reproducibility and accuracy have been 
resolved, the use of MALDI-TOF MS exhibits its outstanding advantage over all 
other identi fi cation methods: its rapidness of identi fi cation. Starting from a single 
colony, it has now become an easy task to identify an unknown species within only 
a few minutes  [  31,   51,   52  ] . In contrast to the majority of the conventional proce-
dures, a pure culture is no longer needed for MALDI-TOF MS, allowing tedious, 
laborious, and time-consuming isolation steps can be skipped. First studies have even 
demonstrated the proof of concept to identify species within a mixed culture  [  52  ] . 
While the computer-assisted spectral analysis works within a time span of a few 
seconds or minutes, the sample preparation prior to the MALDI-TOF MS analysis 
represents the most time-consuming step. However, sample extraction is not required 
for all organisms. For example, in gram-negative bacteria analysis the whole bacte-
rial cell suspension can be directly mixed with the matrix. Still, for organisms with 
a more refractory cell wall, such as gram-positive bacteria or fungi, the extraction 
step is required before mixing the sample with the matrix. Regardless of the analyte, 
a dedicated extraction step prior to MALDI-TOF MS increases the quality of spec-
tra  [  53,   54  ] . Ultimately, the operator must decide if an analyte pretreatment is always 
necessary or whether preceding extraction should be performed only in situations 
where the analysis of a directly spotted sample failed. Depending on the speci fi cation 
of the mass spectrometer, high-throughput analyses of more than 100 identi fi cations 
per hour are achievable. 

 Further advantages of the MALDI-TOF MS based strategy of microbial 
identi fi cation are the relatively low consumable costs which include the expenses for 
the matrix and chemicals needed for sample extraction. Still, the  fi nancial investment 
for installation of a mass spectrometer and the running costs of the reference 
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   Table 10.1    Synopsis of MALDI-TOF MS studies focusing on bacterial identi fi cation (as of 
September 2011)   

 Organism(s)  References 

  Aeromonas  spp.  Donohue et al.  [  76  ]  
 Anaerobes  Grosse-.Herrenthey et al.  [  77  ] , La Scola et al.  [  78  ] , Nagy 

et al.  [  79  ] , Shah et al.  [  80  ] , Stingu et al.  [  81  ] , Veloo 
et al.  [  82–  84  ]  

  Arthrobacter  spp.  Vargha et al.  [  33  ]  
  Bacillus  spp.  Hotta et al.  [  85  ]  
  Bartonella  spp.  Fournier et al.  [  86  ]  
  Brucella  spp.  Ferreira et al.  [  87  ]  
  Campylobacter / Helicobacter  spp.  Alispahic et al.  [  88  ] , Bessède et al.  [  89  ] , Mandrell et al.  [  90  ] , 

Winkler et al.  [  91  ]  
  Cardiobacterium hominis   Wallet et al.  [  92  ]  
  Clavibacter  spp.  Zaluga et al.  [  93  ]  
  Corynebacterium  spp.  Konrad et al.  [  94  ]  
  Coxiella burnetii   Hernychova et al.  [  95  ]  
  Enterobacteriaceae   Conway et al.  [  96  ] , Lynn et al.  [  97  ] , Saffert et al.  [  98  ]  
  Gallibacterium  spp.  Alispahic et al.  [  99  ]  
 HACEK group  Couturier et al.  [  100  ]  
  Haemophilus  spp.  Haag et al.  [  101  ]  
 Foodborne pathogens  Mazzeo et al  [  102  ] . 
  Legionella  spp.  Gaia et al.  [  103  ] , He et al.  [  104  ] , Moliner et al.  [  105  ]  
  Listeria  spp.  Barbuddhe et al.  [  49  ]  
  Mycobacteria  spp.  Bouakaze et al.  [  106  ] , Hettick et al.  [  107  ] , Lotz et al.  [  108  ] , 

Pignone et al.  [  109  ] , Saleeb et al.  [  110  ]  
  Nocardia  spp.  Verroken et al.  [  111  ]  
 Nonfermenters  Degand et al.  [  46  ] , Jacquier et al.  [  112  ] , Mellmann et al. 

 [  31  ] , Vanlaere et al.  [  47  ]  
  Pantoea  spp.  Rezzonico et al.  [  113  ]  
  Plesiomonas  spp.  Kolinska et al.  [  114  ]  
  Salmonella  spp.  Dieckmann et al.  [  48  ] , Dieckmann and Malorny  [  115  ] , 

Sparbier et al.  [  116  ]  
  Staphylococcus  spp.  Bergeron et al.  [  117  ] , Bernardo et al.  [  50  ] , Carbonnelle 

et al.  [  32  ] , Carpaij et al.  [  118  ] , Decristophoris et al. 
 [  119  ] , Dubois et al.  [  120  ] , Dupont et al.  [  121  ] , 
Rajakaruna et al.  [  122  ]  

  Stenotrophomonas  spp.  Vasileuskaya-Schulz et al.  [  123  ]  
  Streptococcus  spp.  Cherkaoui et al.  [  124  ] , Friedrichs et al.  [  41  ] , Hinse et al. 

 [  125  ] , Lartigue et al.  [  126  ] , Rupf et al.  [  127  ]  
  Vibrio  spp.  Dieckmann et al.  [  128  ]  
  Yersinia  spp.  Ayyadurai et al.  [  129  ] , Lasch et al.  [  130  ] , Stephan et al.  [  131  ]  

database and maintenance of the system are not irrelevant and should also be taken 
into account, when comparing novel MALDI-TOF MS with traditional methods. 

 There are currently two commercial systems available that use MALDI-TOF MS 
for either bacterial or fungal species identi fi cation: the MALDI Biotyper system 
(Bruker Daltonics, Bremen, Germany) and the VITEK ®  MS system (bioMérieux, 
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Marcy l’Etoile, France). The MALDI Biotyper system has already proven to be 
comparable, even superior, to classical identi fi cation methods in a plethora of peer-
reviewed publications. For the VITEK ®  MS system, launched in 2010 and consisting 
of a mass spectrometer from the Shimadzu Corporation (Kyoto, Japan) and a database 
application acquired from AnagnosTec GmbH (Zossen, Germany), a few study 
reports are already available (see Tables  10.1  and  10.2 ). Interestingly, a recent study 
has compared the capability of both systems and found similar results obtained 
from both platforms  [  55  ] .  

   Limitations and Shortcomings of MALDI-TOF MS 

 Despite the impressive improvements of MALDI-TOF MS, some limitations still 
exist regarding species identi fi cation of microorganisms. The system is thus far of 
limited use in species identi fi cation and not universally usable, for instance, for 
determination of the antibiotic resistance pattern, which is an essential part of the 
diagnosis, especially in clinical microbiology. Currently, the antibiotic resistance 
has to be determined by means of different, mostly phenotypic approaches, such as 
agar diffusion or using automated systems. Matching MALDI-TOF MS and resis-
tance testing faces the most ambitious challenge to validate species identi fi cation 
and the resistance pro fi le of the species, e.g., to re fl ect intrinsic resistance. Early 
studies have demonstrated the feasibility of MALDI-TOF MS to detect certain 
resistance determinants  [  56–  58  ] ; however, most assays are still on an experimental 
level or suffer from insuf fi cient robustness for routine applications. Interestingly, 
very recent novel approaches detecting antibiotics, e.g., carbapenems, and their 
degradation products, were able to validly determine speci fi c resistance determinants 
such as extended-spectrum beta-lactamases by measuring the presence of the intact 
or degraded antibiotic  [  59,   60  ] . 

   Table 10.2    Synopsis of MALDI-TOF MS studies focusing on fungal identi fi cation (as of 
September 2011)   

 Organism(s)  References 

  Aspergillus  spp.  Alanio et al.  [  132  ] , De Carolis et al.  [  133  ] , 
Hettick et al.  [  134  ]  

  Candida  spp.  Quiles-Merelo et al.  [  135  ]  
  Cryptococcus  spp.  McTaggart et al.  [  136  ]  
  Fusarium  spp.  De Carolis et al.  [  133  ] , Kemptner et al.  [  137  ]  
 Dermatophytes  Erhard et al.  [  138  ]  
  Mucorales  spp.  De Carolis et al.  [  133  ]  
  Penicillium  spp.  Hettick et al.  [  139  ]  
  Pseudoallescheria / Scedosporium  complex spp.  Coulibaly et al.  [  140  ]  
 Various yeasts/fungi  Bader et al.  [  141  ] , Dhiman et al.  [  142  ] , Kaleta 

et al.  [  143  ] , Marklein et al.  [  144  ] , Putignani 
et al.  [  145  ] ,Qian et al.  [  146  ] , Stevenson 
et al.  [  147  ] , Van Herendal et al.  [  148  ]  
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 A concern for clinical practices is the lack of external quality assurance tests and 
standardization of laboratory procedures which would to ensure interlaboratory 
reproducibility. This issue may only be valid for a limited time as an international 
ring trial has already approved the high reproducibility of MALDI-TOF MS based 
identi fi cation  [  61  ] . Although MALDI-TOF MS is a rapid method that is both simi-
lar to and in competition with molecular methods like real-time-PCR assays, it is 
still classi fi ed as a phenotypic method as whole cell extracts are analyzed that do not 
require any template-driven ampli fi cation steps of molecular techniques. So far, either 
a single colony on solid medium or an aliquot of a pure liquid culture with a mini-
mal number of 1,000–5,000 cells is necessary for a valid identi fi cation  [  62,   63  ] . 

 A further issue that currently still limits MALDI-TOF MS use is the inability to 
directly investigate samples from primarily sterile body sites, e.g., urine or cerebro-
spinal  fl uid, or from a positive blood culture. In the past, malfunctions using such 
materials were due to the interference of the MS-based approach by mass signals of 
proteins or other molecules derived from human cells or body  fl uids. Currently, 
different approaches, mainly based on differential centrifugation and absorption of 
disturbing proteins or other components, have demonstrated the general applicabil-
ity for direct use of such samples in MALDI-TOF MS  [  54,   64–  71  ] . This is of high 
importance in the clinical microbiological laboratory, where the timely diagnosis of 
pathogens has a great impact on the success of therapy. 

 Finally, the quality of entries in the reference database is of crucial importance 
for valid species identi fi cation. During the last several years, commercially available 
MALDI-TOF MS systems have constantly updated and extended their reference 
databases to overcome this problem. Several evaluation studies (Tables  10.1  and 
 10.2 ) have addressed this issue; however, it seems that even comprehensive databases 
are not able to differentiate all species with the necessary precision. Examples are 
the differentiation of pneumococci and members of the  Streptococcus mitis / oralis -
group  [  71,   72  ]  or the delineation of some  Enterobacter  species  [  73  ] , where their 
close relationship likely hampers the valid species identi fi cation. Therefore, like the 
users of customary laboratory methods, MALDI-TOF mass spectrometer users need 
to be aware of the boundaries of the system to warrant an accurate species 
identi fi cation of microorganisms.  

   Further Challenges Approaching MALDI-TOF MS 
for Species Diagnosis 

 In addition to the discussed species identi fi cation using protein-based MALDI-TOF 
MS spectra, alternative techniques have been reported combining mass spectrome-
try with genotyping methods. Such technique relies upon DNA sequence determi-
nation of informative PCR products by MALDI-TOF MS and subsequent comparison 
with database-deposited sequences. Here, MALDI-TOF MS employs a variation of 
DNA sequencing that uses the attained spectra for comparison to known in silico-
spectra  [  74  ] . Alternatively, mass spectrometry is able to determine the DNA base 
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composition by identifying the exact masses of the PCR products which are 
subsequently compared to reference PCR products  [  75  ] . This method is discussed 
in detail and extensively in Chap.   25     later in this book. Both systems are already 
offered by commercial suppliers: the MassARRAY ®  System by SEQUENOM Inc. 
(San Diego, California, USA) and the PLEX-ID by Abbott Laboratories (Abbott 
Park, Illinois, USA). However, these systems are quite expensive and labor-
consuming as compared to less costly approaches based on phenotyping mass 
spectrometry.  

   Conclusion 

 Collectively, MALDI-TOF mass spectrometry has successfully entered the micro-
biological laboratory and initiated a still ongoing revolution for prokaryotic and 
eukaryotic species identi fi cation. MALDI-TOF MS has notably come of age as a 
fast, accurate, and robust method for reliable species identi fi cation suitable for 
implementation into the routine laboratory work fl ow. To which extent MALDI-TOF 
MS will replace classical methods in microbial laboratories is very likely dependent 
on whether separate identi fi cation of species and determination of their resistance 
pattern is accepted by users. Clients will at least be easily convinced of a fast species 
result, which allows for an empiric antibiotic therapy based on local resistance data 
in clinical microbiology.      
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         Introduction 

 Since thermostable  Taq  DNA polymerase was discovered in 1987, nucleic acid 
ampli fi cation techniques have made great strides and contributed greatly to progress 
in the life sciences. These techniques were introduced into the clinical laboratory 
and have produced great changes in diagnostic tools and tests. In particular, there 
have been many innovative molecular testing developments in the  fi eld of diagnostic 
microbiology. 

 Culture methods of bacterial identi fi cation are labor-intensive and time-consuming. 
However, they are simple, cheap, and remain the gold standard. It also is possible to 
perform antimicrobial susceptibility testing on cultured isolates, so conventional 
culture methods with biochemical phenotyping are still the most common proce-
dures performed in clinical microbiology laboratories  [  1  ] . To further assist in micro-
bial identi fi cation, nucleic acid ampli fi cation has been introduced in the clinical 
microbiology laboratory. Such testing was initially done for viruses, allowing detec-
tion of small amounts of viral nucleic acid quickly. Similar tests also have been 
applied to bacteria, especially those that require cell cultures, are dif fi cult to grow 
on routine culture media, or are slow growing such as  Chlamydia ,  Neisseria gonor-
rhoeae , and  Mycobacterium . In addition, there are ongoing attempts to apply these 
new techniques for routine clinical microbiology testing, including the diagnosis of 
sepsis  [  1  ] . 

 The development of nucleic acid ampli fi cation has proceeded at an unprece-
dented pace and achieved higher sensitivity and speci fi city  [  2  ] . However, in order to 
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obtain satisfying results with this new technique, the testing must go through several 
important steps. Preanalytical testing variables comprise sample collection and 
preparation, specimen transport and storage, stability of the nucleic acid in the sam-
ples, and nucleic acid extraction  [  3,   4  ] . 

 Nucleic acid extraction is the  fi rst step of any ampli fi cation experiment no matter 
what kind of ampli fi cation is used to detect a speci fi c pathogen  [  1,   5  ] . It is a crucial 
preanalytic step in the development and performance of any successful molecular 
diagnostic method and ensures a reliable result  [  3,   4  ] . We must pay attention to the 
technical progress of the nucleic acid extraction as well as to the method for 
ampli fi cation and detection of nucleic acids in order to obtain satisfactory results. 
Nucleic acid extraction consists of three major processes: isolation, puri fi cation, 
and concentration. Commercial extraction kits are commonly used in the clinical 
microbiology laboratory  [  2  ] . These kits provide the essential requirements for 
nucleic acid extraction. These essential requirements have been well described by 
Boom et al.  [  6,   7  ]  as follows: Extraction should be simple, rapid, and should show 
high sensitivity and speci fi city. It is preferred that there be no requirements for spe-
cialized equipment or special knowledge and skills. The  fi nal nucleic acid should be 
pure and easy to modify for various ampli fi cation techniques. The reagents and their 
product should be harmless, and the process of preparation should resist contamina-
tion with other specimens. If the  fi nal volume of eluate is small, detection limits are 
maximized. When we deal with clinical specimens, we also should consider the 
elimination of potential inhibitors of the DNA polymerase and the removal of patho-
genicity from hazardous pathogens as well as good target recovery and establish-
ment of the integrity of nucleic acid targets  [  2  ] . Ideally, the  fi nal target is pure 
nucleic acid without ampli fi cation inhibitors or contaminants such as protein, car-
bohydrate, and other nucleic acids  [  8  ] . 

 There are a few points to be specially considered when we consider the use of 
nucleic acid extraction in the  fi eld of clinical microbiology. Usually, we extract 
DNA or RNA, and some times, we may extract both, depending on the circum-
stances. The targets for nucleic acid extraction are diverse. They can be the cultured 
bacterial isolates themselves. Alternatively, we can use culture media, including 
blood culture bottles or various clinical specimens such as sputum, stool, urine, tis-
sue, or cerebrospinal  fl uid  [  1  ] . In terms of nucleic acid extraction, they may target 
the same nucleic acid, but they have different implications for the extraction proce-
dure    itself. Nucleic acid extraction from cultured bacteria is relatively simple 
because they are pure colonies and they contain large numbers of organisms. 
However, we need to recognize that gram-positive bacteria have thick walls, such 
that nucleic acid extraction is more dif fi cult than it is from gram-negative bacteria, 
which have thinner walls  [  5  ] . For clinical specimens, the details of the method 
depend on the characteristics of each specimen. It is important to remember that the 
subject is nucleic acid, not of humans, but of bacteria, virus, or fungus. If we extract 
from clinical specimens containing human cells, we cannot help mixing human 
DNA and sometimes, recovery of microbial DNA can be diminished by the pres-
ence of human DNA.  
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   Nucleic Acid Extraction Techniques 

   Cesium Chloride/Ethidium Bromide Density Gradient 
Centrifugation 

 Since 1950, density gradient centrifugation using cesium chloride (CsCl)/ethidium 
bromide (EtBr) has been used as for DNA extraction method and has become stan-
dard in research laboratories  [  9,   10  ] . The basic principle of this method is to use the 
difference in density between the cesium ion and water and intercalation of EtBr, 
which shows good results for separation of various DNAs and the procurement of 
high-yield DNA  [  11  ] . For example, each DNA can be separated as independent 
bands as a result of the differences in each DNA’s density in the gradient by the 
intercalation of EtBr  [  7  ] . However, it has important limitations in that it requires an 
expensive ultracentrifuge and considerable time, it is dif fi cult to perform, and EtBr 
is harmful  [  7,   8  ] . Consequently, this method is not suitable for clinical microbiology 
and has not been used in the clinical laboratory.  

   Phenol–Chloroform Extraction 

 Phenol–chloroform extraction is widely used. The process consists of vigorous 
mixing of phenol–chloroform solution and sample followed by centrifugation  [  7  ] . 
Phenol does not completely inhibit RNase activity, and this characteristic enables 
isolation of nucleic acid by combination with chloroform and alcohol  [  12  ] . After 
centrifugation, the upper (aqueous) phase containing the DNA can be separated 
from the lower (organic) phase containing denatured proteins, and DNA can be 
precipitated by adding ethanol or isopropanol with a high concentration of salt  [  8  ] . 
After washing with 70% ethanol to remove any remaining ethanol or isopropanol, 
the  fi nal target DNA is collected by dissolving it in TE buffer or sterile distilled 
water  [  13  ] . This method is also used for RNA extraction by concomitant use of 
guanidinium isothiocyanate. This combination can overcome the limitation of RNA 
extraction using the guanidinium isothiocyanate itself, so RNA could be isolated 
conveniently using a single-step technique by Chomczynski et al.  [  12,   14  ] . Total 
RNA is recovered by precipitation with isopropanol after separation of the upper 
phase containing the total RNA from the lower phase containing DNA and proteins 
 [  12,   14  ] . Although the phenol–chloroform method is relatively easy compared with 
CsCl/EtBr and is very useful for the extraction of nucleic acids, it is problematic for 
the clinical microbiology laboratory because phenol has important limitations due 
to it being toxic, caustic, and  fl ammable  [  5,   15,   16  ] .  
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   Solid-Phase Extraction 

 McCormick et al. introduced a new DNA extraction method involving solid-phase 
extraction in 1989  [  17  ] . They used an insoluble siliceous core particle rather than 
liquid phenol. The function of this siliceous core particle is similar to that of phenol, 
but it has a few advantages in that it is safer, and cross-contamination can be reduced. 
It is well known that the precipitation in the phenol/chloroform method causes DNA 
loss, and Meijer et al. could reduce it by replacing the precipitating step with silica 
particles  [  18  ] . Solid-phase nucleic acid extraction was incorporated into many com-
mercial kits, and it still is the basis of many extraction methods, although siliceous 
core particles have been replaced by other materials such as silica matrices, glass 
particles, diatomaceous earth, and anion-exchange carriers (Fig.  11.1 )  [  7  ] .  

 Solid-phase extraction uses a spin column operated by centrifugal force allowing 
DNA to be puri fi ed rapidly and ef fi ciently without the limitations of liquid extrac-
tion, including incomplete phase separation  [  8  ] . Solid-phase extraction using silica 
now is one of the most common methods for nucleic acid extraction. Silica that pos-
sesses a positive charge combines strongly with DNA, which possesses a negative 
charge, so it can enable rapid, pure, and quantitative puri fi cation  [  7  ] . In 1990, Boom 
et al.  [  6  ]  used an innovative approach in which diatomaceous earth served as a 
matrix for solid-phase extraction. The principle of this method is that it immobilizes 
DNA onto its particles in the presence of a chaotropic agent. The technique can 
purify rRNA as well as single-stranded and double-stranded DNA. It takes only a 
short time and can be applied to clinical specimens as well as to DNA and bacteria. 
The process of solid-phase extraction involves cell lysis, nucleic acid adsorption, 
washing, and elution  [  7,   8  ] . Column conditioning is obtained using a buffer at a 
particular pH  [  19  ] . The nucleic acid will be released after cell lysis and decanting of 
lysis buffer into the column. Nucleic acid adsorption is completed in a chaotropic 
salt solution  [  19  ] . Washing buffer contains a competitive agent and can remove 
contaminants such as proteins and salts. In elution, TE buffer is applied to the col-
umn so that puri fi ed nucleic acid will be released  [  19  ] .  

   Magnetic Bead Method 

 There is another important modi fi cation of solid-phase extraction, that is, the magnetic 
bead method. The beads have a negative surface charge and bind proteins and cel-
lular debris selectively  [  7  ] . So, DNA can be isolated easily from specimens by 
removing proteins and cellular debris on the beads. This has the potential advan-
tages of removing the need for repeated centrifugation, vacuum  fi ltration, and col-
umn separation for washing and elution as well as organic solvents  [  7,   8  ] . The 
magnetic bead method is very simple and convenient; so many commercial kits are 
available for this method  [  8  ] . Some manufacturers combined the techniques of 
solid-phase extraction using silica and magnetic beads, which satis fi es the customers’ 
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requests for time- and labor-effectiveness and ef fi ciency (Fig.  11.2 ). This method is 
commonly used in automated extraction methods such as miniMag (bioMerieux) 
and MagNA Pure (Roche). In terms of new technology, additional commercial kits 
using this new technique are being launched into the market. The enzymatic method 
is an example of these new extraction methods  [  20  ] . These new methods help inves-
tigators by giving advantages of more convenience, requirement for only small vol-
umes of specimen, and enhancement of DNA recovery.    

  Fig. 11.1    Schematic diagrams of ( a ) solid-phase, spin-column nucleic acid extraction method 
(QIAamp DNA Mini kit from Qiagen,   http://www.qiagen.com    ) and ( b ) liquid-based nucleic acid 
extraction method (InstaGene Matrix and Genomic DNA kit from Bio-Rad,   http://www.bio-rad.
com    )       

 

http://www.qiagen.com
http://www.bio-rad.com
http://www.bio-rad.com
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   Applications to Clinical Specimens 

 Nucleic acid extraction from clinical specimens is quite different from that from 
cultured isolates of bacteria or fungi. This extraction step can in fl uence the subse-
quent performance of the diagnostic tests; the ef fi ciency of nucleic acid extraction 
is related directly to the sensitivity of the  fi nal test results  [  21  ] . Each clinical speci-
men has diverse characteristics. Blood and stool are composed of many substances, 
and among these, heme and bile act as inhibitors of ampli fi cation and should be 
removed  [  5  ] . We can  fi nd the comparison results for nucleic acid extraction; how-
ever, this cannot ensure that we can adapt this result to different specimens and 
pathogens. In previous reports, herpes simplex virus DNA was isolated relatively 
easily from genital swabs  [  5,   22,   23  ] , but obtaining bacterial DNA from stool sam-
ples was more complex  [  5,   24  ] . 

 To overcome these limitations, the extraction method must be evaluated before 
routine testing of speci fi c pathogens from speci fi c specimens. For detection of clini-
cally important viruses, extraction ef fi ciency was evaluated in various specimens, 
including serum, urine, and cerebrospinal  fl uid, and good performance was 
con fi rmed  [  2,   25,   26  ] . However, we should not extrapolate these speci fi c results to 
all types of virus and specimens. 

  Fig. 11.2    Extraction 
principles using magnetic 
silica particles. ( a ) During 
incubation of the lysed 
samples, all the target nucleic 
acid is captured by magnetic 
silica particles. ( b ) The 
NucliSENS easy MAG 
magnetic device attracts all 
the magnetic silica, enabling 
the system to purify the 
nucleic acids through several 
washing steps. ( c ) The 
heating step releases the 
nucleic acids from the silica. 
( d ) In the  fi nal step, the 
magnetic silica particles are 
separated from the eluate by 
the magnetic device 
(NucliSENS easyMAG from 
biomerieux,   http://www.
biomerieux-diagnostics.com    )       

 

http://www.biomerieux-diagnostics.com
http://www.biomerieux-diagnostics.com
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   Cellular Component 

 Tissue is an important clinical specimen for diagnosing localized cytomegalovirus 
infections in a transplanted organ as biopsy is a common method used to evaluate 
potential CMV infection  [  27  ] . However, tissue specimens have problems because 
the large amount of human tissue contains cellular DNA, proteins, and other materi-
als  [  28  ] . So, a more complex step to extract the nucleic acid of the microbial patho-
gen is needed. Most commercial kits for tissue specimens extract human nucleic 
acid also. In recent years, we have been able to extract the viral nucleic acid from 
clinical specimens having cellular components, and there have been a few trials of 
these kits to detect various clinically important viruses  [  29–  31  ] . There is one other 
report concerning the extraction of six viruses from clinical cellular specimens, and 
the investigators compared four commercial extraction methods  [  28  ] . The viruses 
included in this study are BK virus, cytomegalovirus, Epstein–Barr virus, human 
herpesvirus 8, herpes simplex virus, and varicella-zoster virus. All four kits could 
extract DNA from all six viruses. 

 Stool is an important clinical specimen for the detection of viruses causing diar-
rheal illnesses. The results can be affected by the ef fi ciency of nucleic acid extrac-
tion from stool, because stool is a mixture of many unrecognized materials, including 
bacteria, protein, and other cellular materials. So, stool specimens are considered 
one of the most dif fi cult specimens for nucleic acid extraction in the clinical labora-
tory. In one report by Peiris et al.  [  32  ] , the positive rate was 97% for severe acute 
respiratory syndrome coronavirus in stool samples. However, the detection rates 
were quite different in another report: only 26.2 and 68.0% between 1 and 2 weeks 
after disease onset  [  33  ] . It is suggested that the difference in positive rates is a con-
sequence of variations in the RNA extraction method  [  34  ] .  

   Serum, Plasma, and Whole Blood 

 Clinicians place great emphasis on the detection of bacteria and fungi in blood. 
Therefore, nucleic acid extraction from blood has become very important. Many 
researchers have found that there are numerous PCR inhibitors in blood culture 
bottles such as sodium polyanetholesulfonate (SPS) and hemins  [  35  ] . Millar and 
collaborators compared several commercial and in-house extraction methods used 
to detect bacteria and fungi in BacT/Alert blood culture bottles  [  36  ] . To reduce the 
detection time, the serum, plasma, or whole blood is used as a main specimen for 
detection of bacteria and fungi. Serum or plasma is more ef fi cient and convenient 
than whole blood because whole blood includes many PCR inhibitors  [  37  ] . Most 
commercial kits showed a high recovery rate of pathogen DNA, but only those 
methods that used heat lysis with an alkali wash could remove PCR inhibitors. 
Detection of brucellosis was highly sensitive even though  Brucellae  are facultative 
intracellular pathogens  [  38  ] . Similarly, kits containing proteinase K showed better 
yield of  Brucella  in serum specimens  [  39  ] . However, to enhance the sensitivity of 
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PCR ampli fi cation, whole blood is considered as a  fi nal target because it contains 
more pathogens than serum or plasma  [  40  ] . Although the nucleic acid kits were not 
developed to extract microbial DNA from whole blood, all commercial kits are able 
to do so  [  21  ] . In recent years, we have been able to use several automated systems 
to extract bacterial or fungal DNA from whole blood  [  30,   41,   42  ] , although they are 
expensive. They are suitable for high-throughput detection  [  43  ] . 

 It also is important to consider the concentrations of pathogens. The recovery of 
 Toxoplasma gondii  was similar for two DNA extraction techniques when using vari-
ous PCR methods  [  44  ] . However, the results were different when there were low 
concentrations of tachyzoites in blood  [  45  ]  vs. amniotic  fl uid  [  44  ] . We can see the 
similar result in  Chlamydia pneumoniae  detection from stools  [  34  ] . The positive 
rates were lowered when the RNA concentrations dropped and this con fi rms the 
clinical importance of the extraction methods used for stool samples. 

 The use of dried blood spots (DBSs) is an alternative to whole blood and is an 
important and common specimen used for the diagnosis of congenital infections 
 [  46  ] . It is different from whole blood in that the tiny specimen may contain very few 
causative pathogens. At present, many kinds of commercial or noncommercial 
DBSs are in use. Because the amount of blood is small, inadequate DNA extraction 
can be a problem and result in a low sensitivity. Several investigators attempted to 
detect CMV DNA in DBS using several extraction methods and found that the 
recovery of CMV DNA differed according to the extraction method used  [  46–  50  ] . 
The lysis buffer used also can affect the yield of RNA from DBS, and column 
extraction methods revealed signi fi cant loss in RNA recovery  [  51  ] .  

   In fl uence of Speci fi c Pathogen 

 Even when we use clinical specimens to extract nucleic acid, we should recognize 
that recovery is in fl uenced by the physical properties of the pathogen  [  44  ] . The 
effect will be greater if the method does not include proteinase K in the lysis step. 
The  Apicomplexa  phylum including  Toxoplasma  is well known to be resistant to 
detergent lysis  [  52  ] . 

 Fungi are problematic when attempting to extract nucleic acid because it is 
dif fi cult to break their cell walls in order to release the DNA  [  15,   42  ] . Moreover, the 
detection rates in certain clinical specimens such as whole blood are low because of 
the very low loads of fungal cells  [  53–  55  ] . So the extraction once again is a crucial 
step and can determine the sensitivity of a particular PCR assay  [  56,   57  ] . To recover 
small amounts of fungal DNA from clinical specimens, a protocol should be estab-
lished for an optimal extraction method. The QIAamp DNA blood kit was success-
ful in extracting  Candida  DNA and was suitable to use with a  Taq Man-based PCR 
assay, whereas all other kits tested failed to detect low amounts of  Candida  DNA 
 [  15  ] . In another study, the investigators were successful with all of the extraction 
methods used in their study, even though those kits were not speci fi cally designed 
for the extraction of fungal DNA from whole blood  [  58  ] . We encounter a similar 
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dif fi culty in extracting nucleic acid from  Mycobacteria . Many researchers have 
tried to  fi nd optimal extraction methods for most clinically important specimens; 
the most appropriate method for each laboratory’s situation should be applied  [  59  ] .  

   PCR Inhibitors 

 There are many factors that affect the ef fi ciency of nucleic acid extraction, an impor-
tant one being the presence of many kinds of inhibitors. It is well known that bile 
salts, hemoglobin, and polysaccharides can inhibit PCR  [  60,   61  ] . There also may be 
contaminating bacterial or fungal DNA in the reagents  [  39,   58,   62  ] . Most PCR assays 
can be in fl uenced by reaction inhibitors and other contaminants, especially when the 
various clinical specimens containing these inhibitors are used as samples, and 
nucleic acid extraction thus becomes the crucial step that determines their in fl uence 
 [  63  ] . In previous reports  [  29,   64  ] , the presence of inhibitors was con fi rmed when the 
MagNA Pure Compact system was used for a principal nucleic acid extraction. In 
one other report  [  45  ] , the authors compared the MagNA Pure Compact system and 
QIAamp DNA minikit for the detection of  Toxoplasma  DNA from blood. The sensi-
tivity of PCR using the MagNA Pure Compact system was lower than that of the 
QIAamp DNA minikit, so the presence of inhibitors may have been responsible for 
the difference of sensitivity between the two methods. Moreover, the combination of 
the extraction kit and the master mix can make a difference in PCR performance in 
terms of inhibition  [  44  ] . We should also consider the fact that many human DNAs 
are mixed with relatively rare pathogen DNAs in clinical specimens, meaning abun-
dant human DNA will be obtained during extraction for pathogen detection  [  65  ] .  

   Measurement of DNA Quality 

 The classical method to check DNA purity is to measure the adsorption of UV 
light at 260 and 280 nm. The DNA content is proportional to the adsorption of 
UV light at 260, and adsorption at 280 nm re fl ects protein contamination. So, we 
can easily calculate the DNA purity using the OD260/OD280 ratio. In recent years, 
newly developed methods such as PicoGreen have been introduced and are becom-
ing more popular in clinical laboratories, although the spectrophotometric method 
does have many advantages  [  66  ] . PicroGreen is based on the use of  fl uorescence 
and needs only a minute volume of sample.   

   Comparison of Nucleic Acid Extraction Methods 

 The method used for nucleic acid extraction differs greatly in clinical microbiology 
laboratories. When we deal with cultured bacteria to get genomic DNA, it is com-
mon to use simple heating, but this has many limitations and is not appropriate for 
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use directly on clinical specimens. There are many reports comparing various 
extraction methods, including commercial kits, from various specimens for bacte-
ria, virus, and fungi  [  21,   25,   26,   29,   30,   39,   42,   44,   67–  71  ] . The methods can be 
divided into solution or column based according to differences of their principles, 
and most commercial extraction kits we use can be divided the same way. DNA 
recovery was better when a spin column method was used for extraction of  C. pneu-
moniae  DNA from vascular tissue  [  72  ] . However, DNA recovery ability can differ 
among kits even though all use the spin-column method as the principal tool  [  73  ] . 
So the method itself does not give assurance, and we should keep in mind that the 
DNA recovery can be different among various kits that use the similar principles. 

 Regardless of speci fi c kits, speci fi c companies, and their protocols, they have 
common steps in their procedures for optimal extraction  [  8  ] . Cell lysis must be the 
 fi rst step. After nucleoprotein complexes have been denatured, nucleases are inacti-
vated. The contaminants are removed, and nucleic acid is puri fi ed. Even though 
these basic steps are not changed, there has been a vast alteration in nucleic acid 
extraction, namely, development of automated instrumentation. The method for the 
nucleic acid extraction can be divided into manual or automated, and this is an 
important point in the classi fi cation of nucleic acid extraction methods. 

   Manual Method 

 Many commercial kits have been developed for nucleic acid extraction. These kits 
are composed of a few reagents and are designed primarily for manual extraction. 
These kits are suitable for use in clinical laboratories and have replaced older in-
house methods (Table  11.1 ). There are many publications that have evaluated the 
performance of these commercial nucleic acid extraction methods and compared 
them with conventional methods such as phenol–chloroform and the alkali wash/
heat lysis  [  15,   36,   39,   58  ] . These manual commercial extraction kits show good 
performance for nucleic acid extraction compared with in-house methods.  

 Their ability to recover pure DNA and to remove the contaminants, including 
proteins, is of great importance, but there are also important differences in cost, time 
demands, labor intensity, and principles of each method. Given these differences, 
there are numerous choices available; the most appropriate method for a particular 
laboratory should be selected. Both liquid- and column-based methods are com-
monly used at present. 

 Most of these kits use noncorrosive agents, so they are safe and easy to deal with. 
However, there still are some pitfalls. Although the entire extraction procedure is 
standardized by the manufacturer’s manual, the process is still complicated and is 
performed manually. Therefore, problems with reproducibility by different persons 
can be seen. To minimize such reproducibility problems, it is necessary to provide 
continuous training and quality control  [  5  ] . Ethanol is used for precipitation of the 
nucleic acid in some manual kits, and the inhibition of PCR can occur when this 
ethanol is not completely removed  [  74  ] . The manual extraction method has been 
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designated as a high-complexity test according to Clinical Laboratory improvement 
Amendments of 1988 (CLIA ’88) regulations (  http://www.cms.hhs.gov/clia/    ), so 
only trained laboratory personnel can perform it. Moreover, the number of speci-
mens for molecular testing is increasing, which places more stress on the technolo-
gists who are processing these specimens. This can affect the accuracy of tests as a 
result of a processing mistake or by contamination attributable to the complex pro-
cessing procedure.  

   Automatic Methods 

 The introduction of commercial manual extraction kits was a valuable adjunct for 
molecular testing in the clinical microbiology laboratory. However, the manual 
extraction method is still labor-intensive and time-consuming and requires a well-
trained technologist. There were also reports of outbreaks of cross contamination 
when the samples were treated at the same time  [  39,   75  ] . In recent years, many 
manufacturers developed and launched various automated extraction instruments; 

   Table 11.1    Manual methods of nucleic acid extraction and puri fi cations for rapid real-time PCR 
assays   
 Kit/manufacturer/
homepage  Technologic principle 

 Specimen 
throughput  Specimen type 

 High Pure 
 Roche Applied 

Science 
   www.roche-applied-

science.com     

 Nucleic acid capture by 
glass  fi ber  fl eece 
immobilized in a 
special plastic  fi lter 
tube and subjected to 
centrifugation 

 24 samples in 1 h  Serum, whole blood, 
plasma, urine, 
stool, sterile body 
 fl uids, respiratory 
tract specimens, 
swabs (genital, 
dermal) 

 QIAamp 
 Qiagen 
   www.qiagen.com     

 Nucleic acid capture by 
silica gel membrane 
placed in tube column 
and subjected to 
centrifugation or 
vacuum conditions 

 24 samples in 1 h 
for DNA 

 24 samples in 
1.5 h for RNA 

 Respiratory tract 
specimens, plasma, 
stool, serum, whole 
blood, urine, sterile 
body  fl uids, swabs 
(nasal, fecal) 

 IsoQuick 
 Orca Research 
   www.bioexpress.

com     

 Nucleic acid is partitioned 
into an aqueous phase 
and then precipitated 
with ethanol and 
resuspended in water 
or buffer 

 24 samples in 1 h 
for DNA 

 24 samples in 2 h 
for RNA 

 Plasma, whole blood, 
stool, respiratory 
tract specimens, 
sterile body  fl uids, 
swabs (dermal, 
fecal, genital) 

 IsoCode Stix 
 Schleichar & Schuell 
   www.whatman.com     

 DNA bound to matrix and 
released by simple 
water and heat elution 

 Processed 
individually 

 Whole blood 

  Reprinted with permission from Espy MJ et al. (2006) Real-time PCR in clinical microbiology: 
applications for routine laboratory testing. Clin Microbiol Rev 19(1):165–256  

http://www.cms.hhs.gov/clia/
http://www.roche-applied-science.com
http://www.roche-applied-science.com
http://www.qiagen.com
http://www.bioexpress.com
http://www.bioexpress.com
http://www.whatman.com
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these instruments vary in principle, procedure time, cost, and size (Table  11.2 ). The 
automated extraction instruments are easily divided by their workload capacity; the 
most appropriate instrument thus can be selected according to each laboratory’s 
workload situation from low-throughput instruments such as MagNA Pure com-
pact, NucliSens miniMAG, and BioRobot EZ1 systems to medium- to high-through-
put instruments such as the MagNA Pure LC and BioRobot M48/9604  [  76  ] .  

 The automated extraction methods have many advantages compared with man-
ual methods, and these instruments have proven to be very useful adjuncts for PCR 
testing. The steps proceed automatically with fast turnaround. This reduces the 
working time and avoids mistakes such as pipetting error. Many specimens can be 
analyzed at the same time  [  43  ] . It provides constant reproducibility for recovery of 
nucleic acid, avoiding person-to-person variations seen with manual extraction 
methods. It can also diminish cross contamination by reducing unnecessary han-
dling steps and avoiding mistakes by personnel  [  5  ] . It has an additional advantage 
for quality control monitoring, whereas the manual method needs intensive work 
for quality control monitoring  [  77  ] . 

 Since many automated extraction instruments and kits have been developed, 
numerous evaluations have been reported  [  67,   78–  81  ] . These studies included vari-
ous kinds of extraction kits, clinical specimens, and pathogens. Even though some 
reports showed high detection rates with manual extraction method, the results of 
automated extraction methods were similar to or better than those of manual meth-
ods in most of these studies  [  28,   29,   45,   64,   67,   78–  81  ] . 

 For example, Cook et al.  [  28  ]  evaluated the performance of four commercial 
automated extraction kits for the detection of viruses using clinical specimens. 

   Table 11.2    Automated nucleic acid extraction methods and their characteristics   

 Manufacturer  Instrument  Technologic principle 
 Specimens/run 
(batch size) 

 BioMerieux  Easy MAG  Magnetic bead extraction  24 
 BioMerieux  MiniMAG  Magnetic bead extraction  12 
 Roche  MagNA Pure LC  Magnetic bead extraction  32 (1–32) 
 Roche  MagNA Pure Compact  Magnetic bead extraction  8 (1–8) 
 QIAGEN  BioRobot Universal/

BioRobot MDx 
 Vacuum-based and/or 
 magnetic bead extraction 

 96 (8) 

 QIAGEN  QIAsymphony SP  Magnetic bead extraction  96 (1–24) 
 QIAGEN  QIAxtractor  Vacuum-based extraction  96 (8–96) 
 bioneer  ExiPrep 16 Plus, 

ExiPrep 16 Pro 
 Magnetic bead extraction  16 (1–16) 

 Abbott Molecular  M2000sp  Magnetic bead extraction  96 (24) 
 Eppendorf  epMotion 5070/

epMotion 5075 
 Vacuum-based and/or 

magnetic bead extraction 
 384 (1–384) 

 Fisher Scienti fi c  Thermo KingFisher Flex  Magnetic bead extraction  1–96 (1–96) 
 Beckman Coulter  Biomek NXp Span 8/

Biomek NXp 
Multichannel 96 

 Magnetic bead extraction  96 (8) 
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They compared viral yield using cultured cells containing CMV, EBV, HSV, BK, 
VZV, or HHV-8. The procedures of the kits were similar, and DNA extraction was 
successful with all kits. There were some variations of viral yields, which were only 
50% compared with those of the manual kits. The differences of yields are not of 
great signi fi cance if we consider the biologic range of viral loads in clinical practice 
as the manufacturer’s recommendation. In the study of multiplex molecular detec-
tion of infection in septic patients using automated extraction, the recovery of DNA 
was similar to that of the conventional manual method at the point of maximal bind-
ing surface of MagNA pure nanoparticles  [  76  ] . Many leukocytes are present in the 
blood sample, so the  fi nal DNA amounts recovered by the manual method can be 
about three times those obtained by MagNA pure extraction  [  82  ] . We can face dif-
ferent results for the evaluation of automated extraction instrument. The ef fi ciency 
of the NucliSens easyMAG was low for CMV  [  49  ]  and respiratory viruses  [  29  ] ; 
however, in another study, the NucliSens miniMAG showed the best results for the 
isolation of polyomavirus BK virus and the human beta-actin gene from urine speci-
mens  [  2  ]  and severe respiratory syndrome coronavirus RNA in stool samples  [  34  ] . 

 The most important drawback we must consider is the economic aspect of the 
automated methods. To use such a system, an expensive instrument and extraction 
reagents, including disposables, are needed. Sometimes, this increased cost for the 
automated system precludes its use. However, the in fl uenza A (H1N1) pandemic in 
2009 demonstrated the value of an automated extraction system. At that time, 
requests for in fl uenza A (H1N1) identi fi cation were increasing rapidly, and many 
laboratories could not perform all the requested tests because of limited personnel. 
This made clear the usefulness of the automated extraction system. Although the 
detection rates and yield recovery are the most important factors in selecting com-
mercial extraction methods, other factors, including ease of use and cost per extrac-
tion, also must be considered  [  28  ] .   

   Conclusion 

 In recent years, advanced molecular tests have come to occupy an important posi-
tion in the diagnosis of infectious diseases because of their high sensitivity and 
speci fi city  [  83,   84  ] . Ef fi cient nucleic acid extraction is essential. The optimal extrac-
tion method should ful fi ll the following conditions: speed, short working time, cost-
effectiveness, high sensitivity and speci fi city, good reproducibility, and safety  [  1  ] . It 
will be ideal for use with all kinds of specimens and pathogens. However, at pres-
ent, there is no one extraction method that satis fi es all these conditions. On the 
contrary, there are signi fi cant differences between extraction kits because nucleic 
acids can be different in speci fi c clinical specimens. So, it is important to carefully 
evaluate the performance of any extraction method used in the clinical microbiol-
ogy laboratory.      
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         Introduction 

 Probe-based nonampli fi ed molecular assays were  fi rst developed for detection of 
microorganisms decades ago. Over the years, the variety of molecular technologies 
for the laboratory diagnosis of infectious diseases has expanded greatly, largely due 
to the rapidly expanding  fi eld of sequenced microbial genomes. Probe-based hybrid-
ization assays remain a commonly used format in clinical microbiology laboratories 
due to its numerous advantages over routine culture-based methodologies. 
Conventional phenotypic methods of bacterial identi fi cation which include the 
Gram stain, culture, and biochemical reactions, contain three major challenges. 
First, nonviable or nonculturable organisms simply cannot be identi fi ed due to 
growth restrictions. Second, some microbial strains may exhibit atypical biochemi-
cal characteristics that do not match established patterns routinely used for 
identi fi cation. Third, slow-growing or fastidious organisms require a prolonged 
time to identi fi cation. In contrast, probe-based assays bypass many of the limita-
tions of phenotypic methods and provide accurate pathogen identi fi cation in a clini-
cally relevant timeframe. A variety of commercial assays are available to identify 
pathogens from culture, and in addition there are several assays that can detect 
infectious agents directly from specimen. This chapter presents an overview of the 
design and clinical applications of prominent nonampli fi ed probe-based methods 
commonly used in clinical microbiology laboratories to identify pathogens.  
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   Probe-Based Assay Design 

 A probe is a single-stranded segment of DNA or RNA speci fi cally designed to 
hybridize to its complementary sequence in the microorganism to be identi fi ed. The 
nucleic acid probe is labeled by a variety of reporter molecules that can be chemilu-
minescent,  fl uorescent, enzymatic, or antigenic in order to detect the double-stranded 
hybrids. There are a variety of probes and targets that are carefully selected when 
designing diagnostic assays. 

   Target Selection 

 Since the sensitivity of a probe-based assay is primarily determined by the abun-
dance of the target in the original sample, ribosomal RNA (rRNA) has been selected 
as a favorite target sequence. Ribosomes are highly conserved and essential organ-
elles responsible for protein synthesis and are therefore present in all living cells in 
high quantity. The presence of as many as 10 4–5  copies of 5S, 16S, and 23S rRNA 
per cell makes them excellent targets compared to DNA targets which usually have 
only very few copies per cell  [  1,   2  ] . The nucleotide sequence of rRNA is well con-
served within a species, yet quite variable among different microbial species, mak-
ing rRNA an ideal target for species identi fi cation for medically important organisms. 
The 16S and 23S rRNA molecules contain variable sequence motifs that re fl ect 
their phylogenetic origins. The sequence variability allows the design of species 
speci fi c probes for organism identi fi cation. Other RNA targets for in situ hybridiza-
tion (ISH) have also been applied to identify or differentiate bacteria, such as 
tmRNA, a RNA molecule of 363 nucleotides with combined properties of tRNA 
and mRNA  [  3  ] , and mRNA  [  4  ] .  

   Probe Selection 

 Probe selection and labeling have direct impact on hybridization assay ef fi ciency. 
The ideal probe is single-stranded, lacks secondary structure, and does not self 
anneal. It typically is either a short DNA or RNA oligonucleotide that is usually 
15–25 bases long. Most DNA probes are generated by oligonucleotide synthesis, 
whereas in vitro transcription is used for RNA probes. A critical feature of probe 
selection is the careful choice of probe sequence that is complementary to the 
sequence of the target of interest. In order to achieve high stability and to optimize 
base pair binding, a probe should contain greater than 50% guanine and cytosine (or 
GC-content). Under optimal conditions, the speci fi c probe should hybridize to sin-
gle-stranded nucleic acid (DNA or RNA) to generate a probe-target base paired 
double-stranded hybrid. 
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 In the past, probes were commonly labeled with radioactive molecules; however, 
these have now been replaced by a broad range of reporter molecules that are safer 
to use in a clinical laboratory, such as alkaline phosphatase, antibodies, chemilumi-
nescence, and  fl uorescence dyes  [  5  ] . Currently, nucleic acid probe hybrids are 
detected by incorporating pre-labeled probes in the methodology. The most com-
monly used probe labels to detect DNA or RNA within tissue or cells are enzymati-
cally linked antibody-based reporter molecules like digoxigenin. DNA sequences or 
RNA transcripts that have high sequence similarity to the probe are then detected by 
visualizing the hybridized probe via imaging techniques. The application of these 
probes to tissue sections allows DNA or RNA to be localized within tissue regions 
and cell types. Fluorescent-labeled probes offer the advantages of producing strong 
signals with less background, but have the disadvantages of poor  fl uorescent signal 
stability and the purchase of a  fl uorescence microscope with appropriate  fi lters.  

   Nucleic Acid Hybridization Formats 

 Nucleic acid probe hybridization assays commonly used in diagnostics occur in three 
major formats: in solution or liquid-phase, solid-phase, and ISH. With the liquid-
phase format, both probe and target rapidly interact in a homogeneous solution, as 
exempli fi ed by the hybridization protection assay (HPA). The HPA method utilizes 
short oligonucleotide probes covalently labeled with a chemiluminescent acridinium 
ester (AE)  [  6  ] . Solid-phase hybridizations, such as line probe or dot blot assays, 
occur on a solid surface (nylon membranes) to which the nucleic acid probe is bound. 
In general, hybridizations assays on solid-support platforms are not as sensitive as 
those liquid-phase formats due to the lack of exposure to all target sequences. ISH is 
a type of solid-phase format that  fi xes intact cells or tissues onto glass slides for 
detection of target nucleic acid. The controlled enzymatic digestion of cellular mem-
branes and other proteins allow the probes to gain access to the target sequences. The 
labels for the nucleic acid probes, which can be biotin or digoxigenin, incorporate a 
signal compound, such as a colorimetric or a  fl uorescent compound. In the  fl uorescent 
model, the signal probe hybridizes with the target to produce  fl uorescence, as 
exempli fi ed by the peptide nucleic acid  fl uorescence in situ hybridization (PNA 
FISH) assays. Other formats have been designed to combine solution and solid-
phased hybridization. In this model, the capture probes, which are coated on the 
metal beads, hybridize with the target nucleic acid in solution. A magnet is applied 
to the reaction tube, to separate the hybrids from the rest of the reaction and washing 
steps remove unbound probes and other unrelated molecules. In this solid support 
format, called “sandwich hybridization,” the signal probe will remain with the reac-
tion only if the target is hybridized with both signal and capture probes. 

 The sensitivity and speci fi city of probe hybridization formats are highly in fl uenced 
by hybridization stringency conditions that occur during the reaction, such as the 
temperature settings, washing conditions, and formamide, pH, or salt buffer con-
centrations. Stringency conditions de fi ne the number of base pair mismatches that 
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can be tolerated during the hybridization reaction. Assays with high stringency 
parameters are characterized by increased assay speci fi city and decreased sensitivity. 
Therefore high stringency parameters predict few hybrid mismatches and few false-
positive results. In contrast, less stringent reactions increase the sensitivity of the 
assay at the risk of detecting unwanted, nonspeci fi c results. In order to maximize 
assay performance characteristics, the stringency conditions for hybridization need 
to be optimized. Although most commercial hybridization assays are highly stan-
dardized, a laboratory developed assay, may need to adjust hybridization conditions 
to achieve the level of stringency that  fi ts their needs.   

   Clinical Application of Nonampli fi ed Probe-Based Assays 

 Probe-based assays have been developed to identify microbial nucleic acid targets 
from culture or directly from specimen. The accuracy, simplicity of use, and rapid 
turnaround time to results are advantages that have been applied to diagnostic test 
platforms, where they have been developed for the rapid identi fi cation of a wide 
range of infectious agents, thus facilitating appropriate patient management and 
optimal treatment. 

   Gen-Probe Nucleic Acid Detection Methods 

 Gen-Probe AccuProbe and PACE-2 assays (Gen-Probe, Inc., San Diego, CA) were 
among the  fi rst companies to utilize nonampli fi ed nucleic acid hybridization for 
routine identi fi cation of microorganisms  [  7–  9  ] . The kits are nonisotopic, simple to 
use, and highly sensitive (92–100%) and speci fi c (99–100%) (Table  12.1 ).  

 The principle of the AccuProbe is based on in-solution hybridization and the 
HPA. In this assay, rRNA molecules are released from the organisms by sonication. 
A single-stranded chemiluminescent acridinium ester-labeled DNA probe binds to 
a complementary 16S rRNA region of the target organism to form DNA:RNA 
hybrids  [  6,   10  ] . The acridinium ester of unstable hybrids and unattached probes are 
degraded by alkaline hydrolysis thus preventing chemiluminescence. However, 
stable DNA:RNA hybrids protect the chemiluminescent probe from hydrolytic deg-
radation resulting in light emission, which is measured in a luminometer as relative 
light units (RLU). 

 The AccuProbe assay is marketed for use in clinical laboratories to identify and 
detect speci fi c rRNA targets in infectious agents from culture and directly from 
specimen. Assays for culture identi fi cation of mycobacteria, include  Mycobacterium 
tuberculosis  complex,  Mycobacterium kansasii ,  Mycobacterium gordonae , 
 Mycobacterium avium  complex, and speci fi c probes to differentiate  Mycobacterium 
intracellulare , from  M. avium.  Probe assays are available for identi fi cation of the 
following systemic dimorphic fungi:  Blastomyces dermatitidis ,  Coccidioides immitis , 



23112 Nonampli fi ed Probe-Based Microbial Detection and Identi fi cation

and  Histoplasma capsulatum.  Gen-Probes assays are available for identi fi cation of 
 Campylobacter  sp., enterococci, Group B streptococci ( Streptococcus agalactiae ), 
 Haemophilus in fl uenzae ,  Neisseria gonorrhoeae ,  Staphylococcus aureus ,  Listeria 
monocytogenes , and  Streptococcus pneumoniae.  In addition, tests for detection of 
the following bacteria directly from samples are available from Gen-Probe: 
 Chlamydia trachomatis ,  N. gonorrhoeae , Group A streptococci ( Streptococcus pyo-
genes ) and  Legionella pneumophila.   

   Hybrid Capture Assay 

 The hybrid capture (HC) assay was  fi rst designed by Digene (Gaithersburg, MD) in 
1994  [  11  ]  as a relatively fast, liquid-based hybridization assay to detect speci fi c 
viruses and bacteria. The HC system is a signal-ampli fi cation assay that combines 
antibody capture and chemiluminescent signal detection. The basic steps of the 
assay involves the combination of speci fi c RNA probes to target DNA, generating 
RNA:DNA hybrids. These hybrids are captured onto a solid phase coated with 
universal antibodies that are speci fi c for RNA:DNA nucleic acid hybrids. The 
RNA:DNA hybrids are detected with multiple signaling antibodies conjugated to alka-
line phosphatase, resulting in chemiluminescence, which is measured in a luminometer. 

   Table 12.1    Gen-Probe AccuProbe assay sensitivity and speci fi city   
 Sensitivity (%)  Speci fi city (%) 

 Mycobacterial identi fi cation 
  Mycobacterium avium   99.3  100 
  Mycobacterium intracellulare   100  100 
  Mycobacterium avium complex   99.9  100 
  Mycobacterium gordonae   98.8  99.7 
  Mycobacterium kansasii   92.8  100 
  Mycobacterium tuberculosis  complex  99.2  99.0 

 Fungal identi fi cation 
  Blastomyces dermatitidis   98.1  99.7 
  Coccidioides immitis   98.8  100 
  Histoplasma capsulatum   100  100 

 Bacterial identi fi cation 
  Campylobacter   100  99.7 
  Enterococcus   100  100 

 Group A streptococci ( Streptococcus pyogenes )  99.0  99.7 
 Group B streptococci ( Streptococcus agalactiae )  97.7  99.1 

  Haemophilus in fl uenzae   97.1  100 
  Neisseria gonorrhoeae   100  100 
  Staphylococcus auresus   100  100 
  Listeria monocytogenes   100  99.7 
  Streptococcus pneumoniae   100  100 

  Information provided by Gen-Probe  
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HC technology has been applied for detection of  C. trachomatis  (CT),  N. gonorrhea , 
and human papillomavirus (HPV). This signal ampli fi cation assay is widely used 
for the detection of 14 HPV types, some causing cervical cancer, from thin prepa-
ration, liquid-based cervical brushes  [  12  ] . Recently, the HC assay is readily applied 
to detect HPV from head and neck squamous cell carcinoma using  fi ne-needle 
aspirate preparations  [  13  ] . This may eliminate the need to obtain tissue solely for 
the purpose of HPV testing, and provides broad application of the assay across 
specimen types.  

   Af fi rm DNA Assay 

 The DNA probe-based Af fi rm VPIII (BD Diagnostics, Sparks, MD), is a multiplex 
assay that detects complementary targeted DNA sequences of three major agents 
that can cause vaginitis/vaginosis:  Candida ,  Gardnerella , and  Trichomonas . The 
test is performed directly from a vaginal specimen without requiring nucleic acid 
ampli fi cation. The technology includes distinct single-stranded nucleic acid capture 
probes and color development probes that are complementary to unique genetic 
sequences of each target organism. The capture probes are immobilized on a bead 
embedded in a Probe Analysis Card, along with separate beads for each target organ-
ism. The color development probes are contained in a multiwell Reagent Cassette. 

 The Af fi rm VPIII Microbial Identi fi cation Test for  Candida  species can detect 
1 × 10 4  CFU of  Candida  species in log phase per assay, for  G. vaginalis  can 
detect 2 × 10 5  CFU of  G. vaginalis  in log phase per assay and for  T. vaginalis  
can detect 5 × 10 3  trichomonads per assay (ref, Af fi rm VPIII package insert). Since 
 Gardnerella  is present as normal vaginal  fl ora, its detection does not necessarily 
indicate bacterial vaginosis (BV). However, there have been clinical correlations 
of BV with high number of  Gardnerella  in vaginal samples. To minimize false-
positive results and possible inappropriate treatment, a high positive cut-off value of 
2 × 10 5  was established for Af fi rm VPIII. Reports have indicated a high speci fi city 
(97.1%), and a sensitivity (89%) that correlated with a grade 3 Nugent Gram stain 
score  [  14  ] . Other studies have indicated that the Af fi rm VPIII is an excellent tool for 
the diagnosis or exclusion of BV  [  15  ]  and is a more sensitive diagnostic predictor 
for symptomatic vaginitis/vaginosis than conventional clinical examination and wet 
mount testing  [  16  ] .  

   Line Probe Assay 

 The line probe assay (LiPA), developed by Innogenetics (Innogenetics N.V., Ghent, 
Belgium) is a solid-phase assay based on the principle of reverse hybridization tech-
nology  [  17  ] . Biotinylated DNA amplicons hybridize to speci fi c oligonucleotide probes 
that are immobilized as parallel lines on nitrocellulose membrane-based strips. 
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Each line represents a speci fi c probe. After hybridization and stringent wash steps, 
speci fi c hybrids can be detected by colorimetric reactions. By visually comparing 
the hybridization pattern on the strip to a reference read-out template, the test result 
can easily be interpreted. The advantages to this procedure include ease of use, no 
special instruments and it can be used to analyze amplicons resulting from poly-
merase chain reaction (PCR) technology. Although the LiPA test is not FDA cleared, 
many laboratories are utilizing the test after in-house validation due to its high sen-
sitivity in the presence of multiple targets. The analytes it can detect include myco-
bacteria, hepatitis B virus, hepatitis C virus, and HPV genotyping. The reagents for 
test performance are available commercially through companies such as Siemens 
Healthcare Diagnostics, Dear fi eld, IL. The LiPA genotyping assays simultaneously 
detect mutations, wild types and allelic variant strains  [  18  ] . The emergence of vari-
ants resistant to the current antiviral therapy is the leading cause of treatment failure 
in patients with chronic HBV and HCV infections. Thus, the early identi fi cation of 
these mutations may allow a timely adjustment of therapy to avoid hepatitis pro-
gression  [  19  ] .  

   In Situ Hybridization Assays 

 ISH is a solid-phase reaction in which labeled nucleic acid probes are used to detect 
speci fi c DNA or RNA targets in tissue or cells that are often formalin- fi xed or 
paraf fi n-embedded. ISH combines the speci fi city and sensitivity of nucleic acid 
hybridization with the ability to obtain histological and/or cytological information. 
Digoxigenin-labeled ISH probes are detected enzymatically with antigoxigenin 
antibodies conjugated with alkaline phosphatase or horseradish peroxidase. Biotin 
is another popular label that can be detected with enzyme conjugates of avidin, 
streptavidin, or antibiotin antibodies. These enzymes convert soluble substrates into 
insoluble precipitates that appear as dark, localized cellular or subcellular stains. 

 ISH is performed by transferring a small aliquot of a solution containing labeled 
probe (single-stranded or denatured double-stranded probes) to a protease-digested 
tissue section. Double-stranded targets are denatured prior to hybridization, which 
may enhance mRNA or rRNA hybridization by eliminating secondary structures. 
The stability of the hybridization between probe and target nucleic acid molecule is 
dependent on temperature, salt and formamide concentration, and length and GC 
content of the hybrid. Optimum conditions for a successful ISH should be devel-
oped by the laboratory performing the test. 

 ISH is clinically applied for detection or identi fi cation of viral nucleic acids asso-
ciated with infectious disease and cancer. ISH has been used to detect the following 
viruses:  adenovirus, cytomegalovirus   [  20  ] , hepatitis, HPV, herpes simplex, JC, 
 Epstein–Barr virus   [  21  ] , HHV-8  [  22  ] . ISH has been widely used to detect and dif-
ferentiate HPV in cervical specimens. Dako Corporation (Carpinteria, CA) provides 
biotinylated DNA probes for HPV ISH, including probes for high risk genomic 
types associated with cervical cancer.  
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   Peptide Nucleic Acid FISH Assays 

 FISH using PNA probes is a novel diagnostic technique combining the simplicity of 
traditional staining procedures with the unique performance of PNA probes to pro-
vide rapid and accurate detection of infectious agents  [  23  ] . PNA probes are synthetic 
compounds with nucleotide bases attached to a peptide backbone. They hybridize to 
targets with improved high sensitivity and speci fi city mainly due to electrical neu-
trality of its chemical structure. In addition, the relatively hydrophobic nature of 
PNA probes penetrates the hydrophobic cell wall easily, following preparation of a 
standard smear. These unique characteristics enable PNA probes to hybridize to 
highly structured targets such as rRNA in a quick and ef fi cient manner. 

 PNA FISH probe-based assays by AdvanDx (AdvanDx, Woburn, MA) have 
been designed to detect yeast and bacteria directly from newly positive blood cul-
tures expediting pathogen detection and targeted empiric therapy. The rapid diagno-
sis of bloodstream infections can signi fi cantly improve patient care, management, 
and treatment by reducing turnaround time to 90 min, compared to 1–3 days by 
traditional culture-based methods. Most of the assays are either FDA approved or 
pending approval. The  fi rst PNA FISH assay using speci fi c PNA probes to target 
rRNA of  Candida albicans , thereby differentiating this species from non-albicans 
 Candida.  The assay was intended for detection from newly positive blood culture 
bottles that were smear-positive for yeast  [  24  ] . Conventional culture-based 
identi fi cation methods can lead to the initial administration of costly and inappro-
priate antifungal therapy, whereas early species identi fi cation enables optimal initial 
drug selection. A second-generation dual color PNA FISH assay was designed to 
identify both  C. albicans , which is susceptible to  fl uconazole in most instances, 
from  C. glabrata,  which can be resistant and may require echinocandin therapy 
 [  25  ] . The sensitivity of the AdvanDx test for  C. albicans , and  C. glabrata  were 
98.7% (78/79) and 100%, respectively, and the speci fi city of this assay was 100% 
 [  26  ] . A new Yeast Traf fi c Light (AdvanDx, Woburn, MA) is a tricolor-labeled PNA 
FISH assay intended for the identi fi cation of  C. albicans  and/or  C. parapsilosis , 
 C. tropicalis  and  C. glabrata  and/or  C. krusei . 

 The AdvanDx PNA FISH assays were expanded to include the detection of gram-
positive and gram-negative bloodstream pathogens. An assay that identi fi es staphylo-
cocci from newly positive blood bottles with gram-positive cocci in clusters accurately 
differentiates S. aureus from coagulase-negative staphylococci  [  27  ] . The Enterococcus 
PNA FISH assay distinguishes Enterococcus faecalis, which is ampicillin and vanco-
mycin susceptible, from non E. faecalis enterococci usually expressing vancomycin 
resistance  [  28  ] . The GNR Traf fi c Light PNA FISH is a tricolor multiplex assay that 
identi fi es  Escherichia coli ,  Klebsiella pneumoniae , and  Pseudomonas aeruginosa  
within 90 min of a positive blood culture  [  29,   30  ] . The impact of the GNR PNA FISH 
assay for detecting bacteremia is underscored by the multidrug resistance nature of 
gram-negative organisms, particularly  K. pneumoniae  and  P. aeruginosa.  Their rapid 
identi fi cation can in fl uence empiric therapy. A PNA FISH assay is also available to 
identify  S. agalactiae  from turbid growth in Lim broth obtained from vaginal and 
rectal swabs of pregnant women between 35 and 37 weeks gestation  [  31  ] . Recently, 
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a new shortened PNA FISH procedure is being developed to reduce assay turn-
around time to 30 min. A summary of PNA FISH assays used in clinical laboratories 
for rapid identi fi cation of organisms directly in positive blood cultures and Lim broth 
showed in Table  12.2 .    

   Future Considerations 

 Nonampli fi ed nucleic acid probes are successfully being used in clinical microbiol-
ogy laboratories in many different formats. The technology will continue to expand 
due to their distinct advantages over culture-based tests, particularly in the detection 
and identi fi cation of poorly growing pathogens and those with long generation 
times. The commercially developed assays have the potential to become automated. 
The new probe-based assays under development will be designed to detect infec-
tious agents directly from clinical specimens and  fi xed tissue.      
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         Introduction 

 The treatment of infectious disease centers around the goals of both curing the 
patient and preventing or at least restricting the spread of disease. In a perfect world, 
health care professionals would know that these goals have been achieved when the 
patient’s health is restored and there are no new occurrences of infected patients. 
However, the real world of infectious disease is far from perfect. The individual 
patient may present with evidence of recurring or additional infection by a pathogen 
(e.g., at a different body site). Different members of a patient population may yield 
cultures of the same organism. In both instances, the question commonly asked is 
whether multiple isolates of a given pathogen represent the same strain. In the indi-
vidual patient, this question commonly relates to issues of therapeutic ef fi cacy while 
in a patient population the concern is infection control. However, in both settings, 
the resolution of these questions is aided by speci fi c epidemiological assessment. In 
the past, a variety of methods based on phenotypic characteristics have been used for 
this purpose including biotype, serotype, susceptibility to antimicrobial agents, or 
bacteriophages, etc.  [  1–  4  ] . However, in the 1970s, techniques developed for the 
recombinant DNA laboratory began to  fi nd application in the molecular character-
ization of clinical isolates. These included comparing protein molecular weight dis-
tributions by polyacrylamide gel electrophoresis, relative mobility of speci fi c 
enzymes by starch-gel electrophoresis (multi-locus enzyme electrophoresis), speci fi c 
antibody reactions with immobilized cellular proteins (immunoblotting), and cellu-
lar plasmid content (i.e., plasmid  fi ngerprinting)  [  2,   5,   6  ] . However, by the 1980s it 
was clear that comparisons at the genomic level would provide the most fundamen-
tal measure of epidemiological relatedness. Thus, molecular typing was born. 
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While a wide range of etiological agents are of clinical concern, this review focuses 
on molecular approaches to the epidemiological analysis of bacterial pathogens.  

   What Does “State of the Art” Mean? 

 In any area of scienti fi c investigation, state of the art methodology may be viewed 
from two different perspectives. There are cutting-edge techniques requiring spe-
cialized equipment and expertise that perform remarkably well but are of limited 
availability to many investigators. Alternatively, there are functional state of the art 
approaches, meaning that one is using the best method available within the prevail-
ing ( fi nancial, geographic, technical expertise, etc.) environment. In this context, it 
is important to recognize that while one may not have access to the most recently 
published sophisticated methods, from an epidemiological standpoint, it is better to 
do something rather than nothing. Thus, this review begins with examples of estab-
lished molecular typing techniques which, depending on the ( fi nancial, geographic, 
scienti fi c) environment, may still be viewed as state of the art while also consider-
ing more recently described cutting-edge approaches.  

   The Ultimate Foundation for Epidemiological Comparison: 
The Bacterial Genome 

 Advances in DNA sequencing have shown that what was once thought of as the 
bacterial chromosome is actually a core genome plus a variety of inserted mobile 
genetic elements  [  7–  9  ] . Nevertheless, the totality of these sequences makes the cell 
a speci fi c strain of  Pseudomonas aeruginosa ,  Staphylococcus aureus ,  Escherichia 
coli , etc. Thus, the bacterial genome represents the most fundamental molecule of 
identity in the cell and the common goal of molecular typing approaches is to pro-
vide a measure of isolate genomic relatedness  [  10  ] . While the methodological 
aspects of these techniques differ, they can generally be grouped into two categories 
of data output, either electrophoretic “bands” or DNA sequences.  

   Methods with Electrophoretic Output 

 Restriction Enzyme-Based  

 Chromosomal Restriction Enzyme Analysis 

 The ubiquitous presence of chromosomal DNA in all bacterial pathogens made 
restriction enzyme analysis (REA) an attractive early approach to molecular strain 
typing. While all bacterial cells can theoretically be analyzed by such a process, the 
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DNA sequences recognized by common restriction enzymes such as  Eco RI,  Hind III, 
etc., are abundantly dispersed (e.g., on average >600 copies) throughout a typical 
2–3 Mb bacterial chromosome. This is illustrated in Fig.  13.1  with a comparison of 
 Eco RI REA for  S. aureus  strains COL and NCTC8325. Thus, the resulting chal-
lenge is to accurately compare electrophoretic patterns that comprise hundreds of 
restriction fragments, often co-migrating in clusters of similar size, and potentially 
including resident plasmid DNA  [  11  ] . Consequently, at the present time this method 
continues to be recommended only for use with  Clostridium dif fi cile   [  12  ] .  

 Since the mid 1970 Southern hybridization  [  13  ]  has been a staple of molecular 
biology, and its power to probe for speci fi c DNA sequences soon began to  fi nd clini-
cal application. For diagnostic purposes, tests to detect the presence or absence of 
clinically relevant sequences (e.g., related to organism identi fi cation, antibiotic 
resistance) began to be developed. For epidemiological analysis, probes speci fi c for 
sequences found at multiple chromosomal locations can be hybridized against chro-
mosomal restriction enzyme fragments which have been electrophoretically sepa-
rated. The resulting hybridization patterns (restriction fragment length polymorphisms 
(RFLPs)) provide an indication of chromosomal relatedness between different bac-
terial isolates. However, at present this approach is not widely used for epidemio-
logical analysis with the exception of probes for the insertion sequence IS 6110  in 
the RFLP analysis of  Mycobacterium tuberculososis   [  14,   15  ] .  

  Fig. 13.1    Diagrammatic 
representation of REA with 
chromosomal DNA from  S. 
aureus  strains COL and 
NCTC8325 digested with the 
restriction enzyme  Eco RI. 
Data were generated using 
the Comprehensive Microbial 
Resource of the J. Craig 
Venter Institute Web site: 
  http://cmr.jcvi.org/cgi-bin/
CMR/shared/Menu.
cgi?menu=genome           

 

http://cmr.jcvi.org/cgi-bin/CMR/shared/Menu.cgi?menu=genome
http://cmr.jcvi.org/cgi-bin/CMR/shared/Menu.cgi?menu=genome
http://cmr.jcvi.org/cgi-bin/CMR/shared/Menu.cgi?menu=genome
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   Pulsed-Field Gel Electrophoresis 

 In contrast to conventional REA, rare-cutting restriction enzymes cleave the bacterial 
chromosome into a relatively small number of fragments (e.g., 10–30) due to the 
length and/or DNA base composition of their recognition sequences,. However, 
electrophoretic analysis of the megabase-size restriction fragments generated is 
complicated by their size-independent migration during conventional agarose-gel 
electrophoresis  [  16,   17  ] . In 1980, alternative electrophoretic approaches were devel-
oped based on the principal of periodic reorientation of the electric  fi eld (and DNA 
migration) relative to the direction of the gel. The pulsed electric  fi eld separates 
DNA fragments over a wide range of sizes from kilobytes to megabytes (Fig.  13.2 ) 

  Fig. 13.2    Illustration of PFGE work fl ow moving from chromosomal digestion with rare-cutting 
restriction enzymes to macro-restriction fragment separation by PFGE to the  fi nal analysis of frag-
ment patterns from different (patient) sources       
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thus allowing a more manageable comparison of isolate patterns. The usefulness of 
pulsed- fi eld gel electrophoresis (PFGE) for molecular typing has been recently 
reviewed  [  18,   19  ] . However, it is important to note that while the method is far from 
new, PFGE has exhibited enormous staying power as a valuable method of genomic 
analysis and comparison. This is especially true for molecular typing where for the 
majority of bacterial pathogens it remains the acknowledged “gold standard” for 
assessing isolate interrelationships. The reason for this longevity is multifold. 
Overall, the method for chromosomal DNA isolation (i.e., the in situ lysis of bacte-
rial cells encased in agarose plugs) requires only minor variation with different 
bacterial species. A wide range of bacterial pathogens can be analyzed using a small 
number of different restriction enzymes (commonly  Sma I and  Xba I for gram-posi-
tive and -negative isolates, respectively). Despite the fact that PFGE obviously does 
not detect every genetic change and macro-restriction fragment, for most organisms 
analyzed the sum of the visible fragment sizes represents greater than 90% of the 
chromosome. This visual sense of global chromosomal monitoring can be highly 
informative not only for isolate comparisons, but also in associating characteristic 
PFGE patterns with speci fi c (e.g., internationally recognized) bacterial strains  [  20  ] . 
In addition, the chromosomal overview provided by PFGE allows visualization of 
genomic rearrangements as in the case of  S. aureus  strain USA300 where changes 
in PFGE patterns can be speci fi cally associated with loss of the staphylococcal 
chromosomal cassette encoding methicillin resistance (SCC mec ) or the adjacent 
arginine catabolic mobile element (ACME)  [  21  ]  (Fig.  13.3 ).    

  Fig. 13.3     Sma I-digested 
chromosomal DNA from 
USA300  S. aureus  isolates 
which are ( lane 1 ) methicillin 
resistant and PCR positive for 
the adjacent ACME  arcA  
gene ( lane 2 ), methicillin 
susceptible due to loss of 
SCC mec  but  arcA  positive, or 
( lane 3 ) negative for both 
SCC mec  and  arcA . (Modi fi ed 
from Goering et al.  [  21  ] )       
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   Optical Mapping 

 Optical mapping (OM) is an interesting variation of the REA-PFGE method with 
potential epidemiological application. Similar to PFGE, high molecular weight 
genomic DNA is obtained by agarose-encased lysis of cells. As illustrated in 
Fig.  13.4 , single DNA molecules are then electrostatically  fi xed to the surface of 
material amenable to scanning by  fl uorescent microscopy. The DNA molecules are 
exposed to restriction endonuclease digestion but the order of the resulting frag-
ments is maintained since each molecule is immobilized. After staining with a 
 fl uorescent dye,  fl uorescent microscopy coupled with appropriate software converts 
the optical image to a digital format producing restriction maps of the individual 
molecules. The overlapping maps are then assembled to produce an ordered restric-
tion map of the entire chromosome. Overall hands-on time of a few hours with  fi nal 
genomic data output in less than 2 days from start to  fi nish makes OM an interesting 
technology which has shed recent light on a variety of microbial strain interrelation-
ships  [  22,   23  ] . However, a per-isolate cost of several thousand dollars (total instru-
mentation list price >$200,000) currently makes OM impractical for infection 
control surveillance or routine multi-isolate epidemiological analysis.   

   PCR-Based 

 Ampli fi ed Fragment-Length Polymorphism 

 Ampli fi ed fragment-length polymorphism (AFLP) remains in current use as an 
interesting approach that combines the use of restriction enzymes and PCR to poten-
tially analyze a wide range of bacterial pathogens  [  24  ] . The process involves cre-
ation of typing patterns based on PCR ampli fi cation of a subset of chromosomal 
restriction fragments (Fig.  13.5 ). This is accomplished by digesting isolated DNA 
with two different restriction endonucleases, usually chosen so that one cuts more 
frequently than the other (e.g.,  Eco RI and  Mse I). While a large group of restriction 
fragments are initially created, only speci fi c subsets are utilized for isolate compari-
son. Adapters speci fi c for the cleaved restriction-sites are ligated to the fragment 
ends thus extending the length of the known end sequences and serving as primer 
binding sites for PCR. The adapter design includes extra nucleotides beyond the 
restriction-site sequence allowing only a subset of fragments to be ampli fi ed. Using 
labeled primers the speci fi city of the process may be further controlled, ultimately 
leading to an electrophoretic pattern of ampli fi ed products that becomes the basis 
for assessing isolate interrelationships. Recent AFLP improvements have included 
multiple enzyme–adapter combinations and either  fl uorescent or radioactively 
labeled primers, allowing high-throughput analysis to be achieved using an auto-
mated DNA sequencer, phosphoimager, etc.  [  24,   25  ] . However, issues regarding 
data analysis and inter-laboratory sharing, and the specialized equipment required 
for electrophoresis have limited the use of this method in the clinical setting.   
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  Fig. 13.4    Protocol for 
optical mapping. ( a ) DNA is 
electrostatically immobilized, 
( b ) digested, DNA and 
 fl uorescently imaged. 
( c ) Restriction fragments are 
sized and ( d ) assembled into 
a ( e ) consensus optical map. 
(Modi fi ed from the 
OptiGen®, LLC Web site  
     http://www.optigen.com    )       

 

http://www.optigen.com
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   Repetitive Sequence-Based PCR 

 Well before our current level of technology and understanding regarding bacterial 
genomics, speci fi c DNA sequences were known to be repeated at multiple chromo-
somal sites in a variety of clinically important pathogens. Enterobacteria were found 
to contain several hundred copies of repetitive extragenic palindromic (REP) ele-
ments and enterobacterial repetitive intergenic consensus (ERIC) sequences  [  26  ] . 
Repeated BOX element sequences were observed in the chromosome of 
 Streptococcus pneumoniae   [  27  ] . Multiple copies of IS 256  were found in staphylo-
coccal genomes  [  28  ] . These and other repeat elements represent genomic landmarks 
of known sequence to which PCR primers may be speci fi cally anchored in an out-
wardly oriented direction. The resulting amplicons represent inter-repeat distances 
that do not exceed the capability of the  Taq  polymerase (Fig.  13.6 ). Thus, strain typ-
ing by repetitive sequence-based PCR (rep-PCR) is accomplished by comparing the 
chromosomal distribution of such repeated sequences as re fl ected by the resulting 
pattern of amplicon sizes. Performed under relatively stringent conditions, rep-PCR 
is much more reproducible than other more generic PCR approaches such as 

  Fig. 13.5    AFLP protocol. ( a ) Genomic DNA is restricted using two different enzymes to yield 
fragments ( b ) with a mixture of restriction sequence ends. ( c ) Restriction-site speci fi c adapters are 
ligated to the fragment ends. ( d ) PCR primers complementary to the adapters with additional bases 
at their 3 ¢  ends restrict ampli fi cation to a subset of fragments ( e ) the sizes of which are then ana-
lyzed by electrophoresis ( f ). (Modi fi ed from Rademaker and Savelkoul  [  84  ] )       
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randomly ampli fi ed polymorphic DNA (RAPD) and arbitrarily primed-PCR 
(AP-PCR) which are not considered here  [  1,   5  ] . Initial “home brew” efforts at rep-
PCR encountered issues such as appropriate primer combinations, PCR conditions, 
and optimum visualization of amplicon fragment patterns by agarose gel electro-
phoresis  [  29  ] . However, the process has become highly reproducible via commer-
cial automation. The DiversiLab System (bioMérieux) employs optimized protocols, 
separation of PCR products in a charged micro fl uidic  fi eld (i.e., on a chip) rather 

  Fig. 13.6    Illustration of rep-PCR. ( a ) Repetitive sequences in the bacterial chromosome are rec-
ognized by outwardly directed primers ( b ) allowing PCR ampli fi cation of the inter-repetitive 
regions ( c ) when are then analyzed by electrophoresis ( d )       
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than by conventional agarose gel electrophoresis, and software for data analysis. 
While in some instances less discriminatory than PFGE  [  30,   31  ] , rep-PCR remains 
an interesting typing method although issues regarding database libraries and inter-
laboratory data sharing  [  4  ]  as well as costs associated with the commercial approach 
are factors to be considered.   

   PCR Ribotyping 

 Bacteria typically contain multiple chromosomal copies of rRNA genes. Conventional 
ribotyping exploits the fact that strain-to-strain differences in the chromosomal 
regions  fl anking rRNA genes affect restriction enzyme recognition sites producing 
different RFLP hybridization patterns with rRNA probes  [  32  ] . However, this 
approach is no longer considered state of the art. PCR-ribotying, based on primers 
amplifying polymorphisms in the 16–23S intergenic spacer region, continues to be 
used as an important tool in the epidemiological monitoring of  C. dif fi cile   [  33  ] . 
However, it is important to note that the amplicons generated typically include a 
variety of similar sizes which are a challenge to separate by agarose gel electropho-
resis. Nevertheless, the patterns obtained are amenable to databasing and inter-
laboratory comparison especially with regard to highly toxigenic strains such as 
 C. dif fi cile  ribotype 027  [  34–  36  ] .  

   Staphylococcal Cassette Chromosome  mec  Typing 

 Staphylococci resistant to the antibiotic methicillin, especially  S. aureus  (MRSA), 
represent an infectious disease problem of global concern. Central to this issue is 
the mobile genetic element staphylococcal cassette chromosome  mec  (SCC mec ) 
encoding the altered penicillin-binding protein (known as PBP2a or PBP2’) respon-
sible for resistance  [  37  ] . Increased understanding of staphylococcal genomics has 
revealed SCC mec  variations (termed SCC mec  types) which differ with regard to 
their internal organization and total size (<30–>60 kb)  [  38  ] . A variety of multiplex 
PCR approaches have been developed with primers positioned to detect type-
speci fi c differences re fl ected by amplicon banding patterns in agarose gels  [  39–  41  ] . 
However, SCC mec  represents one of the most highly recombinogenic regions in the 
staphylococcal genome. This is re fl ected in the increasing complexity associated 
with newly described SCC mec  types and subtypes and the multiplex PCR protocols 
required for their detection (  http://www.sccmec.org/Pages/SCC_TypesEN.html)     
 [  38  ] . Nevertheless, SCC mec  typing represents an important means of studying the 
element’s organization, persistence, and movement in staphylococcal populations. 
In this context, SCC mec  type has become a landmark trait in the de fi nition of 
speci fi c staphylococcal epidemic strains (especially MRSA). However, the method 
is not discriminating enough to stand alone as an approach to epidemiological mon-
itoring and SCC mec  differences do not signi fi cantly impact anti-staphylococcal 
chemotherapy  [  42  ] .  

http://www.sccmec.org/Pages/SCC_TypesEN.html)
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   Multiple-Locus VNTR Analysis 

 Similar to the repetitive sequences discussed earlier (i.e., rep-PCR), advances in 
bacterial genomics have revealed the presence of chromosomal regions consisting of 
tandemly repeated sequence “units” varying both in the number and sequence of the 
individual repeats (Fig.  13.7 ). These occur by slipped strand mispairing during chro-
mosomal replication resulting in the insertion or deletion of repeat units  [  43–  45  ] . 
Bacterial genomes may contain different variable number tandem repeats (VNTR) 
at multiple chromosomal sites. Properly designed multiplexed PCR primers thus 
produce multiple-locus VNTR analysis (MLVA) banding patterns by electrophoresis 
with potential application for strain typing  [  46  ] . Finding and validating the epide-
miological usefulness of speci fi c MLVA approaches is a deliberative process which 
varies depending on a number of factors including the degree of VNTR polymor-
phisms, the organism being analyzed, etc.  [  3,   46  ] . Nevertheless, MLVA strain typing 
has been described for a variety of clinically important bacterial pathogens including 
 Bacillus anthracis ,  Brucella  spp.,  E. coli ,  Legionella pneumophila ,  Leptospira inter-
rogans ,  Mycobacterium tuberculosis ,  P. aeruginosa ,  Yersitia pestis ,  Shigella  spp. , 
S. aureus , and  S. pneumonia  (see  [  46  ]  for a review). This trend has been facilitated 
by a number of advances including digitized MLVA pattern nomenclature based on 
VNTR repeat numbers, improved accuracy with pattern visualization by capillary, 
rather than agarose-gel, electrophoresis, and proper molecular size standards.  

 Overall, with some exceptions such as PFGE, electrophoretic-based typing 
methods tend to be relatively simple to perform and also bene fi t from the potential 
for decreased cost when agarose-gels are used for analysis. However, it is important 
to emphasize that strain typing based on electrophoretic banding patterns is primarily 
a comparison of chromosomal fragment sizes rather than speci fi c genomic content. 
With the exception of PCR ribotyping and MLVA this is true for both restriction enzyme 
and PCR-based methods but is especially the case with the former where equivalent-
sized fragments in different isolate patterns may or may not represent the same 
chromosomal sequence. Electrophoresis-based typing approaches are also challenged 

  Fig. 13.7    Diagram of a chromosomal VNTR where ( a ) a sequence unit of “X” base pairs is 
( b ) tandemly repeated “Y” number of times during chromosomal replication. PCR primers 
anchored to chromosomal regions adjacent to the VNTR ( c ) allow ampli fi cation with subsequent 
electrophoretic analysis to determine the VNTR “Y” repeat number       
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regarding issues of typing pattern nomenclature, databasing, and interlaboratory 
sharing. Nevertheless, as noted earlier, in the context of locally available economic 
and scienti fi c resources these methods continue to remain of value as options for the 
epidemiological evaluation of problem bacterial pathogens.  

   DNA Sequence-Based Methods 

 Since the bacterial chromosome is the most fundamental molecule of identity in the 
cell, strain typing based on DNA sequence analysis is the most direct approach to 
assessing isolate relatedness. Sequence-based approaches have a number of addi-
tional advantages over electrophoresis-based typing methods including:

    1.    Simplicity and reproducibility. 
 Older molecular methods for epidemiological analysis involve numerous experi-
mental variables including types of equipment, reagents, experimental protocols, 
etc., all of which affect inter- and intra-laboratory reproducibility. With enough 
time and effort, any epidemiological method can be standardized as evidenced 
by classical bacteriophage typing of staphylococci  [  47  ]  or the success of the 
nationwide PFGE Pulse-Net System for the investigation of foodborne outbreaks 
designed by the United Stated Centers for Disease Control  [  48  ] . However, DNA 
sequence analysis is a more straightforward process that can be performed in a 
more controlled, uniform, and reproducible manner with speci fi c known chro-
mosomal loci.  

    2.    Data sharing and storage. 
 Electronic storage and sharing of data from electrophoresis-based typing meth-
ods is accomplished using bitmapped (e.g., .tiff, .jpeg) computer images. 
However, the larger the number of isolates the more unwieldy the process can 
become. In addition, some form of nomenclature must be used to identify and 
interrelate isolate banding patterns. With large data sets, the use of appropriate 
computer software is essential to accomplish this process. However, the frame-
work for data sharing, storage, and retrieval is necessarily based on visual images 
and the limits that format imposes. Conversely, nucleotide sequences represent 
simple, highly portable, quaternary data that can much more easily be shared, 
stored, and retrieved.  

    3.    Data interpretation and detection of signi fi cant differences. 
 As will be discussed more fully later, the most crucial aspect of any typing 
method is its ability to detect signi fi cant (epidemiologically-relevant) differ-
ences between isolates. While the goal of molecular typing is a comparison of 
chromosomal similarity, electrophoretic banding patterns only indirectly address 
this issue. Despite computer programs which can assist the process, there is 
always an element of end user judgment that can affect the  fi nal evaluation. 
In contrast, nucleotide sequence data allows direct and unambiguous genomic 
comparison. 
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 Advances in DNA sequencing and the rapidly expanding database of sequenced 
microbial genomes have served as the foundation for a variety of typing approaches 
which can generally be categorized as single-locus, multiple-locus, or whole-
genome sequence typing.      

   Single-Locus Sequence Typing 

 Since the genome of bacterial pathogens is mega-base in size, it is remarkable to 
think that a single locus of ca. 1,000 bases could contain suf fi cient information to be 
epidemiologically relevant. Nevertheless, three instances where this is the case are 
detailed below.  

    S. aureus  Protein A Typing 

 The production of protein A is a hallmark characteristic of  S. aureus . Thus, the gene 
for protein A ( S. aureus  protein A,  spa ) is found in all  S. aureus  strains. The 3 ¢  end 
of the  spa  locus (i.e., the polymorphix “X” region) contains a 24-bp VNTR which 
can be ampli fi ed with appropriate primers (e.g., see Fig.  13.7 ) and sequenced to 
determine the speci fi c  spa  type. Software packages such as StaphType (Ridom 
GmbH, Münster, Germany) and BioNumerics (Applied Maths NV, Sint-Martens-
Latem, Belgium) are available to assist with the sequence analysis process. 
Numerous studies have shown that comparisons of  S. aureus spa  types, facilitated 
by an Internet-based  spa  server (  http://spaserver.ridom.de    ), provide epidemiologi-
cally-relevant information that correlates well with other typing methods such as 
PFGE  [  42,   49–  52  ] . In Europe this has led to the formally organized use of  spa  typ-
ing in the epidemiological monitoring of speci fi c  S. aureus  strains (i.e., SeqNet; 
  http://www.seqnet.org    ) involving 60 laboratories from 39 countries.  

    Strepcococcus pyogenes  M Protein ( emm ) Typing 

 The cell surface M protein is an important virulence factor in  S. pyogenes   [  53  ] . 
Genomic analysis has revealed that the M protein locus ( emm ) is variable and can 
encode at least 100 different M protein types which were initially detected and cata-
loged serologically. However, PCR primers  fl anking the hypervariable region of the 
 emm  gene allow direct sequencing to determine speci fi c isolate  emm  types. As a 
result, sequence-based  emm  typing is currently the most widely used approach to 
group A streptococcal epidemiology  [  53–  56  ] . As with  S. aureus spa  typing,  emm  
typing is facilitated by an Internet-based server (hosted by the US Centers for 
Disease Control) which houses the  S. pyogenes emm  sequence database (  http://
www.cdc.gov/ncidod/biotech/strep/strepblast.htm    ). This resource has allowed the 
CDC to follow speci fi c  S. pyogenes  epidemiological trends such as the proportion 

http://spaserver.ridom.de
http://www.seqnet.org
http://www.cdc.gov/ncidod/biotech/strep/strepblast.htm
http://www.cdc.gov/ncidod/biotech/strep/strepblast.htm
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of  emm  types contributing to speci fi c disease in different global regions (e.g., Africa, 
Asia, Latin America, Middle East, Australia/Paci fi c Island) (  http://www.cdc.gov/
ncidod/biotech/strep/emmtype_proportions.htm    ).  

    mec -Associated Direct Repeat Unit Typing 

 In 1991, Ryffell et al.  [  57  ]  identi fi ed a cluster of repeated imperfect 40-bp sequences 
(i.e., direct repeat units,  dru ) adjacent to IS 431  within the SCC mec  element of 
 S. aureus  isolates. While the  dru  VNTR is absent in a minority of MRSA isolates  [  58  ] , 
its constant location in different SCC mec  types of both coagulase-positive and -neg-
ative staphylococcal species represents a valuable and stable internal SCC mec  char-
acteristic  [  59  ] . As with staphylococcal  spa  typing, properly positioned PCR primers 
allow ampli fi cation and sequencing of the  dru  region. Software such as BioNumerics 
(Applied Maths NV, Sint-Martens-Latem, Belgium) and DruID (  http://www.
mystrains.com/druid    ) is available to assist with assignment of  dru  types the central 
repository for which is an Internet-based server (  http://www.dru-typing.org    ). 
As with SCC mec  typing,  dru  typing has become an increasingly important means of 
characterizing the persistence and movement of SCC mec  in staphylococcal popula-
tions. While not discriminating enough to serve as a standalone approach to epide-
miological monitoring,  dru  typing has proven helpful in assessing movement of 
SCC mec  in staphylococcal populations and in subtyping highly clonal (i.e., dif fi cult 
to differentiate) staphylococcal strains  [  58,   60,   61  ] . In addition, a combination of  dru  
typing and analysis of SCC mec  ( ccr ) recombinase genes, has proved highly infor-
mative with regard to the phylogeny of speci fi c  S. aureus  MRSA strains  [  62,   63  ] .  

   Multi-Locus Sequence Typing 

 Since its initial description in 1998  [  64  ]  multi-locus sequence typing (MLST) has 
become one of the most popular approaches to microbial strain typing with demon-
strated utility for a wide range of clinically relevant pathogens (  http://www.mlst.
net/databases/default.asp    ). The method is based on PCR ampli fi cation and subse-
quent sequencing of the internal regions (450–500 bp) of multiple essential (i.e., 
housekeeping) genes. Seven genes are typically employed, the sequences of which 
are assigned numeric allelic designations (Fig.  13.8a ). Individual strains are thus 
characterized by a seven digit MLST sequence type (ST). For a given organism, 
individual STs are interrelated based on an algorithm that identi fi es a parent or 
“founding” ST as that which has the greatest number of single-locus variants (SLV). 
Using online graphic tools (eBURST;   http://saureus.mlst.net/eburst/    ) the STs can be 
further grouped into clonal complexes (CC) where members of the group share a 
minimum of  fi ve or six of the seven allellic designations (Fig.  13.8b ). The highly 
portable nature of such data and availability of online databases has facilitated 
the use of MLST for global epidemiological analysis  [  65,   66  ]  and long-term 

http://www.cdc.gov/ncidod/biotech/strep/emmtype_proportions.htm
http://www.cdc.gov/ncidod/biotech/strep/emmtype_proportions.htm
http://www.mystrains.com/druid
http://www.mystrains.com/druid
http://www.dru-typing.org
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(i.e., phylogenetic) investigation of bacterial lineages  [  67–  69  ] . However, the method 
has not found routine clinical application since MLST housekeeping gene sequences 
are too conserved to reliably differentiate the closely related isolates typically 
encountered during short-term outbreaks (e.g., MRSA and MSSA could both have 
the same ST). The time and cost associated with multiple-gene sequencing (a total 
of ca. 3–4 kb for 7 loci) has also been a disincentive to routine use.   

   Other Multi-Locus Approaches: Hybridization-Based Typing 

 As noted earlier, only a small number of loci may be simultaneously queried using 
DNA hybridization with restriction fragment-based typing. However, this is not the 
case with array-based methods where thousands of speci fi c oligonucleotide probes 

  Fig. 13.8    Illustration of MLST with hypothetical  S. aureus  strains A and B depicting the seven 
chromosomal housekeeping genes with an example of allelic differences (e.g., in  yqiL ) constitut-
ing different STs ( a ). An eBURST example of a clonal complex with central founding ST and 
associated SLVs is also shown ( b )       
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(e.g., representing species-speci fi c, antimicrobial resistance, and virulence-associated 
genes) can be anchored to solid surfaces such as glass, plastic, or silicone chips. The 
hybridization pattern of labeled genomic DNA from isolates to be analyzed thus has 
the potential to provide a wealth of information regarding genomic content (e.g., the 
presence or absence of speci fi c genes). Depending on the length of the anchored 
array sequences even minor sequence variations including insertions, deletions, or 
changes in a single base of a sequence (single nucleotide polymorphism, SNP) can 
be detected. The power of this approach has been applied to the characterization of 
a wide variety of clinically relevant organisms  [  3,   70–  72  ] . However, while microar-
rays have the potential for high-throughput genomic analysis their use is not cost-
effective for routine clinical use. In addition, a high level of technical expertise is 
required especially for data analysis which can be complicated by “background” 
noise due to partial hybridization, etc. An interesting variation on microarray analy-
sis, developed by Luminex (Luminex, Austin), involves the use of  fl ow cytometry 
to detect hybridization of test DNA to  fl uorochrome-labeled beads conjugated with 
speci fi c sequence probes  [  73  ] . However, the utility of this suspension-based 
approach for strain typing remains to be thoroughly evaluated.  

   Whole Genome Sequence Typing 

 As noted earlier, the goal of molecular strain typing is epidemiological assessment 
based on the most fundamental molecule of identity in the cell—the bacterial chro-
mosome. Thus, the ability to compare whole genome sequences (WGS) represents the 
ultimate molecular typing approach. While this was impossible with older dideoxy/
chain termination sequencing technology  [  74  ] , newer (i.e., next-generation sequenc-
ing, NGS) methods have made this goal a reality. The technology behind NGS is 
discussed in Chap. 37 of this book and is not considered further here. However, from 
a strain typing standpoint it is important to note that revolutionary developments in 
NGS have made (WGS) possible with benchtop instrumentation such as the Ion 
Torrent PGM (Life Technologies, Guilford) and the MiSeq (Illumina, San Diego). 
Such instrumentation now allows WGS to be completed in only a few hours with 
extensive multifold coverage allowing isolates to be compared down to the level of 
SNPs. However, for NGS, as for previous sequencing iterations, the critical issues 
are throughput, quality, read length and cost. All of these are currently in a state of 
 fl ux as commercial technology improves and positions itself in the scienti fi c market-
place. However, an example of these concerns is seen in the application of WGS to 
the analysis of a recent  E. coli  outbreak in Europe which claimed more than 50 lives. 
One report, based on sequencing with the Ion Torrent PGM, concluded that the out-
break strain and an older 2001 isolate arose from a common ancestor with the current 
outbreak resulting from gene loss  [  75  ] . However, another study, using single-molecule 
real-time (third-generation) DNA sequencing (Paci fi c Biosciences, Menlo Park), 
proposed that the outbreak strain evolved by acquiring the gene for Shiga toxin  [  76  ] . 
These con fl icting reports underscore what will clearly become the greatest need as 
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WGS-based strain typing rapidly develops—bioinformatic data interpretation and 
analysis. Nevertheless, these are exciting “problems” to have and the scienti fi c stage 
is clearly set for additional remarkable developments in this most fundamental 
approach to determine isolate epidemiological interrelationships.  

   Non-Sequence-Based Whole Cell Typing 

 While strain typing is  fi rmly directed toward sequence-based analysis, two whole-
cell methods deserve mention: Raman spectroscopy and MALDI-TOF mass spec-
trometry. Both technologies are not new but are  fi nding renewed emphasis in 
applications for application of strain typing. 

 The SpectraCell RA Bacterial Strain Analyzer (River Diagnostics, Rotterdam) 
employs Raman spectroscopy for isolate characterization. Sir C.V. Raman received 
the Nobel Prize in Physics in 1930 for his discovery of this light-scattering technol-
ogy. Since every molecule in the cell contributes to the generated spectrum of scat-
tered laser light, in principle different bacterial strains would be expected to generate 
different Raman spectra while highly related isolates would not. Thus, the 
SpectraCell system seeks to accomplish strain typing based on the quantitation of 
these spectral measurements. Early reports suggest that the method has promise in 
the typing of problem pathogens such as  P. aeruginosa  and  S. aureus   [  77,   78  ] . 
However, uniformity of pre-analysis bacterial growth conditions as well as method 
reproducibility and discriminatory power are key issues for the future of this 
approach to typing. 

 MALDI-TOF mass spectrometry is considered in detail in Chap. 10 of this book. 
The method has generated intense interest as a means of rapid microbial identi fi cation 
via the detection of unique cellular protein biomarkers. As a related issue, MALDI-
TOF is also being investigated as an approach to bacterial strain typing  [  79–  82  ] . 
However, as with Raman spectroscopy, experimental parameters (e.g., loading of 
the target plate, matrix composition) must be carefully controlled with optimized 
post-processing and analysis of the mass spectra. Nevertheless, as an adjunct to 
microbial identi fi cation, strain typing is a logical goal for MALDI-TOF technology 
which will most certainly see additional re fi nement and application in the future.  

   Strain Typing in the Context of the Epidemiological Window 

 In the  fi nal analysis, regardless of the quantity or quality of strain typing data, the 
issue ultimately comes down to data interpretation. In this context, it is important to 
note that while the term “molecular” epidemiology implies a precise process, this is 
not always the case regardless of the method employed since such investigations 
have an unavoidable context-driven component. A variety of environmental factors 
as well as interaction between the host and infectious agent may all in fl uence the 
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course of disease transmission. In addition, infectious disease issues bene fi ting from 
epidemiological evaluation are not typically given advance warning. Thus, 
identi fi cation of the index patient in a particular outbreak is a common problem in 
epidemiological analysis. Nevertheless, the analysis must be conducted in the con-
text of the available isolate data (i.e., the epidemiological window  [  5,   83  ] ) which, 
unfortunately, does not always include the outbreak source. Thus, the analytical 
process is commonly one of attempting to work backward in time which, depending 
on the available data, may necessitate conclusions based on probabilities rather than 
hard data. For this reason, regardless of the sophistication of the typing approach, 
epidemiological analysis commonly contains an element of educated guess. 
Nevertheless, for most clinical scenarios (i.e., outbreak investigation) the key issue 
is whether or not a series of bacterial isolates are the result of person-to-person 
transfer. At the heart of this question is the concept of signi fi cant difference which 
for chromosomal comparison relates to epidemiologically relevant genomic clock 
speed. In the absence of an index case or isolate, all strain typing methods are chal-
lenged as the opportunity for chromosomal change over time increases the potential 
for genetic distance between epidemiologically related isolates. As illustrated in 
Fig.  13.9 , if one considers a simple reference genome of six characteristics (“x”) 
evolving through two generations with sequential genetic events of unknown com-
plexity (x→y), the resulting second-generation genomes would vary from each 
other by four differences. The potential complexity of the scenario obviously 
increases further over time. These issues underscore the potential dif fi culties one 
may encounter in attempting to discern lineages of infectious agent transmission, 
regardless of the typing method employed. Thus, for an optimum outcome (e.g., in 
an outbreak setting) analysis of strain typing data and its epidemiological relevance 
requires knowledge of (1) the limitations of the typing method, (2) the etiological 
agent (e.g., genomic clock speed), and (3) the clinical setting within which the issue 
is being studied.  

 For the future, it is exciting to consider the advances in strain typing that will 
continue to be made. The persistence and spread of problem pathogens in patient 
populations will obviously continue to occur. Thus, perhaps the most important point 
of all is to emphasize that, more than ever before, strain typing and epidemiological 

  Fig. 13.9    Depiction of the interrelationships between a reference genome containing six charac-
teristics (each designated “x”) with two subsequent generations each experiencing sequential 
single genetic events (x→y). Within and between each generation, the number of resulting genetic 
differences is indicated       
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analysis bene fi t from communication. It is when all interested parties participate 
(e.g., physician, nurse, infection control specialist, laboratory) that the epidemio-
logical educated guess is most likely to be correct, and that most certainly is a key 
goal for the treatment of infectious disease both now and in the future.      
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 A molecular microbiology detection procedure consists of three basic components: 
(1) nucleic acid extraction, (2) ampli fi cation, and (3) detection/identi fi cation. Over 
the past two decades, the development and optimization of a series of in vitro nucleic 
acid ampli fi cation (NAA) technologies has opened new avenues in diagnostic 
microbiology for the detection, identi fi cation, and characterization of pathogenic 
organisms  [  1–  3  ] . These techniques promise to replace traditional culture-based bio-
logical replication of live microbial pathogens by enzymatic ampli fi cation of 
speci fi c nucleic acid sequences. These techniques have reduced the dependency of 
the clinical microbiology laboratory on cultured-based methods and created new 
opportunities for the  fi eld of microbiology to enhance patient care. 

 Based on theoretical aspects for each method, NAA techniques can be placed 
into three broad categories: (1) target ampli fi cation systems, (2) probe ampli fi cation 
systems, and (3) signal ampli fi cation systems. All of these categories share certain 
advantages over traditional methods, particularly for the detection of fastidious, 
unculturable, and/or highly contagious organisms (Table  14.1 ). Experience from 
our and other groups has demonstrated that application of NAA techniques enhances 
the speed, sensitivity, and sometimes the speci fi city of an etiologic diagnosis  [  4–  10  ] . 
Each of these categories is discussed in detail.  
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   Target Ampli fi cation Systems 

 Target ampli fi cation systems are de fi ned as NAA procedures in which many copies 
(i.e., amplicons) of the nucleic acid targets are made. Target ampli fi cation systems 
include polymerase chain reaction (PCR), nucleic acid sequence-based ampli fi cation 
(NASBA), transcription-medicated ampli fi cation (TMA), loop-mediated isother-
mal ampli fi cation (LAMP), strand displacement ampli fi cation (SDA), and helicase-
dependent ampli fi cation (HDA). Among them, PCR and PCR-derived techniques 
are the best-developed and most widely used methods of NAA  [  11–  13  ] . Real-time 
PCR-based platforms have been widely incorporated into numerous commercial 
instruments manufactured by Roche, Abbott Molecular, Becton Dickinson, Cepheid, 
Prodesse/Gen-Probe and Eragen/Luminex (Table  14.1 ). Repetitive sequence-based 
PCR techniques, exampled by the bioMeriuex Bacterial Barcode system, have been 
used in the clinical setting for rapid microbial strain typing and subtyping  [  14,   15  ] . 
Broad-ranged PCR-based microbial ribosomal RNA gene ampli fi cation has been 
recognized as a rapid and accurate tool for microbial pathogen identi fi cation  [  16, 
  17  ] . Several novel multiplex PCR techniques including dual priming oligonucle-
otide  [  18  ]  and target-enriched multiplexing systems  [  19  ]  have been developed and 
commercialized for detection and characterization of a panel of microbial patho-
gens  [  18–  21  ] . 

 Transcription-based, RNA-targeting ampli fi cation techniques are another exam-
ple of NAA procedures within the target ampli fi cation category. Transcription-
mediated ampli fi cation (TMA) and NASBA involve several enzymes and a complex 
series of reactions which all take place simultaneously at the same temperature and 
in the same buffer  [  22,   23  ] . The advantages include very rapid kinetics and no 
requirement for a thermocycler due to the reactions taking place under isothermal 
conditions. Moreover, isothermal conditions in a single tube with a rapidly degrad-
able product (RNA) help minimize (but may not eliminate) contamination risks. 
Ampli fi cation of RNA not only makes it possible to detect RNA viruses, but also 
increases the sensitivity of detecting bacterial and fungal pathogens by targeting 
high copy number RNA templates. Several TMA-based system manufactured by 
GenProbe Inc. has been used to detect  Mycobacterium tuberculosis  in smear-
positive sputum specimens, to con fi rm  Chlamydia trachomatis  and  Neisseria gon-
orrhoeae  infection as well as to screen human immunode fi ciency virus (HIV)-1 
RNA in donor blood specimens  [  24–  26  ] . NASBA system-based products are com-
mercially available from bioMérieux, which have been used for the detection of 
enteroviruses in cerebrospinal  fl uid and in fl uenza virus and respiratory syncytial 
virus in respiratory specimens  [  27,   28  ]  as well as for the quanti fi cation of hepatitis 
C virus (HCV) levels in serum  [  29,   30  ] . 

 Several isothermal ampli fi cation-based target ampli fi cation techniques have 
been well developed in the diagnostic microbiology  fi eld. SDA uses speci fi c prim-
ers, a DNA polymerase, and restriction endonuclease to achieve exponential 
ampli fi cation of the target  [  31  ] . The key technology behind SDA is the generation 
of site-speci fi c nicks by the restriction endonuclease. Commercial devices have 
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been available from Becton Dickinson for diagnosis and monitoring of  C. tracho-
matis ,  N. gonorrhea , and  M. tuberculosis  infections  [  32–  34  ] . HDA is a unique iso-
thermal DNA ampli fi cation technique in which a DNA helicase enzyme is employed 
to unwind double-stranded DNA  [  35  ] . Commercial devices, which incorporate 
HDA ampli fi cation with a disposable device for ampli fi cation product detection, are 
commercially available in BioHelix for rapid detection of  Staphylococcus aureus , 
 Clostridium dif fi cile  and herpes simplex viruses  [  36–  38  ] . As another simple, rapid, 
and speci fi c NAA method, LAMP has been used as one major user-developed sys-
tem for the detection and identi fi cation of microbial pathogens in Asia  [  39  ] . 
Commercial devices incorporating LAMP technology have not been available in the 
United States until recently when a Meridian device (Illumigene) became commer-
cially available for detection of  C. dif fi cile  in stool specimens  [  40  ] .  

   Probe Ampli fi cation Systems 

 In probe ampli fi cation systems, many copies of the probe that hybridizes the target 
nucleic acid are made  [  41  ] . The ligase chain reaction (LCR) and cycling probe tech-
nology (CPT) have been fully developed and have been applied in diagnostic micro-
biology  [  42  ] . A gapped LCR procedure, which is similar in design to a target 
ampli fi cation method, such as PCR, can be sensitive and useful for the detection of 
point mutations  [  43  ] . Although convenient and readily automated, one potential 
drawback of LCR is the dif fi cult inactivation of post-ampli fi cation products. The 
nature of the technique does not allow for the most widely used contamination con-
trol methods to be applied. A combination LCR kit for the detection of both 
 C. trachomatis  and  N. gonorrhea  was at one time widely used in the routine clinical 
service  [  44  ] . The inclusion of a real-time identi fi cation system within the same reac-
tion tube (closed reaction systems) would signi fi cantly decrease the possibility of 
contamination which is associated with the opening of reaction tubes. The LCR 
products are no longer commercially available. 

 Multiplex ligation-dependent probe ampli fi cation (MLPA) incorporates both liga-
tion and PCR to generate conditions compatible with multiplex detection and analy-
sis  [  45  ] . Each MLPA assay is divided into three basic steps: (1) annealing of probes 
to their target sequences, (2) ligation of the probes, and (3) PCR ampli fi cation of 
ligated probes using universal primers. An MLPA technology–based RespiFinder 
assay is commercially available in Europe and is able to detect 15 respiratory viruses 
simultaneously in one reaction  [  46  ] . The RespiFinder assay has demonstrated satis-
factory speci fi city and perfect sensitivity for AdV, hMPV, Flu-A, PIV 1–3, RhV, and 
RSV. Use of the RespiFinder assay has resulted in a 24.5% increase in the diagnostic 
yield compared with cell culture  [  46  ] . This assay is being extended to cover four 
additional bacterial pathogens that cause respiratory tract infections:  Mycoplasma 
pneumoniae ,  Chlamydophila pneumoniae ,  Legionella pneumophila , and  Bordetella 
pertussis . A similar, MLPA-based device (MeningoFinder) was reported for simulta-
neous detection of six virus species causing central nervous system infections  [  47  ] . 
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 Another similar system, cycling probe technology, utilizes a unique chimeric 
DNA–RNA–DNA probe sequence that provides an RNase H sensitive scissile link 
when hybridized to a complementary target DNA sequence  [  48  ] . The CPT reaction 
occurs at a constant temperature, which allows the probe to anneal to the target 
DNA. RNase H cuts the RNA portion of the probes, allowing the cleaved fragments 
to dissociate from the target DNA. A cycling probe designed for detection of a 
speci fi c sequence with the  mecA  and  vanA/B  genes, and the former one has been 
cleared for in vitro diagnostic use by the Food and Drug Administration as a culture 
con fi rmation assay for methicillin-resistant  S. aureus   [  49–  52  ] .  

   Signal Ampli fi cation Systems 

 Signal ampli fi cation is an NAA procedure in which a signal or reporter molecule 
attached to the probe is detected, and the signal is ampli fi ed enormously. Signal 
ampli fi cation methods are designed to strengthen a signal by increasing the concen-
tration of label attached to the target nucleic acid. Unlike procedures which increase 
the concentration of the probe or target, signal ampli fi cation increases the signal 
generated due to a  fi xed amount of probe hybridized to a  fi xed amount of speci fi c 
target. The fact that signal ampli fi cation procedures do not involve a nucleic acid 
target or probe ampli fi cation is a theoretical advantage because of lower susceptibil-
ity to contamination problems inherent in enzyme-catalyzed NAA. Sensitivity, 
however, compared to target NAA techniques, may be a limiting factor. 

 Currently, three diagnostic companies have their signal ampli fi cation products 
available for diagnostic microbiology purposes. The Qiagen/Digene hybrid capture 
system is widely used to determine human papillomavirus (HPV) infection and 
viral types in cervical swabs or fresh cervical biopsy specimens as well as other 
diagnostic targets  [  53  ] . Persistent high-risk HPV infection detected by the Qiagen/
Digene hybrid capture system represents a reliable tool to select populations at risk 
for the development of high-grade cervical lesions  [  53,   54  ] . Limitations of the 
hybrid capture system are the need of relatively high volume of clinical specimens 
as well as indeterminant results that are probably a result of nonspeci fi c binding of 
reporter probes  [  55  ] . 

 The homogenous invader technology relies on cleavase enzymes, which cleaves 
the 5 ¢  end single-stranded  fl ap of a branched base-pair duplex  [  56  ] . The characteris-
tics of the technique make it a powerful tool for genetic analysis of single nucleotide 
polymorphisms in both microorganisms and hosts which are associated with speci fi c 
diseases. Detection is accomplished through a  fl uorescence resonance energy trans-
fer mechanism  [  56  ] . In addition to its wide application in molecular genetics, the 
technology has been used in diagnostic microbiology to detect, identify, and geno-
type several microbial pathogens  [  57,   58  ] . Among them, the Cervista HPV device 
is commercially available from Hologic for HPV detection and partial genotyping 
 [  59,   60  ] . 
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 Another signal ampli fi cation-based product is the branched DNA (bDNA) probe, 
which uses multiple speci fi c synthetic oligonucleotides that hybridize to the target 
and thus capture the target onto a solid surface  [  61  ] . Synthetic bDNA ampli fi er 
molecules, which are enzyme conjugated, branched oligonucleotide probes, subse-
quently are added. Hybridization proceeds between the ampli fi er and the immobi-
lized hybrids. After addition of a chemiluminescent substrate, light emission is 
measured and may be quanti fi ed. This technique represents an excellent method for 
quanti fi cation and therapeutic response monitoring of HCV and HIV-1  [  62,   63  ] . The 
new Siemens VERSANT HIV-1 assay also provides good reproducibility since no 
ampli fi cation variation is expected  [  64,   65  ] . 

 Currently, commonly used in vitro NAA techniques are categorized and sum-
marized in Table  14.1 . Each of the three categories is discussed in the following 
several chapters; this discussion is followed by a closer look at individual tech-
niques and includes the principles as well as applications in the diagnostic 
microbiology.      
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      PCR: The Quintessential Nucleic Acid Ampli fi cation Method 

 The polymerase chain reaction (PCR) is an in vitro technique used to replicate, or 
amplify, a speci fi c region of DNA billions-fold in a few hours or less  [  1–  3  ] . The 
ampli fi cation is primer directed; oligonucleotide primers anneal to and  fl ank the 
DNA region to be ampli fi ed. PCR is utilized in diagnostic and research laboratories 
to generate suf fi cient quantities of DNA to be adequately tested, analyzed, or manip-
ulated. Because of the exquisite sensitivity it offers, PCR has rapidly become a 
standard method in diagnostic microbiology. More recently, reagent kits and vari-
ous instrument platforms have added speed,  fl exibility, and simplicity  [  4–  10  ] . How 
signi fi cant is the contribution of PCR to the  fi eld of biomedicine? A PubMed search 
in 2005 for the  fi rst edition of this book using the key word “PCR” produced 214,352 
hits  [  11  ] . A search conducted in June 2011 using the same key word produced 
259,042 hits. 

 PCR was conceived in 1983 by Kary Mullis, an achievement that earned him the 
Nobel Prize in chemistry in 1993  [  12  ] . The  fi rst practical application of PCR was 
described by Saiki and colleagues in 1985  [  2  ] , and less than 10 years later the US 
Food and Drug Administration (FDA) cleared the  fi rst PCR-based test for diagnosis 
of an infectious disease  [  9  ] . The 1990s saw the birth of a number of alternative 
nucleic acid ampli fi cation methods, including Q b  replicase, ligase chain reaction, 
strand-displacement ampli fi cation, transcription-mediated ampli fi cation, and others. 
Some of these methods are discussed elsewhere in this text. Research and diagnostic 
applications of PCR continued to be developed during the 1990s. In an incredibly 
short period of time, PCR revolutionized the  fi eld and became a staple on the clinical 
microbiologist’s menu of tests. Indeed, molecular diagnostics is now a recognized 
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subspecialty within clinical microbiology. The 2000s could be characterized as the 
decade of PCR instrument platforms, with the availability of numerous commercial 
instruments for real-time and multiplexed PCR that provided signi fi cant advances 
in speed and automation  [  13–  16  ] . Lacking however, in 2011 is a broad menu of 
FDA-cleared or approved PCR assays for infectious diseases. Clinical microbiolo-
gists still rely heavily on laboratory-developed PCR assays for the detection of 
many important infectious agents.  

   Principles of PCR 

   Enzymatic Ampli fi cation of DNA: Components of the PCR 

 Two early innovations responsible for making PCR a practical research and diag-
nostic tool are thermal stable DNA polymerase and the thermal cycler. The thermal 
cycler is discussed later in this chapter. PCR was  fi rst performed using heat labile 
DNA polymerase. This necessitated manual replenishment of enzyme that was 
destroyed by the high temperatures of every cycle. Heat stable DNA polymerase 
was isolated from the bacterium  Thermus aquaticus,  which inhabits hot springs 
where temperatures exceed 90°C. This enzyme, called  Taq  DNA polymerase, 
remains active despite repeated heating during many cycles of ampli fi cation. 

 In addition to DNA polymerase, the essential components of the PCR include 
oligonucleotide primers, deoxynucleoside triphosphates (dNTPs), a divalent cation 
such as magnesium chloride, template or target DNA, and buffer (usually Tris). 
Primers are oligonucleotides, generally 20–25 bases long. They are designed to rec-
ognize speci fi c sequences of the intended target, and de fi ne the ampli fi ed region. At 
temperatures appropriate for annealing, the two primers bind to opposite ends of this 
region, each to a complementary strand of target DNA. Primers must be designed 
carefully to avoid self-annealing or dimerization (Appendix). The length and 
sequence of the primer determine its melting temperature, and hence, annealing tem-
perature. Once annealed to target DNA, primers create a binding site for DNA poly-
merase, which requires a double-stranded DNA template. This short double-stranded 
section primes the DNA replication or ampli fi cation process. As stated at the begin-
ning of the chapter, PCR is a primer-directed ampli fi cation of DNA.  Taq  DNA poly-
merase is the enzyme responsible for synthesizing or extending the new DNA strand. 
Complementary base pairing creates a new strand, which is in essence the mirror 
image of the template strand. dNTPs are the building blocks for the new DNA 
strands, or amplicons. The dNTP mixture includes dATP, dCTP, dGTP, and dTTP, 
generally at equimolar concentrations. If the enzyme uracil  N -glycosylase (UNG) is 
used in the PCR to prevent carry-over contamination, dUTP is added in place of or 
in combination with dTTP. Magnesium is the co-factor most commonly used in 
PCRs, and is required for  Taq  DNA polymerase activity. Magnesium concentration 
must be carefully optimized, as the window of optimal activity is rather narrow.   
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   The PCR Cycle 

 Traditionally, PCR consists of three steps: denaturation, primer annealing, and 
extension (Fig.  15.1 ). One round of these three steps is referred to as a PCR cycle. 
These steps require different temperatures. This is accomplished using an automated 
thermal cycler, which can heat and cool tubes rapidly. While most PCR protocols 
use three different temperatures for each step, two-temperature PCR cycles, where 
primer annealing and extension occur at the same temperature, are frequently used 
for faster cycling. Generally, 30–40 rounds of temperature cycling are required to 
generate a suf fi cient amount of PCR product (amplicons).  

   Denaturation 

 At a temperature generally between 94 and 95°C, the two strands of the DNA target 
are separated, or denatured. At this temperature, all enzymatic reactions, such as the 
extension from a previous cycle, stop.  

   Annealing 

 Following denaturation, the temperature of the reaction is reduced to allow strands 
of DNA with complementary sequence to anneal. The annealing temperature varies, 
depending on the sequence, and hence, melting temperature of the oligonucleotide 
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primers, but is often between 50 and 60°C. At annealing temperature, the primers 
are in movement, caused by Brownian motion. Ionic bonds are constantly formed 
and broken between the single-stranded primer and DNA target. When primers 
come in contact with a perfectly complementary target sequence, the bond that 
forms is suf fi ciently stable to allow DNA polymerase to sit and initiate DNA syn-
thesis at the 3 ¢  end of each primer.  

   Extension 

 Extension of the primers generally occurs at 72°C, the temperature at which  Taq  
DNA polymerase is most active. As bases are added to the 3 ¢  end of the primer, and 
the double-stranded section lengthens, the resulting ionic bond is greater than the 
forces that break these attractions. 

 Each round of temperature cycling theoretically doubles the amount of DNA. 
After several rounds of temperature cycling, the amount of short double-stranded 
DNA product ( fl anked by sequence complementary to the primers) vastly exceeds 
the amount of the original target DNA. As a result, amplicons accumulate geometri-
cally. After the  fi rst PCR cycle, a single starting piece of double-stranded DNA 
becomes two, after two cycles there are four copies, after three cycles, eight copies, 
and so on (Fig.  15.2 ). As stated, 30–40 rounds of PCR are generally required to produce 
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detectable amounts of amplicon. Due to the presence of inhibitory substances in the 
PCR and other factors, ampli fi cation ef fi ciency probably never reaches 100%. 
While the analytical sensitivity of PCR is theoretically at the single copy level 
 [  4,   17  ] , sampling variability and lower ampli fi cation ef fi ciency generally prevent 
reliable detection of less than 10–20 target copies per PCR.  

 The entire procedure is carried out in a programmable thermal cycler—a com-
puter-controlled cycling system with heating and cooling parameters. Many tech-
niques for thermoregulation are used in the designs of thermal cyclers. These include 
the Peltier effect  [  18  ] , heated and chilled air-streams  [  19,   20  ] , and a continuous  fl ow 
manner  [  21  ] . In this last design, heat from one side of a semiconductor is transferred 
to another, heating or cooling the overall temperature of the system. This design is 
much more effective than traditional designs of thermoregulation, which requires 
the use of refrigerants and compressors. Other approaches for thermoregulation 
include the use of continually circulating air-streams, water baths, or a combination 
of Peltier and convective technologies. When choosing a thermal cycler, functions 
that should be considered (depending on a particular laboratory’s needs) include 
temperature accuracy and consistency across all PCR positions, maintenance costs, 
throughput, menu of FDA-cleared or approved assays, and the ability to add user-
de fi ned cycling protocols for laboratory-developed assays.   

   Detection and Analysis of the PCR Product 

 The PCR product should be a fragment or fragments of DNA of de fi ned length. 
Before the PCR product is used in further applications, it should be analyzed. First, 
reactions should be examined to ensure product is actually formed. This seems intui-
tive, but when amplicon is detected with a probe, unexpectedly negative results could 
be due to either lack of ampli fi cation, or failure of the probe to hybridize and produce 
a detectable signal. Causes of unsuccessful PCR ampli fi cation include poor quality 
of target DNA, too little (or too much) target DNA, lack of sequence homology 
between primers and the intended target, and failure to optimize PCR conditions. 
PCR product must also be the expected length and sequence. Unexpected amplicon 
length or melting curve indicate that the target region itself is different than expected, 
that the target sequence is shared, or that ampli fi cation conditions are suboptimal and 
allow nonspeci fi c annealing. PCR product should also be evaluated to ensure that the 
correct number of distinct products is produced. In most diagnostic applications, a 
single amplicon is generated by one primer pair. Additional, unintended product is 
usually produced as a result of suboptimal ampli fi cation conditions (poor primer 
design,  Taq  or MgCl 

2
  concentration too high, annealing temperature not optimized). 

   Conventional PCR 

 In conventional PCR, end-point product is analyzed after PCR is completed, by elec-
trophoresis in agarose gels and visualization with ethidium bromide. DNA fragment 
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size is determined by comparison with known molecular weight markers. Agarose 
gel electrophoresis is also a PCR detection format, but is not recommended as a 
stand-alone method, as amplicon sequence cannot be con fi rmed.  

   Real-Time PCR 

 In real-time PCR, product is detected by the production of  fl uorescence, usually as 
cycling is occurring (hence, in real-time). Amplicons are detected by the intercala-
tion of nonspeci fi c  fl uorescent dyes, or by hybridization of sequence-speci fi c probes 
that are labeled with a  fl uorescent reporter dye. Depending on the detection method 
used, amplicons can be further analyzed by subjecting PCR to a melting curve analy-
sis, and determining the temperature at which the double-stranded product disassoci-
ates. PCR detection formats are discussed in detail in another chapter of this text.   

   PCR Variations 

   Allele-Speci fi c PCR 

 Allele-speci fi c PCR (AS-PCR) is used as a diagnostic technique to identify or uti-
lize single nucleotide polymorphisms (SNPs), which in turn can distinguish closely 
related bacterial species  [  22  ] . The 3 ¢ -end of the primer is essential in the extension 
of the primer in a PCR. Selective ampli fi cation is usually achieved by designing a 
primer such that the primer will match/mismatch one of the target sequences at the 
3 ¢ -end of the primer. Therefore, AS-PCR does require prior knowledge of the target 
sequences. PCR ampli fi cation under stringent conditions is much less ef fi cient in 
the presence of a mismatch between template and primer, so successful ampli fi cation 
with a SNP-speci fi c primer signals the presence of the speci fi c SNP in a sequence. 
Sometimes, an additional mismatch is deliberately introduced close to the targeted 
SNP to further decrease the melting temperature of the double-stranded DNA prod-
uct, and enhance sequence discrimination. Several detection methods can be used in 
AS-PCR. The most commonly used detection method involves  fl uorescence-labeled, 
dideoxynucleotide terminators that stop the chain extension. Alternatively, the 
primer can be labeled and extension products separated by electrophoresis. The 
single base extension product can also be broken down into smaller pieces and mea-
sured by mass spectrometry.  

   Hot-Start PCR 

 Hot-start PCR was  fi rst described in the literature in 1991  [  23  ]  and practical applications 
were demonstrated in 1992  [  24  ] . Hot-start PCR techniques focus on the inhibition 
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of DNA polymerase activity during reaction set up. By limiting polymerase activity 
prior to the elevated temperatures of PCR, nonspeci fi c ampli fi cation is reduced and 
target yield is increased. This is accomplished by physically separating or chemi-
cally inactivating one or more of the reaction components until high temperature 
triggers mixing or reactivation to give a complete reaction mixture. 

 In manual hot-start PCR, reactions lacking one essential component (usually DNA 
polymerase) are prepared and held at a temperature above the threshold of nonspeci fi c 
binding of primer to template. Just prior to cycling, the missing component is added 
to allow the reaction to take place at the higher temperature. This procedure limits 
nonspeci fi c annealing of the primers, and generally improved yield of the desired 
amplicon. This manual method is tedious and ungainly, as the tubes must be kept at 
95–100°C. At this temperature, tubes are uncomfortable to handle. Opening the tubes 
to add the  fi nal reagent increases the chance of introducing contamination. 

 Hot-start PCR is also accomplished by creating a physical barrier between the 
essential components, such as primers and template, or enzyme and magnesium 
chloride. This barrier can be created by adding wax over an incomplete PCR mix-
ture in a tube  [  25–  27  ] . The wax can be preformulated for PCRs, or in bulk form, 
such as paraf fi n. The remaining PCR component(s) is placed on top of the wax 
layer. During the  fi rst denaturation step, the wax barrier melts and convection cur-
rents mix the essential PCR components. 

 Additional hot-start methods include chemically modi fi ed  Taq  DNA polymerase 
and an antibody-inhibited  Taq  DNA polymerase  [  28,   29  ] . The antibody is directed 
against the active site of the enzyme, preventing DNA replication until the high 
temperature of the denaturation step disassociates the antibody  [  30  ] . These modi fi ed 
enzyme preparations require a longer initial denaturation step than standard  Taq  
DNA polymerase. 

 Similar to controlled temperature and physical separation of PCR components, 
cosolvents and enzymes have also been used to reduce or eliminate nonspeci fi c anneal-
ing of primers  [  31  ] . Cosolvents such as dimethyl sulfoxide (DMSO) and formamide 
increase stringency by changing the melting temperature of the primer- template 
hybrid. Glycerol is believed to function similar to cosolvents. Cosolvents have various 
effects on the polymerase enzyme. Glycerol increases the temperature stability of  Taq  
DNA polymerase, while formamide lowers it. The enzyme UNG is used in PCR as 
part of a system to degrade dUTP-containing product carried over from previous 
PCRs  [  32,   33  ] . Another bene fi t of UNG is that it degrades PCR product formed during 
the PCR setup process, prior to the high temperatures of cycling that provide speci fi city. 
In this role, UNG essentially provides an enzymatic hot-start PCR.  

   Touchdown PCR 

 Unlike a standard PCR program that utilizes a constant annealing temperature, 
touchdown PCR incorporates a range of annealing temperatures. The earliest cycles 
of touchdown PCR have high annealing temperatures. In subsequent cycles, the 
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annealing temperature is decreased by small increments (usually 1°C) every several 
cycles to a  fi nal “touchdown” annealing temp which is then used for the remaining 
ten or so cycles. This gradual decrease in annealing temperature selects for the most 
complementary primer/target binding in early cycles. This is most likely the 
sequence of interest. As the annealing temperature decreases, primers will anneal to 
nonspeci fi c sequences; however, ampli fi cation of these products will lag behind that 
of the speci fi c product. This favors synthesis of intended product over any nonspeci fi c 
products  [  34  ] . Touchdown PCR was originally utilized to simplify the process of 
determining optimal PCR annealing temperatures.  

   Degenerate PCR 

 Degenerate PCR is a procedure that intentionally lowers analytical speci fi city, to 
allow divergent sequences to be detected in spite of sequence variation in the primer 
binding region. Rather than using a single primer pair with a speci fi c sequence, 
degenerate primer sets may contain several primers that vary at one or more nucle-
otide positions, or a primer containing a nonspeci fi c base, such as inosine, at a 
divergent position. There are circumstances in diagnostic microbiology when 
greater inclusivity is useful. For example, the genus  Norovirus  (family Caliciviridae) 
comprises dozens of distinct strains with relatively high genetic diversity  [  35  ] . 
A single, standard primer pair would lack suf fi cient complementarity to detect most 
strains, and have little diagnostic value. Degenerate reverse transcription (RT)-PCR 
has been used successfully to detect a broad range of noroviruses  [  35  ] .  

   Nested and Heminested PCR 

 Nested and heminested PCR are designed to increase the sensitivity of PCR by 
directly reamplifying the product from a primary PCR with a second PCR. Nested 
PCR uses two sets of ampli fi cation primers and two separate stages of PCR  [  36,   37  ] . 
The second (nested) set of primers anneal to a sequence internal to the region  fl anked 
by the  fi rst set. In heminested PCR, the second stage of PCR utilizes one of the  fi rst-
stage primers and one new, internal primer. The advantage of nested PCR is increased 
sensitivity and speci fi city of the reaction, since the internal primers anneal only if the 
amplicon has the corresponding, expected sequence. The second-stage PCR is usually 
free of inhibitory substances that can reduce the ef fi ciency and sensitivity of the  fi rst-
stage PCR. Disadvantages of nested PCR include additional time and cost associated 
with two stages of PCR, and the increased risk of contamination incurred during 
transfer of  fi rst-stage ampli fi cation products to a second tube. The physical separation 
of ampli fi cation mixtures with wax or oil  [  38  ] , using an integrated PCR system in a 
cartridge or pouch  [  5,   6  ] , and designing the second primer set with a higher annealing 
temperature are variations used to reduce the potential for contamination.  
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   Multiplex PCR 

 In multiplex PCR, two or more unique DNA sequences in the same specimen are 
ampli fi ed simultaneously  [  10,   39  ] . Primers used in multiplex reactions must be 
designed carefully to have similar annealing temperatures and to lack complemen-
tarity, to avoid dimerization. Primers are designed such that each ampli fi cation 
product has a unique size, melting temperature, or probe binding sequence. This 
allows the detection and identi fi cation of different microorganisms in the same 
specimen. Multiplex PCR requires careful optimization of annealing conditions for 
maximal ampli fi cation ef fi ciency. Commercial kits have been shown to ef fi ciently 
amplify different sequences under single annealing conditions due to careful design 
of primer sequences and the use of buffer conditions that widen the annealing tem-
perature window  [  40  ] . Multiplex PCR assays frequently incorporate an internal 
control to monitor every step of the procedure. Multiplex PCR has been well dem-
onstrated to accurately and reliably detect multiple targets in a single PCR  [  6,   13, 
  15,   41–  43  ] . Highly multiplexed PCR assays (generally detect more than six targets) 
are based on conventional PCR, as multiplexing by real-time PCR is limited by the 
emission spectra and overlapping absorption (“bleed-through”) of reporter dyes.  

   Reverse Transcription-PCR 

 RT-PCR is a technique used to amplify RNA targets. Because DNA polymerase 
requires a double-stranded DNA template, RNA must be transcribed into comple-
mentary (c) DNA prior to PCR by the enzyme reverse transcriptase. The cDNA then 
serves as the template for the  fi rst PCR temperature cycle (Fig.  15.3 ). The combined 
use of RT and PCR with thermostable DNA polymerase to amplify RNA targets was 
 fi rst described in 1988  [  3  ] . Reviews describing the numerous applications of 
RT-PCR are available  [  44  ] . RT-PCR is an important technique in the diagnosis of 
infectious diseases, given the large number of clinically signi fi cant RNA viruses.  

 Two reverse transcriptase enzymes commonly used are Moloney-murine leuke-
mia virus (M-MuLV) reverse transcriptase and avian myeloblastosis virus (AMV) 
reverse transcriptase. Both enzymes have the same fundamental activities, but differ 
in some characteristics, including temperature and pH optima. In addition to 
M-MuLV and AMV, other variants of this enzyme are available for use in the 
molecular diagnostic laboratory. These enzymes are available in pre-optimized 
RT-PCR kits. 

 In vitro reverse transcription is primer directed: a single primer is used to generate 
cDNA, and can be one of the primers used in the subsequent PCR (sequence-
speci fi c), or a random oligonucleotide. Speci fi city is not required of reverse tran-
scription. Random oligonucleotides are convenient in that one RT kit or reaction 
can be used for all RNA targets. When initially described, the RT step was performed 
in a separate tube containing only components necessary for reverse transcription. 
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Following RT, an aliquot is removed, added to a PCR tube, and subjected to 
ampli fi cation. Drawbacks of the separate tube method include inconvenience and 
cross-contamination risk. Currently, single tube RT-PCR assays, either two enzyme 
or single enzyme, are the norm. A DNA polymerase isolated from  Thermus thermo-
philus  ( Tth ) is a thermostable enzyme that replicates DNA at approximately 74°C in 
the presence of magnesium, and the polymerization of cDNA using an RNA tem-
plate in the presence of manganese. This enzyme is used extensively for PCR 
ampli fi cation of RNA targets  [  45  ] .  

   Quantitative PCR 

 A variety of quantitative PCR assays have been developed to accurately quantify 
nucleic acid targets in clinical specimens  [  8,   46–  48  ] . In addition to PCR, other 
molecular techniques such as branched (b) DNA provide accurate quanti fi cation of 
nucleic acids. While these methods determine the amount of DNA or RNA template 
in a clinical specimen, the results can be easily extrapolated to organism equiva-
lents, hence the use of terms bacterial load, viral load, and so forth. The clinical value 
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  Fig. 15.3    Ampli fi cation of RNA by reverse transcription-PCR. Primers are represented by  bold 
lines , newly replicated DNA strands are represented by  long dashes , and template DNA strands by 
 short dashes        

 



28315 PCR and Its Variations

of quantitative PCR has led to commercialization of tests for such viruses as human 
immunode fi ciency virus (HIV), cytomegalovirus, hepatitis C virus, and hepatitis B 
virus. Quantitative PCR results have become a valuable tool for guiding antiviral 
therapy, monitoring clinical course, and predicting outcome from a variety of infec-
tious diseases  [  8,   49–  51  ] . 

 Nucleic acids can be quanti fi ed using an absolute standard in order to generate 
concrete numbers, or a relative standard to give comparative data. Absolute stan-
dards can be used whenever de fi nite numbers are needed. Relative standards are 
useful when absolute quantities are less important than knowing how a sample dif-
fers from a control. Fundamental PCR quanti fi cation strategies are relative, com-
petitive, and comparative. 

 Relative quantitative PCR compares nucleic acid amount across a number of 
serial dilutions of a sample, using a co-ampli fi ed internal control for sample normal-
ization. Results are expressed as ratios of the sequence-speci fi c signal to the internal 
control signal. This yields a corrected relative value for the sequence-speci fi c prod-
uct in each sample. Relative PCR uses primers for an internal control that are multi-
plexed in the same PCR with the target speci fi c primers. Internal control and target 
speci fi c primers must be compatible—that is, they must not produce additional 
bands or hybridize to each other. The signal from the internal control is used to nor-
malize sample data to account for variation in RT or ampli fi cation ef fi ciency. 
Common internal controls include the house keeping genes (or their mRNAs)  b -actin 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and 18S rDNA. 

 Competitive PCR provides absolute quanti fi cation of a nucleic acid target in a 
sample. An internal control or quanti fi cation standard is added at a known concen-
tration to samples, and co-ampli fi ed with the target sequence. Addition of the inter-
nal control to the sample prior to processing monitors for nucleic acid recovery 
during this step. The internal control is often a synthetic RNA or DNA with the 
same primer binding sequence (hence the term, competitive PCR) but designed to 
produce an amplicon slightly different in size than the target amplicon, or with a 
unique internal sequence allowing detection with a different probe. Following 
ampli fi cation and detection, the amount of product or signal generated by the inter-
nal control is equated to its known input copy number. This relationship is then used 
to determine the copy number of the target sequence. 

 The availability of real-time PCR has allowed comparative quanti fi cation com-
paring PCR results to an external standard curve to determine target copy number. 
A separate internal control of an unrelated sequence should be incorporated into 
each PCR to monitor all steps of the procedure. Because measurements are taken at 
each cycle, during the exponential phase of PCR, ef fi ciency is consistent between 
samples. Conventional PCR measures product only at the endpoint, when the effects 
of inhibitors are signi fi cant. Because PCR product is measured during the exponen-
tial cycles, quanti fi cation by real-time PCR is more accurate and precise over a 
greater range than conventional PCR. Real-time PCR offers dynamic range of up to 
10 7 -fold, compared to 1,000-fold in conventional PCR. External standards are used 
to create a standard curve across the dynamic range of the PCR assay. Real-time 
PCR generates a crossing threshold ( C  

T
 ) or crossing point ( C  

P
 ) cycle for each sample. 
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This is the point where product ( fl uorescence) crosses a predetermined threshold. 
The higher the amount of starting target, the lower the  C  

T
 . The  C  

T
  for an unknown 

patient sample is analyzed against the standard curve to yield a target DNA or RNA 
copy number. 

 Finally, digital PCR is a new approach to absolute nucleic acid quanti fi cation 
that directly counts the number of target molecules, rather than relying on reference 
standards or endogenous controls  [  52  ] .  

   Real-Time PCR 

 Real-time PCR, also known as kinetic PCR, detects and measures ampli fi cation as 
it occurs  [  53  ] , compared to conventional PCR where the product of ampli fi cation is 
detected after the reaction is complete. Real-time PCR monitors the  fl uorescence 
emitted during the reaction as an indicator of amplicon production during each PCR 
cycle. During ampli fi cation,  fl uorescence increases in direct proportion to the 
amount of PCR product (Fig.  15.4 ). During the exponential phase of ampli fi cation, 
the increase in the amount of PCR product correlates to the initial amount of target 
template. Hence, real-time PCR is well suited for quantitative PCR, as already 
described in this chapter.  

 The two common methods for detection of real-time PCR products are: (1) DNA 
binding agents (nonspeci fi c  fl uorescent dyes such as SYBR Green) that intercalate 
nonspeci fi cally with double-stranded DNA, and (2) sequence-speci fi c DNA probes 
labeled with a reporter which  fl uoresces only after hybridization of the probe with 
its complementary DNA target. Among the sequence-speci fi c probes, there are 
hybridization probes and hydrolysis probe  [  54  ] . All methods require a thermal 
cycler equipped with optics that monitor the  fl uorescence in each PCR at frequent 
intervals. 

 Since SYBR green binds to nonspeci fi cally to double-stranded DNA,  fl uorescence 
will be produced by any ampli fi cation product, including primer-dimer. This neces-
sitates the post-ampli fi cation analysis of PCR product- melting curve analysis. 
Dissociation, or “melting” of double-stranded DNA during heating is measurable 
by the large reduction in  fl uorescence that results. The melting temperature of DNA 
is very exact, and depends on the base composition (and length if it is very short). 
In addition to its use with SYBR green real-time PCR, melting curve analysis is 
often performed when using hybridization probes. The temperature at which the 
probes dissociate from amplicons can be used to distinguish SNPs, and other minor 
differences such as those of amplicons generated from the glycoprotein D gene of 
Herpes simplex virus types 1 and 2  [  55  ] . In real-time PCR, ampli fi cation and ampli-
con analysis are performed in the same tube, and do not require the transfer or open-
ing of PCR vessels. The melting curve analysis is performed automatically as per a 
prede fi ned program, immediately upon completion of ampli fi cation. A graph of the 
negative  fi rst derivative of the temperature of dissociation (de fi ned as 50% dissocia-
tion), produces distinct peaks (Fig.  15.5 ).    
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  Fig. 15.4    Real-time PCR ampli fi cation plot       

  Fig. 15.5    Real-time PCR melting curve       

   PCR-Based Strain Typing Techniques 

 PCR-based strain typing techniques are designed to generate multiple bands that 
provide a unique  fi ngerprint for a particular species or strain of microorganism  [  56, 
  57  ] . Unlike diagnostic tests that determine the presence or absence of a microorgan-
ism (or its nucleic acid) in a specimen, these procedures are used to differentiate 
epidemiologically unrelated organisms at the species or subspecies level. They must 
generally produce multiple DNA bands to provide suf fi cient discrimination power, 
and these banding patterns must be reproducible run-to-run and among isolates of 
the same prede fi ned group, while clearly distinguishing isolates that epidemiologi-
cally or phenotypically fall outside of that group. 
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   Arbitrarily Primed-PCR and Random Ampli fi ed Polymorphic DNA 

 Arbitrarily primed-PCR (AP-PCR) and random ampli fi ed polymorphic DNA 
(RAPD) are methods of creating genomic  fi ngerprints from species, even if little is 
known about the target sequence to be ampli fi ed  [  58–  63  ] . Strain-speci fi c arrays of 
amplicons ( fi ngerprints) are generated by PCR ampli fi cation using arbitrary, or ran-
dom sequence oligonucleotides that are often less than ten nucleotides in length, 
and low temperature annealing. A single primer is often used, since it will anneal in 
both orientations. Detectable PCR product is generated when the primers anneal at 
the proper orientation, and within a reasonable distance of one another. In spite of 
the arbitrary nature of the assay, and ampli fi cation conditions that are relatively 
nonspeci fi c, these methods have been shown to generate reproducible DNA band-
ing patterns. These same characteristics make these methods suitable for a wide 
range of bacteria.  

   Ampli fi ed Fragment-Length Polymorphism 

 Ampli fi ed fragment-length polymorphism (AFLP) involves the restriction of 
genomic DNA, followed by ligation of adapters or linkers containing the restriction 
sites to the ends of the DNA fragments. The linkers and the adjacent restriction site 
serve as primer binding sites for subsequent ampli fi cation of the restriction frag-
ments by PCR. Selective nucleotides extending into the restriction fragments are 
added to the 3 ¢  ends of the PCR primers such that only a subset of the restriction 
fragments are recognized. Only restriction fragments in which the nucleotides 
 fl anking the restriction site match the selective nucleotides will be ampli fi ed. The 
ampli fi ed fragments are visualized by means of autoradiography, phospho-imaging, 
or other methods. Like AP-PCR and RAPD, AFLP can be applied to organisms 
without previous knowledge of genomic sequence.  

   ERIC-, Rep-, BOX-, IS-, and VNTR-PCR 

 Enterobacterial repetitive intergenic consensus (ERIC)-PCR, repetitive element 
(Rep)-PCR, insertion sequence (IS)-PCR and variable number tandem repeat 
(VNTR)-PCR are examples of PCR-based typing methods that target repetitive, 
conserved sequences found in bacteria and in some cases, fungi. In a seminal 1991 
paper, Versalovic et al. described the presence of repetitive sequences in a wide 
range of bacterial species and demonstrated their use to directly  fi ngerprint bacterial 
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genomes (Fig.  15.6 )  [  64  ] . Speci fi c repetitive sequences include the 124–127 base 
pair ERIC sequence, the 154 base pair BOX sequence, and the 35–40 base pair 
repetitive extragenic palindromic sequence. These sequences are located inter-
genically throughout the chromosome. Some repetitive sequences translocate to 
new locations in the genome, and are called transposons or insertion sequences. 
Some ISs are species-speci fi c, while others have no species restriction. VNTRs 
are repeated sequences of noncoding DNA. Whether ERIC, IS, VNTR, or other 
repetitive element or sequence, the basis of the strain typing is the same. The abil-
ity of repetitive element-based PCR methods to distinguish unrelated strains or 
species is based on the random distribution of elements within the genome, and 
the time required for these to become established. That is, bacteria associated with 
a common source outbreak are highly unlikely to have any differences in the num-
ber or location of repetitive elements, while bacteria that are geographically, tem-
porally, and epidemiologically unrelated are more likely to have experienced 
mutational events. Repetitive element-based PCR assays are designed so that 
primers anneal to the speci fi c sequence in an outward orientation, so that DNA 
between the repeated elements is ampli fi ed. Variability between unrelated organ-
isms is due to the random number and location of the elements on the genome. 
The utility of this PCR-based  fi ngerprinting method is demonstrated by its suc-
cessful commercialization. A kit includes reagents to perform Rep-PCR and elec-
trophoresis, a  fi ngerprint library, and software for data analysis for a variety of 
bacteria and fungi  [  65  ] .         

PCR amplificationBacterial genome with 
conserved elements 
(shaded areas)

PCR amplicons of varying lengths, 
determined by number and spacing
of repetitive elements

Separate and visualize in agarose gel

  Fig. 15.6    Repetitive element (Rep)-PCR       

 



288 M. Loeffelholz and J. Dong

      Appendix 

   Primer Design Resources 

 There are a number of primer design programs and related resources available for 
free on the world wide web. Following is a brief sampling of primer design pro-
grams. (URLs accessed on June 15, 2011).  

 For information on  URL 
 General resource site  http://www.med.nyu.edu/rcr/rcr/course/primer.html 
 Primer design    http://biotools.umassmed.edu/bioapps/primer3_

www.cgi     
 BLAST search for primer design    http://www.ncbi.nlm.nih.gov/tools/primer-blast/

index.cgi?LINK_LOC=NcbiHomeAd     
 Real-time PCR (Taqman) primer design    https://www.genscript.com/ssl-bin/app/primer     
 Degenerate primer design    http://bibiserv.techfak.uni-bielefeld.de/gene fi sher2/     
 RAPD-PCR ( fi ngerprinting) primer design    http://www2.uni-jena.de/biologie/mikrobio/tipps/

rapd.html     
 General resource site    http://molbiol-tools.ca/PCR.htm     
 Real-time PCR primer design    http://www.uic.edu/depts/rrc/cgf/realtime/primer.html     

   References 

    1.    Mullis KB, Faloona FA (1987) Speci fi c synthesis of DNA in vitro via a polymerase-catalyzed 
chain reaction. Methods Enzymol 155:335–350  

    2.    Saiki RK, Scharf S, Faloona F et al (1985) Enzymatic ampli fi cation of beta-globin genomic 
sequences and restriction site analysis for diagnosis of sickle cell anemia. Science 230:
1350–1354  

    3.    Saiki RK, Gelfand DH, Stoffel S et al (1988) Primer-directed enzymatic ampli fi cation of DNA 
with a thermostable DNA polymerase. Science 239:487–491  

    4.    Fredricks DN, Relman DA (1999) Application of polymerase chain reaction to the diagnosis 
of infectious diseases. Clin Infect Dis 29:475–486  

    5.    Marlowe EM, Novak-Weekley SM, Cumpio J et al (2011) Evaluation of the Cepheid Xpert 
MTB/RIF assay for direct detection of  Mycobacterium tuberculosis  complex in respiratory 
specimens. J Clin Microbiol 49:1621–1623  

    6.    Rand KH, Rampersaud H, Houck HJ (2011) A comparison of two multiplex methods for the 
detection of respiratory viruses: FilmArray RP and xTAG RVP. J Clin Microbiol 49:
2449–2453  

    7.    Selvaraju SB, Wurst M, Horvat RT, Selvarangan R (2009) Evaluation of three analyte-speci fi c 
reagents for detection and typing of herpes simplex virus in cerebrospinal  fl uid. Diagn 
Microbiol Infect Dis 63:286–291  

    8.    Sire JM, Vray M, Merzouk M et al (2011) Comparative RNA quanti fi cation of HIV-1 group M 
and non-M with the Roche Cobas AmpliPrep/Cobas TaqMan HIV-1 v2.0 and Abbott Real-
Time HIV-1 PCR assays. J Acquir Immune De fi c Syndr 56:239–243  

    9.    Tang YW, Procop GW, Persing DH (1997) Molecular diagnostics of infectious diseases. Clin 
Chem 43:2021–2038  

http://biotools.umassmed.edu/bioapps/primer3_www.cgi
http://biotools.umassmed.edu/bioapps/primer3_www.cgi
http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=NcbiHomeAd
http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=NcbiHomeAd
https://www.genscript.com/ssl-bin/app/primer
http://bibiserv.techfak.uni-bielefeld.de/genefisher2/
http://www2.uni-jena.de/biologie/mikrobio/tipps/rapd.html
http://www2.uni-jena.de/biologie/mikrobio/tipps/rapd.html
http://molbiol-tools.ca/PCR.htm
http://www.uic.edu/depts/rrc/cgf/realtime/primer.html


28915 PCR and Its Variations

    10.    Tang Y, Persing DH (1999) Molecular detection and identi fi cation of microorganisms. In: 
Murray PR, Baron EJ, Pfaller MA, Tenover FC, Yolken RH (eds) Manual of clinical microbi-
ology, 7th edn. ASM, Washington, DC  

    11.    Loeffelholz M, Deng H (2006) PCR and its variations. In: Tang YW, Stratton CW (eds) 
Advanced techniques in diagnostic microbiology, 1st edn. Springer, New York  

    12.   Mullis KB (1990) The unusual origin of the polymerase chain reaction. Sci Am 262:56–61, 
64-65  

    13.    Balada-Llasat JM, LaRue H, Kelly C, Rigali L, Pancholi P (2011) Evaluation of commercial 
ResPlex II v2.0, MultiCode-PLx, and xTAG respiratory viral panels for the diagnosis of respi-
ratory viral infections in adults. J Clin Virol 50:42–45  

    14.    Kost CB, Rogers B, Oberste MS et al (2007) Multicenter beta trial of the GeneXpert enterovi-
rus assay. J Clin Microbiol 45:1081–1086  

    15.    Selvaraju SB, Selvarangan R (2010) Evaluation of three in fl uenza A and B real-time reverse 
transcription-PCR assays and a new 2009 H1N1 assay for detection of in fl uenza viruses. J Clin 
Microbiol 48:3870–3875  

    16.    Stevenson JB, Hymas WC, Hillyard DR (2011) A novel capillary electrophoresis-based multi-
plex PCR assay for detection of respiratory pathogens. Ann Clin Lab Sci 41:33–38  

    17.    White TJ, Madej R, Persing DH (1992) The polymerase chain reaction: clinical applications. 
Adv Clin Chem 29:161–196  

    18.    Collasius M, Falk H, Ciesler C, Valet G (1989) How to build an inexpensive cyclotherm instru-
ment for automated polymerase chain reaction. Anal Biochem 181:163–166  

    19.    Wittwer CT, Fillmore GC, Hillyard DR (1989) Automated polymerase chain reaction in capil-
lary tubes with hot air. Nucleic Acids Res 17:4353–4357  

    20.   Wittwer CT, Hillyard DR, Ririe KM (1995) US Patent 5455175  
    21.    Martin UK, de Mello AJ, Andreas M (1998) Chemical ampli fi cation: continuous- fl ow PCR on 

a chip. Science 280:1046–1048  
    22.   Espinosa de los Monteros LE, Galan JC, Gutierrez M et al (1998) Allele-speci fi c PCR method 

based on pncA and oxyR sequences for distinguishing  Mycobacterium bovis  from 
 Mycobacterium tuberculosis : intraspeci fi c  M. bovis  pncA sequence polymorphism. J Clin 
Microbiol;36:39–242  

    23.    Mullis KB (1991) The polymerase chain reaction in an anemic mode: how to avoid cold oli-
godeoxyribonuclear fusion. PCR Methods Appl 1:1–4  

    24.    Chou Q, Russell M, Birch DE, Raymond J, Bloch W (1992) Prevention of pre-PCR mis-
priming and primer dimerization improves low-copy-number ampli fi cations. Nucleic Acids 
Res 20:1717–1723  

    25.    Bassam BJ, Caetano-Anolles G (1993) Automated “hot start” PCR using mineral oil and 
paraf fi n wax. Biotechniques 14:30–34  

    26.    Horton RM, Hoppe BL, Conti-Tronconi BM (1994) AmpliGrease: “hot start” PCR using 
petroleum jelly. Biotechniques 16:42–43  

    27.    Riol H, Levesque G, Murthy MR (1994) A method of using heavy mineral oil for performing 
“hot-start” ampli fi cation of rare nucleic acids. Anal Biochem 221:210–212  

    28.    Birch DE (1996) Simpli fi ed hot start PCR. Nature 381:445–446  
    29.    Kebelmann-Betzing C, Seeger K, Dragon S et al (1998) Advantages of a new Taq DNA poly-

merase in multiplex PCR and time-release PCR. Biotechniques 24:154–158  
    30.    Kellogg DE, Rybalkin I, Chen S et al (1994) TaqStart Antibody’: “Hot Start” PCR facilitated 

by a neutralizing monoclonal antibody directed against Taq DNA polymerase. BioTechniques 
16:1134–1138  

    31.    Rasmussen HN, Rasmussen OF, Andersen JK, Olsen JE (1994) Speci fi c detection of patho-
genic  Yersinia enterocolitica  by two-step PCR using hot-start and DMSO. Mol Cell Probes 
8:99–108  

    32.    Pang J, Modlin J, Yolken R (1992) Use of modi fi ed nucleotides and uracil-DNA glycosylase 
(UNG) for the control of contamination in the PCR-based ampli fi cation of RNA. Mol Cell 
Probes 6:251–256  



290 M. Loeffelholz and J. Dong

    33.    Udaykumar J, Epstein JS, Hewlett IK (1993) A novel method employing UNG to avoid 
carry-over contamination in RNA-PCR. Nucleic Acids Res 21:3917–3918  

    34.    Don RH, Cox PT, Wainwright BJ, Baker K, Mattick JS (1991) ‘Touchdown’ PCR to circum-
vent spurious priming during gene ampli fi cation. Nucleic Acids Res 19:4008  

    35.    Moe CL, Gentsch J, Ando T et al (1994) Application of PCR to detect Norwalk virus in fecal 
specimens from outbreaks of gastroenteritis. J Clin Microbiol 32:642–648  

    36.    Haqqi TM, Sarkar G, David CS, Sommer SS (1988) Speci fi c ampli fi cation with PCR of a 
refractory segment of genomic DNA. Nucleic Acids Res 16:11844  

    37.    Schmidt B, Muellegger RR, Stockenhuber C et al (1996) Detection of  Borrelia burgdorferi -
speci fi c DNA in urine specimens from patients with erythema migrans before and after antibi-
otic therapy. J Clin Microbiol 34:1359–1363  

    38.    Whelen AC, Felmlee TA, Hunt JM et al (1995) Direct genotypic detection of  Mycobacterium 
tuberculosis  rifampin resistance in clinical specimens by using single-tube heminested PCR. 
J Clin Microbiol 33:556–561  

    39.    Chamberlain JS, Gibbs RA, Ranier JE, Nguyen PN, Caskey CT (1988) Deletion screening of 
the Duchenne muscular dystrophy locus via multiplex DNA ampli fi cation. Nucleic Acids Res 
16:11141–11156  

    40.       Rossister BJF, Grompe M, Caskey CT (1991) Detections of deletions and point mutations. In: 
McPherson MJ, Quirke P, Taylor GR (eds) PCR: a practical approach. Oxford University 
Press, New York  

    41.    Bej AK, Mahbubani MH, Miller R, DiCesare JL, Haff L, Atlas RM (1990) Multiplex PCR 
ampli fi cation and immobilized capture probes for detection of bacterial pathogens and indica-
tors in water. Mol Cell Probes 4:353–365  

    42.    Geha DJ, Uhl JR, Gustaferro CA, Persing DH (1994) Multiplex PCR for identi fi cation of 
methicillin-resistant staphylococci in the clinical laboratory. J Clin Microbiol 32:1768–1772  

    43.    Roberts TC, Storch GA (1997) Multiplex PCR for diagnosis of AIDS-related central nervous 
system lymphoma and toxoplasmosis. J Clin Microbiol 35:268–269  

    44.    Larrick JW (1992) Message ampli fi cation phenotyping (MAPPing)—principles, practice and 
potential. Trends Biotechnol 10:146–152  

    45.    Myers TW, Gelfand DH (1991) Reverse transcription and DNA ampli fi cation by a  Thermus 
thermophilus  DNA polymerase. Biochemistry 30:7661–7666  

    46.    Boyer N, Marcellin P (2000) Pathogenesis, diagnosis and management of hepatitis C. J Hepatol 
32:98–112  

    47.    Clarke JR, McClure MO (1999) HIV-1 viral load testing. J Infect 38:141–146  
    48.   Mylonakis E, Paliou M, Rich JD (2001) Plasma viral load testing in the management of HIV 

infection. Am Fam Physician 63:483–490, 495–486  
    49.    Hodinka RL (1998) The clinical utility of viral quantitation using molecular methods. Clin 

Diagn Virol 10:25–47  
    50.    Jung R, Soondrum K, Neumaier M (2000) Quantitative PCR. Clin Chem Lab Med 38:

833–836  
    51.    Orlando C, Pinzani P, Pazzagli M (1998) Developments in quantitative PCR. Clin Chem Lab 

Med 36:255–269  
    52.    Zhong Q, Bhattacharya S, Kotsopoulos S et al (2011) Multiplex digital PCR: breaking the one 

target per color barrier of quantitative PCR. Lab Chip 11:2167–2174  
    53.    Higuchi R, Dollinger G, Walsh PS, Grif fi th R (1992) Simultaneous ampli fi cation and detection 

of speci fi c DNA sequences. Biotechnology (NY) 10:413–417  
    54.    Nolte FS, Caliendo AM (2011) Molecular microbiology. In: Versalovic J, Carroll KC, Funke 

G, Jorgensen JH, Landry ML, Warnock DW (eds) Manual of clinical microbiology, 10th edn. 
ASM, Washington, DC, pp 27–59  

    55.    Whiley DM, Mackay IM, Syrmis MW, Witt MJ, Sloots TP (2004) Detection and differentia-
tion of herpes simplex virus types 1 and 2 by a duplex LightCyler PCR that incorporates an 
internal control PCR reaction. J Clin Virol 30:32–38  

    56.    Fernandez-Cuenca F (2004) Applications of PCR techniques for molecular epidemiology of 
infectious diseases. Enferm Infecc Microbiol Clin 22:355–360  



29115 PCR and Its Variations

    57.    Olive DM, Bean P (1999) Principles and applications of methods for DNA-based typing of 
microbial organisms. J Clin Microbiol 37:1661–1669  

    58.    Grattard F, Berthelot P, Reyrolle M, Ros A, Etienne J, Pozzetto B (1996) Molecular typing of 
nosocomial strains of  Legionella pneumophila  by arbitrarily primed PCR. J Clin Microbiol 
34:1595–1598  

    59.    MacGowan AP, O’Donaghue K, Nicholls S, McLauchlin J, Bennett PM, Reeves DS (1993) 
Typing of  Listeria  spp. by random ampli fi ed polymorphic DNA (RAPD) analysis. J Med 
Microbiol 38:322–327  

    60.    Matsui C, Pereira P, Wang CK et al (1998) Extent of laminin-5 assembly and secretion effect 
junctional epidermolysis bullosa phenotype. J Exp Med 187:1273–1283  

    61.    van Belkum A, Kluytmans J, van Leeuwen W et al (1995) Multicenter evaluation of arbitrarily 
primed PCR for typing of  Staphylococcus aureus  strains. J Clin Microbiol 33:1537–1547  

    62.    Welsh EA, Clark HH, Epstein SZ, Reveille JD, Duvic M (1994) Human leukocyte antigen-
DQB1*03 alleles are associated with alopecia areata. J Invest Dermatol 103:758–763  

    63.    Woods JP, Kersulyte D, Tolan RW Jr, Berg CM, Berg DE (1994) Use of arbitrarily primed 
polymerase chain reaction analysis to type disease and carrier strains of  Neisseria meningitidis  
isolated during a university outbreak. J Infect Dis 169:1384–1389  

    64.    Versalovic J, Koeuth T, Lupski JR (1991) Distribution of repetitive DNA sequences in eubac-
teria and application to  fi ngerprinting of bacterial genomes. Nucleic Acids Res 19:6823–6831  

    65.    Wise MG, Siragusa GR, Plumbee J, Healy M, Cary PJ, Seal BS (2009) Predicting  Salmonella 
enterica  serotypes by repetitive sequence-based PCR. J Microbiol Methods 76:18–24      



293Y.-W. Tang and C.W. Stratton (eds.), Advanced Techniques in Diagnostic Microbiology, 
DOI 10.1007/978-1-4614-3970-7_16, © Springer Science+Business Media New York 2013

         Introduction 

 In 1983 while driving up a mountain road, Dr Kary Mullis envisioned the concept 
of the polymerase chain reaction (PCR). These scienti fi c “driving” thoughts com-
pletely revolutionized biology and bolstered an entire biotechnology industry, 
resulting in the creation of new biotechnology companies and jobs. As with any 
good idea, PCR was quickly patented by Cetus and then sold to Hoffman La Roche 
for $300 million  [  1  ] . 

 In the business of clinical diagnostics, the ability to compete with PCR has pro-
pelled new technology. Since the advent of PCR, several other patents have been 
 fi led relating to non-PCR-mediated target ampli fi cation techniques. Today, compa-
nies like Gen-Probe, Becton Dickinson, bioMerieux, Meridian Biosciences, and 
BioHelix all have commercially available diagnostic products that are based on 
non-PCR-mediated target ampli fi cation techniques (Table  16.1 ).  

 Non-PCR-mediated target ampli fi cation techniques are generally based on iso-
thermal ampli fi cation. While various names of isothermal ampli fi cation have 
appeared in the literature throughout the years, the primary focus of this chapter is 
to discuss the commercially available non-PCR techniques. For an historical per-
spective and more in-depth technical review of non-PCR-mediated target 
ampli fi cation techniques see this chapter in the  fi rst edition of this book. Mimicking 
cellular or viral replication of DNA or RNA is the basis of these techniques  [  2  ] . For 
example, they may consist of transcription-based ampli fi cation which generates an 
RNA product, or strand displacement-based ampli fi cation which generates a DNA 
product  [  2  ] . 
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 The advantage of using non-PCR-mediated target ampli fi cation techniques is 
that they can be very robust because of the amount of target that is generated in a 
very short amount of time. They also avoid the royalty costs associated with PCR. 
However, like any ampli fi cation technology, they can also be subject to contamina-
tion. Thus adherence to good molecular practices still applies when using non-PCR 
methods. Given the ease of designing and ordering PCR primers and probes, PCR 
still remains a common practice for many research and clinical laboratories.  

   Isothermal Transcription-Based Ampli fi cation 

 Isothermal transcription-based ampli fi cation (ITA) is available under several com-
mercial names. These names include transcription-mediated ampli fi cation (TMA) 
and nucleic acid sequence-based ampli fi cation (NASBA). The basic concept of ITA 
is born from retroviral ampli fi cation which relies on three key enzymatic reactions. 
Once RNA is present in the reaction the  fi rst primer attaches to its complementary 
site at the 3 ¢  end of the template. The reverse transcriptase (RT) enzyme is used to 
make the complementary DNA (cDNA) of the RNA target. RNAse H then degrades 
the initial RNA template only with RNA-DNA hybrids, but not single-stranded 
RNA. The second primer attaches to the 5 ¢  end of the DNA strand and the T7 RNA 

   Table 16.1    Commercially available non-PCR target ampli fi cation assays for the detection 
of microorganisms   

 Manufacturer  Technology  Targets  URL 

 Gen-Probe  TMA  Diagnostic    www.gen-probe.com     
   Mycobacterium tuberculosis  
   C. trachomatis/N. 

gonorrhoeae  
   Trichomonas vaginalis  
  HIV-1 
  HCV 
 Blood screening 
  HIV, HCV, HBV, WNV 

 bioMerieux  NASBA  Enterovirus    www.biomerieux.com     
 MRSA 
 KPC a  
 HIV-1 v. 2.0 a  
 HPV a  

 Becton Dickinson  SDA   C. trachomatis/N. gonorrhoeae     www.bd.com     
 HSV 1/2 

 Meridian 
Biosciences 

 LAMP   Clostridium dif fi cile     www.meridianbiosciences.
com      HSV-1/HSV-2 

   a Research use only  

http://www.gen-probe.com
http://www.biomerieux.com
http://www.bd.com
http://www.meridianbiosciences.com
http://www.meridianbiosciences.com


29516 Non-PCR Target Ampli fi cation Techniques

polymerase produces a complementary RNA strand which can be used again in the 
initial step of the reaction  [  2  ] . The process repeats automatically, resulting in an 
exponential ampli fi cation of the original target that can produce over a billion cop-
ies of amplicon in less than 30 min (  http://gen-probe.com/science/    ). 

 The crux of Gen-Probe’s (San Diego, CA) ampli fi cation technology is TMA. 
Like PCR, this isothermal technology relies on target ampli fi cation with comple-
mentary oligonucleotide primers to speci fi cally anneal and allow enzymatic 
ampli fi cation of the target nucleic acid strands (Fig.  16.1 ) (  http://gen-probe.com/
science/    ). The TMA bacterial assays replicate speci fi c regions of ribosomal RNA. 
Thus the assays are already targeting a template that is in abundant quantity, making 
the TMA assays very robust  [  3  ] .  

RT

copies Amplicon

RT

RT

RT

  Fig. 16.1    Transcription-mediated ampli fi cation (TMA) (Image courtesy of Gen-Probe, 
Incorporated)       

 

http://gen-probe.com/science/
http://gen-probe.com/science/
http://gen-probe.com/science/
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 TMA is also used to detect viral targets. The PROCLEIX ®  assays (offered by 
Gen-Probe in collaboration with Novartis Vaccines and Diagnostics, Inc., Cambridge, 
MA) is used to screen blood for human immunode fi ciency virus-1 (HIV-1), hepati-
tis B virus (HBV), and hepatitis C virus (HCV). Gen-Probe had the  fi rst FDA-
approved nucleic acid test for screening donated human blood with the PROCLEIX ®  
HIV-1/HCV assay  [  4  ] . This product was quickly followed by the PROCLEIX ®  West 
Nile virus (WNV) assay which has been used to look for WNV in blood donations 
 [  5,   6  ] . The Procleix ®  Ultrio ®  is also available and simultaneously detects HIV-1, 
HBV, and HCV  [  7  ] . 

 TMA performed manually can still be labor intense and requires de fi ned hands-
on time. Gen-Probe has tried to overcome this by automating the process. The 
Tigris ®  DTS ®  system is a fully automated system for TMA assays. It is particularly 
useful in high volume laboratories because it allows for the automation of up to 450 
specimens in 8 h or 1,000 specimens in 13.5 h (  http://gen-probe.com    ). The Panther™ 
is the next automated system expected from Gen-Probe which will serve a smaller 
throughput laboratory and is expected to have a larger test menu than the Tigris ® . 

 NASBA is also an isothermal reaction that uses three enzymes (avian myeloblasto-
sis virus-RT (AMV-RT), RNase H, and T7 RNA polymerase) and target-speci fi c oligo-
nucleotides. NASBA, like TMA, has been introduced into medical diagnostics, where 
it has been shown to have a faster turn-around time than PCR, and it can also be more 
sensitive  [  8  ] . After its introduction, NASBA was used for quanti fi cation of HIV-1 in 
human sera  [  9  ] . However, the HIV-1 assay was never FDA-approved and is only avail-
able in the United States as a research use only (RUO) product from bioMerieux (Marcy 
l’Etoile, France). bioMerieux has marketed NASBA under the NucliSENS ®  name. 
NucleiSENS Easy Q ®  Enterovirus was the  fi rst FDA-approved real-time NASBA assay 
(Fig.  16.2 ) used to detect viral RNA utilizing a  fl orescent beacon  [  10  ] . An expanded 
menu is available and includes methicillin-resistant  Staphylococcus aureus  (MRSA). 
Additional analytes are available as RUO assays (Table  16.1 ).  

 TMA and NASBA are very similar technologies. The differences between them 
are the speci fi c enzymes used in reaction and their detection systems. For reverse 
transcription, TMA utilizes Moloney murine leukemia virus-RT (MMLV-RT) and 
NASBA utilizes AMV-RT  [  11  ] . To date, end point detection for all FDA-cleared 
TMA assays use Gen-Probe’s hybridization protection technology with chemilumi-
nescent DNA probes. Currently available NASBA assays use real-time-based detection 
with molecular beacons. For a list of the targets for which there are commercially 
available products, see Table  16.1 .  

   Strand Displacement Ampli fi cation 

 Strand displacement ampli fi cation (SDA) is an isothermal ampli fi cation technique 
that was  fi rst described in 1992  [  12  ] . Rather than using thermocycling to facilitate 
repeating rounds of DNA synthesis as in PCR, SDA relies upon the activities of a 

http://gen-probe.com
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restriction endonuclease and an exonuclease-de fi cient DNA polymerase to continually 
and isothermally amplify a DNA target. Inner primers are designed to have a restric-
tion enzyme recognition sequence within their 5 ¢  overhang. Flanking outer primers 
bind upstream of the inner primer targets. Extension of all four primers by DNA 
polymerase results in amplicons incorporating restriction enzyme sites (Fig.  16.3a ). 
A restriction endonuclease added to the reaction creates a single-stranded nick at 
these sites, where DNA polymerase can then initiate replication and displace the 
annealed strand (Fig.  16.3b ). The substitution of a dNTP with a modi fi ed form con-
taining a 5 ¢  [alpha-thio] triphosphate, typically dATP a S, allows for incorporation of 
a hemiphosphorothioate linkage at the restriction site during ampli fi cation. This 
permits single-stranded nicking by the restriction enzyme.  

 The DNA polymerase that is used in SDA must be able to initiate polymerization 
at a nick site and must lack exonuclease activity. Such polymerases include exo -

 Klenow, exo- Bst , and exo- Bca  polymerases  [  12,   13  ] . The restriction endonuclease 
must be able to create a single-stranded nick at a hemiphosphorothioated recogni-
tion site, dissociate quickly to allow the polymerase to act, and repeatedly perform 
rounds of nicking and dissociation. Restriction enzymes which meet these criteria 
include  Hinc II,  Bso BI,  Ava I,  Nci I, and  Fnu 4HI  [  12,   14  ] . 

 The maximum target length is in fl uenced by the stringency of the reaction condi-
tions, the processivity of the DNA polymerase, and the frequency of recognition 
sites of the restriction enzyme surrounding the target sequence. Amplicons are gen-
erally 50–120 bp long, and SDA is less well suited for target sequences longer than 
1,000 bp  [  14  ] . At 37°C, exo-Klenow polymerase demonstrates decreased 

  Fig. 16.2    Real-time nucleic acid sequence-based ampli fi cation (NASBA). (Image courtesy 
of bioMerieux)       



298 R.C. She and E.M. Marlowe

B1

S1

B1

S1

B2

S2

B2

S2

S1

S2

S1

(1)

(2)

(3)

(4)

(5)

a

S1

S2

(6)

(7)

S1

S2

(1)

(2)

(3)

Partial BsoBI nick site

Complete BsoBI nick site

b

  Fig. 16.3    Strand 
displacement ampli fi cation 
(SDA). See detailed 
descriptions in texts. 
(Image courtesy of Beckton 
Dickinson   )       
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ampli fi cation ef fi ciency with target lengths greater than 50 bp. At this temperature, 
the stringency of the reaction is relatively low with increased background 
ampli fi cation.  Bso BI restriction endonuclease and exo- Bst  polymerase, derived 
from the thermophilic bacterium  Bacillus stearothermophilus , function well at rela-
tively high temperatures (50–60°C). This higher temperature enables increased 
stringency of primer hybridization and improved reaction kinetics  [  15  ] . Doubling 
time is approximately 30 s, and up to 10 10  amplicons can be generated within 15 min 
 [  13  ] . In SDA, target detection may be accomplished in real-time with the use of 
 fl uorescently labeled probes (Fig.  16.4 ), and if desired, produce quantitative results 
 [  16,   17  ] . Use of dUTP instead of dTTP to enable contamination control with uracil-
DNA glycosylase has been described  [  13  ] .  

 Initial studies focused on the application of SDA to the detection of  Mycobacterium 
tuberculosis   [  13,   17,   18  ] . A BDProbeTec™ ET assay (Becton Dickinson, Franklin 
Lakes, NJ) to aid in the identi fi cation of  M. tuberculosis  complex from colony 
growth on solid media was cleared by the FDA in 2001 but is no longer available in 
the United States. Nonetheless, studies have shown this assay to perform compara-
bly to other ampli fi ed detection assays for  M. tuberculosis  directly from respiratory 
specimens  [  19–  21  ] . Currently, FDA-cleared assays which utilize SDA include the 
BD ProbeTec™ ET assay for  Chlamydia trachomatis  and  Neisseria gonorrhoeae  
(CT/GC) from a variety of genitourinary sources, and for HSV-1 and HSV-2 from 
clinician-collected external anogenital specimens from adults. These assays gener-
ate qualitative results using real-time detection and employ  Bso BI restriction endo-
nuclease and exo- Bst  polymerase  [  16  ] . Additional reagents to monitor ampli fi cation 
inhibition are available and this reaction would be performed in a separate well. 

 The BD ProbeTec™ ET assay has comparable performance to the other FDA-
cleared ampli fi ed assays for  C. trachomatis  and  N. gonorrhoeae  for a variety of 
specimen sources  [  22–  25  ] . However, for self-collected vaginal specimens, sensitiv-
ity of the ProbeTec™ assay may be somewhat lower  [  26  ] . Performance of the assay 
is suitable in a low to medium volume laboratory. For higher volume laboratories, 
the assay can be fully automated with the inclusion of front-end specimen process-
ing on the BD Viper™ system. One current advantage of the BD ProbeTec™ ET 
CT/GC is that it is the only FDA-cleared target ampli fi cation assay for endocervical 
samples collected in SurePath media for cytological screening.  

   Loop-Mediated Isothermal Ampli fi cation 

 Loop-mediated isothermal ampli fi cation (LAMP) was developed by Eiken Chemical 
Co. (Tokyo, Japan) and the method was  fi rst published in 2000  [  27  ] . Like SDA, 
LAMP requires a DNA polymerase with high strand displacement activity, e.g.,  BstI  
polymerase. Also like SDA, two inner and two outer primers are used in an isother-
mal reaction (Fig.  16.5a ). The inner primers incorporate a sequence in their 5 ¢  over-
hang that is complementary to the region that will be ampli fi ed just downstream of 
the primer. After the outer primers anneal upstream to the inner primers and initiate 
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  Fig. 16.4    Real-time strand displacement ampli fi cation (SDA) (Image courtesy of Beckton 
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strand displacement, the complementary regions of the displaced strand can then 
anneal and form a loop structure at its 3 ¢  end (Fig.  16.5b ). Subsequent ampli fi cation 
may occur as self-primed DNA synthesis off of the 3 ¢  end of the loop, or as primers 
annealed to the single-stranded area of the loop. A variety of stem-loop structures of 
varying sizes are formed in the process (Fig.  16.5c ). Amplicons may be detected by 

  Fig. 16.5    Loop-mediated isothermal ampli fi cation (LAMP). See detailed descriptions in texts. 
(Image courtesy of Eiken Chemical Co.   )       
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measuring change in turbidity from the formation of magnesium pyrophosphate salt 
 [  28  ] . This change is turbidity can also be directly visualized. Other methods of 
detection, such as  fl uorescent probes and bioluminescence, have been described 
 [  29,   30  ] . While detection of precipitated magnesium phosphate is not speci fi c for 
the target of interest, speci fi city is achieved by the use of four primers targeting six 
regions of DNA during the reaction process.  

 Reverse-transcription LAMP has also been developed for detection of RNA tar-
gets and can be accomplished in a one-step, isothermal reaction with the use of 
AMV-RT  [  31  ] . Use of dUTP instead of dTTP to enable contamination control with 
uracil-DNA glycosylase has also been shown to be feasible  [  32  ] . One study demon-
strated that LAMP is less inhibited by urine and stool than PCR, suggesting that 
puri fi cation of nucleic acids may not be necessary prior to LAMP reactions on cer-
tain human specimens  [  33  ] . 

 The LAMP technology has been licensed by Meridian Biosciences, Inc. 
(Cincinnati, OH). The  fi rst FDA-cleared test utilizing LAMP for clinical diagnostics 
is the  illumi gene ®   Clostridium dif fi cile  assay. Specimens undergo a heat lysis rather 
than puri fi ed nucleic acid extraction, thus decreasing the complexity and turn-
around time of the assay. Inhibition control is assayed in a separate reaction tube. 
The reaction occurs at 60–65°C and can be completed in less than 1 h within a 
closed system. Detection of product is by turbidimetric readings on a luminometer. 
According to manufacturers’ data, analytical sensitivity of this assay (4–64 colony 
forming units/reaction) is roughly the same as for other FDA-cleared  C. dif fi cile  
assays that are PCR-based. Likewise, initial studies have shown this LAMP-based 
method to have excellent performance characteristics compared to PCR-based 
assays using clinical specimens  [  34,   35  ] . 

 Other analytes, such as Group B  Streptococcus , are being evaluated on the  illu-
mi gene ®  LAMP platform and will likely be available in the near future. Currently, 
the  illumi gene ®  assay can test up to ten samples per instrument and the pipetting 
steps are manually performed. This format would seem to be most bene fi cial for 
small- to medium-sized laboratories that desire to perform molecular testing using 
a simple protocol.  

   Helicase-Dependent Ampli fi cation 

 This ampli fi cation technique was developed by BioHelix (Beverly, MA) and  fi rst 
described in 2004  [  36  ] . Unlike PCR which relies upon heat to denature double-
stranded DNA, helicase-dependent ampli fi cation (HDA) relies on helicase activity 
to separate double-stranded DNA or RNA-DNA hybrid strands isothermally. Similar 
to PCR, oligonucleotide primers  fl anking a target region result in an amplicon of 
expected base pair length after extension by DNA polymerase. The ease of primer 
design provides an advantage over other isothermal methods already discussed. 
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Use of a thermophilic helicase, such as Tte-UvrD, allows the reaction to occur at a 
higher temperature. This in turn results in greater assay speci fi city and sensitivity 
and also may obviate the need for accessory proteins in the reaction  [  37  ] . A variety 
of strand-displacing DNA polymerases may be used and have included  Bst  exo-
polymerase, exo- Klenow fragment, and GST large fragment polymerase  [  36–  38  ] . 
HDA is compatible with many methods of amplicon detection. Colorimetric detec-
tion, intercalating DNA dyes, hybrid capture with  fl uorescence end-point detection, 
and real-time detection by TaqMan probes have all been performed successfully 
 [  38–  41  ] . One-step reverse-transcription HDA has also been proven to be feasible, 
highly ef fi cient, and amenable to real-time detection of human pathogens  [  40  ] . 

 In 2011, the FDA cleared an HDA assay for the detection of HSV-1 and HSV-2 
from oral and genital lesions (IsoAMP ®  HSV Assay, BioHelix). After specimen 
preparation, samples undergo a 1-h ampli fi cation step at 64°C which generates 
amplicons labeled with biotin and either dioxygenin or  fl uorescein. This dual- 
labeling system enables differential detection of HSV (if present) and a built-in 
internal control. After the ampli fi cation product is applied to a vertical- fl ow test 
strip within a self-contained cassette, the control and test lines are interpreted visu-
ally. This format has been shown to have comparable performance to PCR for detec-
tion of HSV from clinical specimens  [  42  ] . It is suitable for small volume laboratories 
because it is simple, self-contained, low-throughput, and low cost in terms of capital 
equipment.  

   Conclusions 

 In recent years, we have seen the progressive introduction of various isothermal 
ampli fi cation methods to the clinical microbiology marketplace. Non-PCR 
ampli fi cation technologies that are currently commercially available for infectious 
disease testing offer numerous advantages over PCR. These non-PCR molecular 
assays have also become more accessible to smaller laboratories. Isothermal 
ampli fi cation techniques can offer  fl exibility in terms of inexpensive capital equip-
ment, decreased complexity, and rapid turn-around time. Laboratories now have 
more FDA-cleared options to choose from, and the menu promises to expand with 
time. Automation has also increased the capabilities of integrating these assays 
into the larger clinical laboratory. Contained, automated systems obviate the need 
for separate workspaces for individual steps in performing the assay. For quantita-
tive nucleic acid testing, however, real-time PCR is still the best studied and most 
highly utilized method. Competition among quantitative assay platforms may soon 
increase as more non-PCR real-time assays are introduced. As with any technology 
that is introduced for patient testing, each laboratory will have to consider its 
patient population, test volume, and resources to decide which molecular platform 
best  fi ts its needs.      
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         Introduction 

 Oligonucleotide probes provide a useful tool for the detection of target nucleic acids 
by the formation of a double-helical structure between complementary sequences. 
The stringent requirements of Watson–Crick base pairing make hybridization 
extremely speci fi c. However, the detection of target sequence by hybridization is 
often insensitive due to the limited number of signal molecules that can be labeled 
on the probe. In general, the analytical sensitivity of probe hybridization is in the 
order of 10 6  molecules. Therefore, it cannot meet the needs of most clinical diagnos-
tic applications. Many technologies have been developed to improve the detection 
sensitivity by amplifying the probe sequence bound to the target. All probe 
ampli fi cation technologies are developed based on the recent advancement in 
molecular biology and the understanding of in vivo nucleic acid synthesis, i.e., liga-
tion, polymerization, transcription, digestion/cleavage, etc. 

 A fundamental advantage of probe ampli fi cation technologies ascribes to their 
isothermal nature, i.e., accomplishing ampli fi cation at a constant temperature with 
the exception of LCR which requires temperature cycling. Isothermal ampli fi cation 
allows the test to be done using a simple instrument and makes quality control of the 
instrument easier. In order for the probe to be ampli fi ed, the probes have to be spe-
cially designed or synthesized. For example, in rolling circle ampli fi cation (RCA), 
a circularized probe is used while the Invader assay employs an overlapping struc-
ture within the probes. Finally, maximum ampli fi cation is achieved by generating 
new DNA products (RCA, RAM, SMART, MLPA, etc.), although some of the tech-
nologies (i.e., LCR and CPT) use existing DNA primers without a net increase of 
DNA products. 
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 In addition to ampli fi cation of probe sequence to achieve a desired sensitivity, 
each technology has its unique features, thus, unique clinical applications. For 
example, Invader technology is very useful for single-nucleotide polymorphism 
(SNP) scoring due to speci fi c recognition by the enzyme cleavase to the overlapping 
structure of two probes. On the other hand, RCA is probably the only technology 
that can be used for on-chip ampli fi cation due to the attachment of product to the 
primer sequence linked on the chip surface. In addition, multiplex ligation-dependent 
probe ampli fi cation (MLPA), a variation of the ligation-dependent PCR, permits 
ampli fi cation of multiple targets with a single primer pair. Therefore, in order to 
select a technology for a particular application, one has to understand the principle 
of the technology and address the need of the clinical problem accordingly. 

 This chapter reviews the most common probe ampli fi cation technologies and 
presents some of their applications with primary focus on microorganism diagnosis 
in clinical laboratory. For more in-depth discussion of clinical applications, the 
readers should refer to other excellent chapters in this book.  

   Rolling Circle Ampli fi cation 

 Circularizable probe (C-probe or padlock probe) is a uniquely designed oligonucle-
otide probe that contains three regions: two target complementary sequences located 
at the 5 ¢  and 3 ¢  termini and an interposed generic linker region  [  1,   2  ] . Once the 
C-probe hybridizes to its target, the 5 ¢  and 3 ¢  ends are juxtaposed (Fig.  17.1a ). 
A closed circular molecule is then generated following incubation of the C-probe–
target complex with a DNA ligase. The resulting closed circular molecule is heli-
cally twisted around the target strand  [  1  ] . The permanently locked C-probe permits 
stringent washing for the removal of unbound components, thereby enhancing assay 
signal-to-noise ratios.  

 The unique design of the C-probe allows its ampli fi cation by a rolling circle 
(RCA) mechanism as observed in in vivo bacteriophage replication (Fig.  17.1b ) 
 [  3–  5  ] . In this scheme, a single forward primer complementary to the linker region 
of the C-probe and a DNA polymerase bearing strand displacement activity are 
employed. The polymerase extends the bound primer along the closed C-probe for 
many revolutions and displaces upstream sequences, producing a long single-
stranded DNA (ssDNA) of multiple repeats of the C-probe sequence that can be as 
long as 0.5 Mb  [  3  ] . This type of ampli fi cation, however, only results in linear growth 
of the products with up to several thousandfold ampli fi cation  [  3  ] . Some of the prop-
erties of RCA are summarized in Table  17.1 .  

 Recently, Murakami et al .   [  6  ]  described a modi fi ed RCA method, termed primer 
generation-RCA (Fig.  17.2 ) and demonstrated that under the optimized condition, 
this method can detect 84.5 fmol (50.7 molecules) of synthetic sample DNA 
and 0.163 pg (~60 molecules) of genomic DNA from  Listeria monocytogenes , 
indicating an excellent sensitivity of the modi fi ed RCA for the detection of 
microorganism in clinical laboratory.  
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C-probea   C-probe

b   RCA

c   RAM

  Fig. 17.1    Schematic representation of C-probe, RCA, and RAM. ( a ) A C-probe hybridizes to its 
target through its complementary regions and helical turns formed between C-probe and target 
result in the locking of C-probe onto the target. The sequence between the target-binding regions 
is generic for the binding of primers. ( b ) A DNA polymerase ( gray circle ) extends a bound primer 
along a closed C-probe for  fi ve rounds through rolling circle ampli fi cation (RCA). ( c ) A forward 
primer (  fi lled pointer ) bound to a C-probe is extended by DNA polymerase ( gray circle ), generat-
ing a long ssDNA. Multiple reverse primers ( un fi lled pointer ) bind to the nascent ssDNA as their 
binding sites become available. Each bound reverse primer extends and displaces the upstream 
primers and their extended products. The forward primer binding sites of the displaced ssDNA are 
then available for the forward primers to bind and extend similarly, thus forming a large ramifying 
DNA complex (RAM)       

   Table 17.1    Comparison of Probe ampli fi cation technology   
 Property  RCA  RAM  SMART  Invader  MLPA  CPT 

 Ampli fi cation capability  1  u    2  u    2  n    1  u    2  n    1  u   
 Temperature alteration  −  −  −  −  −  − 
 Detection of DNA target  +  +  +  +  +  + 
 Detection of RNA target  +  +  +  ±  +  − 
 Detection of protein target  +  ±  −  −  −  − 
 Real time  +  +  +  +  ±  + 
 Enzyme used  DNA 

pol 
 DNA 

pol 
 DNA–RNA 

pol 
 Cleavase  Ligase  RNase H 

 On-surface ampli fi cation  +  ±  −  −  −  − 
 Multiplexing  +  +  ±  +  +  + 
 SNP detection  +  +  ±  +  +  ± 

   RCA  rolling circle ampli fi cation;  RAM  rami fi cation ampli fi cation;  SMART  signal-mediated 
ampli fi cation of RNA technology;  MLPA  multiplex ligation-dependent probe ampli fi cation;  CPT  
cycling probe technology;  u  number of rounds accomplished by DNA polymerase along a C-probe; 
 n  number of cycle;  SNP  single-nucleotide polymorphism;  DNA pol  DNA polymerase;  RNA–RNA 
pol  RNA-directed RNA polymerase;  DNA–RNA pol  DNA-directed RNA polymerase  
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 Since the product of RCA remains attached to the primer, RCA is amenable to an 
on-chip probe ampli fi cation system (Fig.  17.3a ). In this way, the target molecule can 
be recognized, ampli fi ed, and detected directly on a solid support, such as a microar-
ray platform. With RCA, Nallur et al .   [  7  ]  reported in 2001 that they were able to 
detect 480 fM (150 molecules) of spotted primers, corresponding to an 8,000-fold 
increase in detection sensitivity over hybridization under the same conditions. The 
levels of ampli fi cation by RCA on microarray were comparable to those achieved in 
solution-phase format, indicating that RCA can function with virtually 100% ef fi cacy 
when used on microarray. Thus, combination of RCA and DNA microarray allows 
the real-time detection of multiple targets with great sensitivity and speci fi city  [  8  ] .  

 Recently, an RCA-based protein detection method, referred to as immuno-RCA, 
has been developed  [  9–  12  ] . In this scheme, a primer is linked to an antibody and the 
signal is ampli fi ed by RCA (Figs.  17.2b  and  17.3b ). Detection of allergen-speci fi c 
IgE in blood samples using this approach was demonstrated in a microarray format 
 [  13,   14  ] . Wiltshire et al .   [  14  ]  printed several allergen extracts, including cat dander, 
house dust mites, and peanuts onto a glass slide, which was then incubated with 
10  m L of patient’s serum to allow anti-allergen antibody to bind. After washing, an 
anti-IgE antibody tagged with an RCA primer complexed with its complementary 
precircularized C-probe was added to the slide. The RCA products were visualized 
with a microarray scanner after hybridization with  fl uorescence-labeled probe com-
plementary to RCA products. With this system, the authors tested 30 patients whose 

  Fig. 17.2    Schematic representation of primer-generating RCA. PG-RCA initiates from hybridiza-
tion between a sample DNA and a circular probe (Step 1). Once a sample DNA and circular probe 
form a complex, DNA polymerase synthesizes a long concatenated sequence copy of the circular 
probe through linear rolling circle ampli fi cation (LRCA) (Step 2). Then, multiple circular probes 
hybridize to multiple sites of the LRCA product, and nicking enzyme recognition sequences of the 
LRCA product are activated by double-strand formation (Step 3). Nicking enzyme recognizes and 
cleaves the recognition sequences and produces multiple complexes of a “primer” and circular 
probe (Step 4). Each complex can initiate the next round of PG-RCA       
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allergen status has been con fi rmed by a skin prick test. The authors compared the 
assay with a commercially available kit, autoCAP (Pharmacia), and found that 
immuno-RCA was more sensitive than autoCAP for peanuts and cat dander but not 
house dust mites. The speci fi city of immuno-RCA was above 90%, which was more 
superior to that of autoCAP. Although relatively small group of allergens were 
tested on a small number of patients, the study showed that immuno-RCA on 
microarray holds great promise for allergen testing.  

   Rami fi cation Ampli fi cation 

 Rami fi cation ampli fi cation (RAM)  [  2,   15  ] , also referred to as hyperbranched RCA 
 [  16  ]  or cascade RCA  [  17  ] , is a novel, isothermal DNA ampli fi cation that ampli fi es 
a C-probe exponentially through the mechanism of primer extension, strand dis-
placement, and rami fi cation. In contrast to RCA, the RAM assay utilizes two prim-
ers, one complementary to the C-probe (forward) and the other identical in sequence 
to a second binding site in the C-probe (reverse). As with RCA, the initial rolling 
circle primer extension process generates a long ssDNA. However, as the ssDNA 
molecule expands, multiple reverse primers are able to bind to the growing ssDNA 
and initiate a second “round” of primer extension templated by the initial “rolling 

Immuno-RCAOn-chip RCA

Ligation

a b

  Fig. 17.3    Schematic representation of on-chip RCA and immuno-RCA. ( a ) A probe with a por-
tion of the sequence complementary to a target is spotted onto a support. An RCA primer contains 
a 5 ¢  region complementary to the target sequence adjacent to the spotted probe and a 3 ¢  region 
complementary to C-probe. In the presence of target, the RCA primer links to the spotted probe by 
ligation. The C-probe is ampli fi ed by RCA and the resulting single-stranded DNA is linked to the 
probe spotted on the support. ( b ) An antibody tagged with an RCA primer binds to a protein spot-
ted onto a support. The RCA primer links to an antibody through the interaction of biotin–avidin–
biotin. The bound C-probe is ampli fi ed by RCA and the resulting single-stranded DNA remains 
linked to the antibody       

 



312 F. Ye et al.

circle” products. Once a downstream primer encounters a bound upstream primer, 
the polymerase displaces the upstream bound primer along with any extended 
sequence that may be attached to it. The displaced ssDNAs serve as templates for 
further primer extension and ampli fi cation (Fig.  17.1c ). Like the constant unfurling 
of streamers, multiple primer extensions take place simultaneously, resulting in a 
large rami fi ed complex. Since the displaced DNAs are single stranded, the binding 
of primers occurs at a constant temperature, thus obviating the need for thermocy-
cling to generate ssDNA, as in the case for LCR primers. Some of the properties of 
RAM are summarized in Table  17.1 . 

 The practical use of RAM has been shown in several studies for detecting target 
nucleic acids in clinical samples. Zhang et al .   [  18  ]  were able to detect  Chlamydia 
trachomatis  in cervical specimens collected in PreservCyt cytological solution. 
Thirty clinical specimens were tested using the RAM assay and the assay conferred 
accurate detection of all the positive samples that were con fi rmed by PCR and LCx. 
The RAM assay can detect as few as ten  C. trachomatis  elementary bodies in less 
than 2 h, similar to the lower limit of detection for Amplicor PCR and LCx. 
Therefore, the RAM assay can serve as a feasible alternative to PCR and LCx for 
the detection of sexually transmitted infectious agents owing to its simplicity and 
isothermal ampli fi cation conditions.    Yi et al.  [  19  ]  reported the incorporation of 
molecular zipper into the RAM assay, and they were able to detect as few as 10 
molecules within 90-min reaction. A linear relationship was observed between ini-
tial input of targets and threshold time ( R  2  = 0.985). 

 The RAM assay was also used in the identi fi cation of  Escherichia coli  O157:H7 
and other Shiga toxin-producing  E. coli  (STEC) in food and human samples. 
Combining magnetic bead-based DNA isolation, ampli fi cation of an  stx2- speci fi c 
C-probe by RAM, and real-time  fl uorescence detection, Li and colleagues  [  20  ]  
accurately identi fi ed all 27 pathogenic  E. coli  isolates producing Shiga toxin 2 from 
food and human samples, as previously con fi rmed by PCR using primers speci fi c 
for the  stx2  gene. One  Shigella dysenteriae  and three nonpathogenic  E. coli  were 
found negative by RAM assay. With respect to such application, the RAM assay 
provides a simple yet sensitive method that can be readily employed in clinical labo-
ratories for the detection of food-borne pathogens and in meat product inspections. 

 Rector et al. reported the use of a modi fi ed RAM technique, multiple-primed 
RCA with phi29 DNA polymerase, for the ampli fi cation of circular virus and clon-
ing the sequence  [  21  ]  (Fig.  17.4 ). They employed an isothermal RAM protocol and 
random hexamer primers to amplify the complete genomes of papillomaviruses 
without the need for prior knowledge of their DNA sequences. They were able to 
clone the complete HPV-16 genome from the RAM product. The optimized proto-
col was subsequently applied to a bovine  fi bropapillomatous wart tissue sample. 
Whereas no papillomavirus DNA could be detected by restriction enzyme digestion 
of the original sample, multiply-primed RCA enabled us to obtain a suf fi cient 
amount of papillomavirus DNA for restriction enzyme analysis, cloning, and subse-
quent sequencing of a novel variant of bovine papillomavirus type 1. Whole genomic 
ampli fi cation of viral sequences using random-primed RAM allows unbiased repre-
sentation of the viral genome  [  22  ] .   
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   Signal-Mediated Ampli fi cation of RNA Technology 

 Signal-mediated ampli fi cation of RNA technology (SMART) is a novel isothermal 
ampli fi cation technology which utilizes a three-way junction (3WJ) structure to 
facilitate target-dependent production of multiple copies of an RNA product  [  23, 
  24  ] . The 3WJ structure is composed of two target-speci fi c ssDNA probes (the “tem-
plate” probe and the “extension” probe) and a target sequence. Both probes have a 
longer region that hybridizes to the target at adjacent sites and a shorter region that 
only hybridizes to each other in the presence of the target, thus forming the 3WJ 
structure (Fig.  17.5a ). In addition, the template probe also contains a nonfunctional 
single-stranded T7 RNA polymerase promoter sequence. Following 3WJ formation 
and addition of  Bst  DNA polymerase, the polymerase extends the short probe 
(extension probe) along the single-stranded template probe to form a functional 
double-stranded promoter for T7 RNA polymerase. In the presence of T7 RNA 
polymerase, multiple copies of RNA can be synthesized (Fig.  17.5b ). Both  Bst  DNA 
polymerase and T7 RNA polymerase can function under the same reaction condi-
tion, hence the reaction can be performed in a single tube. In order to further improve 
the signal, a second template oligonucleotide (probe for RNA ampli fi cation) 
containing a second T7 promoter sequence can be added to the reaction to allow the 
RNAs generated from 3WJ to bind, which, in turn, allows its extension by  Bst  DNA 
polymerase and generation of secondary RNAs by T7 RNA polymerase, ultimately 
leading to a further increase in RNA yield (Fig.  17.5b ). The RNA product can be 
measured by an enzyme-linked oligosorbent assay. This assay is capable of generating 

  Fig. 17.4    Schematic representation of the random-primed RAM method for ampli fi cation of the 
circular viral DNA genomes. Exonuclease-protected random hexamer primers (—) anneal to mul-
tiple sites on the template DNA, after which the  j 29 DNA polymerase (•) binds ( a ) and isother-
mally extends these primers at the 3 ¢  end (→) ( b ). Strand displacement synthesis occurs when the 
DNA polymerase reaches a downstream extended primer, and hexamer primers can anneal to the 
displaced single-stranded product strands and will again be elongated by the  j 29 DNA polymerase 
( c ). Continuation of this process results in exponential ampli fi cation of the template DNA, generat-
ing linear double-stranded, high-molecular-weight repeated copies of the complete PV genome. 
Digestion of this multiply-primed RCA product with a restriction enzyme which has only a single 
recognition site in the viral genome resulted in multiple double-stranded, linear copies of the com-
plete genomic DNA, which can be cloned into a vector for downstream analysis       
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  Fig. 17.5    Schematic representation of the SMART assay. ( a ) Formation of a 3WJ. Extension and 
template probes anneal to the target, and only then they can hybridize with each other. The short 
extension probe has a free 3 ¢ -OH to allow extension. The template probe includes a single-stranded 
(nonfunctional) T7 RNA polymerase promoter (Pr) and sequences to allow the capture and detec-
tion of the RNA signal. The 3 ¢  end of the template probe is blocked (x) by phosphorylation to 
prevent extension. ( b ) Extension and transcription generate an RNA signal.  Bst  DNA polymerase 
extension of the extension probe generates a double-stranded (ds), hence functional, T7 RNA 
polymerase promoter (Pr), allowing transcription of multiple copies of an RNA signal (RNA1) by 
T7 RNA polymerase. If required, RNA1 anneals to a second template (probe for RNA ampli fi cation), 
leading to further extension and transcription by the DNA and RNA polymerases to generate 
increased amounts of a second RNA signal (RNA2)       
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a detectable signal from 50 nmol single-stranded synthetic target, 10 ng bacterial 
genomic DNA, or 0.1 ng total bacterial RNA (or 10 4  bacteria)  [  23  ] . Some of the 
properties of SMART are summarized in Table  17.1 .  

 Hall et al. demonstrated that SMART can detect both synthetic oligonucleotide 
targets and genomic cyanophage DNA and speci fi c signals were obtained for each 
cyanophage strain (S-PM2 and S-BnMI). Nonspeci fi c genomic DNA did not pro-
duce false signals or inhibit the detection of a speci fi c target. Therefore, SMART 
assay can be used to discriminate two similar target sequences  [  24  ] . Later, the same 
group reported that SMART was suitable for differentiating between virus-infected 
and noninfected cells and for detecting virus gene expression: the  fi rst report of 
using this technology for such application  [  25  ]  .  

 Levi et al .  evaluated the SMART assay (CytAMP assay kit, Cytocell Ltd., 
Adderbury, Oxford, UK) for the rapid detection of methicillin (oxacillin)-resistant 
 Staphylococcus aureus  (MRSA)  [  26  ] . Two sets of probes were designed against the 
 coa  (coagulase) and  mecA  (methicillin resistance) genes; hence, simultaneous 
identi fi cation of  S. aureus  and methicillin (oxacillin) resistance is    possible. The 
detection limit of the assay was 2 × 10 5  and 10 6  CFU/assay for  mecA  and  coa , 
respectively. When tested with  S. aureus  isolates, the assay detected 113 MRSA 
among 396  S. aureus  with 100% sensitivity and speci fi city, compared with a  mecA –
 femB  PCR assay. When 100 enrichment broths containing sets of screening swabs 
from individual patients were tested, the presence of MRSA was detected in 19, 24, 
and 31 enrichment broths by SMART assay, conventional culture, and  mecA – femB  
PCR, respectively. Six enrichment broths were found negative by SMART assay 
but positive by both PCR and culture. Five of these contained an equivalence of 
10 2 –10 5  CFU/assay (below the predicted detection limit of 2 × 10 5  CFU/assay for 
SMART assay), and the sixth contained an equivalence of 10 6  CFU/assay. Overall, 
culture and SMART had similar sensitivities and speci fi cities relative to those of 
PCR.  

   Invader Assay 

 The Invader assay is a unique, isothermal ampli fi cation technology that can detect 
DNA or RNA with high speci fi city and sensitivity. The basis for the Invader assay 
is the cleavage of a unique secondary structure formed by two partially overlapping 
oligonucleotides (an allele-speci fi c primary probe and an invader probe) that hybrid-
ize to a target sequence to create a “ fl ap”  [  27  ]  (Fig.  17.6 ). Cleavase VIII (Flap endo-
nuclease I from  Archaeoglobus fulgidus ) recognizes this 3D structure as a speci fi c 
substrate and cleaves the 5 ¢   fl ap of the primary probe. The  fl ap initiates a secondary 
reaction in which the released 5 ¢ - fl ap serves as an invader probe on a  fl uorescence 
resonance energy transfer (FRET) cassette to create another overlapping tertiary 
structure that is, in turn, recognized and cleaved by the Cleavase ®  enzyme 
(Fig.  17.6a ). The Invader assay is optimal with a high concentration of primary 
probe and at temperatures near its melting temperature (60°C) at which the primary 
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probe can easily cycle on and off the target for cleavage. When the FRET cassette is 
cleaved, a  fl uorophore dissociates from the quencher labeled on the FRET cassette, 
emitting a detectable  fl uorescence signal proportional to the target sequence. Some 
of the properties of Invader assay are summarized in Table 1.  

 Wong et al.  [  28  ]  utilized the Invader assay to detect hepatitis B virus (HBV) in 
patients’ serum and liver biopsies. Three different viral DNA structures occur in 
HBV life cycle: linear double-stranded DNA (non-replicative), relaxed circle DNA, 
and covalently closed circular DNA (cccDNA) which serves as the template for the 
production of viral and pregenomic messenger RNA. Because the speci fi c 3D struc-
ture is required for cleavase, the Invader assay is an ideal method to detect various 

  Fig. 17.6    Schematic representation of the Invader assay. During an initial reaction, a discrimina-
tory primary probe (WT probe ( a ); Mut probe ( b )) and an invader oligo hybridize to the target, 
overlapping at the SNP position and forming a 3D  fl ap structure that is recognizable by the cleav-
ase enzyme at this site. The  fl ap subsequently anneals to an FRET cassette in a separate reaction 
and initiates secondary cleavage that releases a  fl uorescent dye detectable by a  fl uorometer. 
Fluorescence is detectable only when a match occurs (a); if the primary probe is mismatched, 
cleavase remains inactive and no  fl uorescence is detected (b)       
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forms of HBV as well as HBV viral load. Wong et al.  [  28  ]  designed two sets of 
Invader probes targeting direct repeat 2 region, in which the negative and positive 
strands anneal together to bring both ends of the linear form of HBV DNA together 
to form a relaxed circle. Both Invader probe signals should be detected if cccDNA 
is present, one probe signal for relaxed circle DNA and one for linear DNA. In their 
study, the lower limit of detection was 50 copies/assay or 0.0002 copies/cell for 
hepatic tissue or 10 4  copies/ml for serum with a dynamic range of 5 orders of mag-
nitude. cccDNA was detected in liver biopsy tissue in 16 hepatitis B e antigen 
(HBeAg)-positive and 36 antibody-to-HBeAg-positive (anti-HBe-positive) chronic 
hepatitis B patients and these results correlated positively with the total intrahepatic 
HBV DNA. Anti-HBe-positive patients had lower median total intrahepatic HBV 
DNA and intrahepatic cccDNA levels than HBeAg-positive patients. However, the 
proportion of intrahepatic HBV DNA in the form of cccDNA was inversely related 
to the amount of total intrahepatic HBV DNA. A small amount of cccDNA was 
detected in 39 of 52 (75%) serum samples. Anti-HBe-positive patients had lower 
median serum cccDNA levels than HBeAg-positive patients. Serum HBV DNA 
correlated positively with intrahepatic total HBV DNA and intrahepatic cccDNA. 
Serum and intrahepatic total HBV DNA and cccDNA levels diminish as the disease 
progresses from HBeAg-positive to anti-HBe-positive phase, with cccDNA becoming 
the predominant form of intrahepatic HBV DNA. 

 More recently, the United States Food and Drug Administration (FDA) approved 
the Third Wave/Hologic Invader HPV high-risk test (rebranded as Cervista™ HPV 
HR Test). The HPV HR test applies Invader Chemistry Platform to detect 14 HPV 
high-risk DNAs, and the speci fi c HPV16 and 18 genotyping, which can be used as 
a re fl ex to the initial high-risk screen test. The Cervista™ HPV HR test performs in 
a manner comparable to the Qiagen (Digene) hc2 test, which is a widely used FDA-
approved HPV test  [  29,   30  ] . 

 The Invader assay could be a sensitive method for detecting certain mutations 
associated with drug resistance in microbial pathogens. Cooksey et al .   [  31  ]  applied 
the Invader assay to detect mutations associated with resistance to rifampicin (RIF) 
and isoniazid (INH) in  Mycobacterium tuberculosis . Nine pairs of probes,  fi ve for 
mutations in  rpoB  gene (resistance to RIF) and  katG  gene (resistance to INH) and 4 
for the corresponding wild-type (drug-susceptible) alleles, were synthesized. Each 
allele-speci fi c primary probe had a different length of 5 ¢   fl ap (from 4 to 13 nucle-
otides) and was labeled with different  fl uorophores. The PCR-ampli fi ed DNA frag-
ments were tested and the  fl uorescence-labeled cleavage products were resolved by 
denaturing polyacrylamide (20–24%) gel electrophoresis. All 9 alleles could be 
identi fi ed and differentiated on the basis of product size. Multiple mutations of the 
 rpoB  gene in PCR products could be identi fi ed, as could mutants that were present 
at  ³ 0.5% of the total population of PCR products. 

 In addition, the Invader platform was used in the International HapMap Project, 
a multinational research collaboration to develop a freely available haplotype map 
of the human genome. Invader was one of the  fi ve platforms used for high-throughput 
genotyping of over one million SNPs  [  32  ]  and was used to generate the haplotypes 
for 25% of the human chromosomes.  
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   Multiplex Ligation-Dependent Probe Ampli fi cation 

 MLPA is a multiplex PCR method detecting abnormal copy numbers of up to 50 
different genomic DNA or RNA sequences and is able to distinguish sequences dif-
fering in only one nucleotide  [  33  ] . MLPA is a variation of the polymerase chain 
reaction that permits multiple targets to be ampli fi ed with only a single primer pair 
 [  34  ] . Each MLPA probe consists of a two oligonucleotides which recognize adja-
cent target sites on the DNA. One probe oligonucleotide consists of a 5 ¢   fl uorescent 
label, a universal forward primer binding site, and a target-speci fi c recognition 
sequence at the 3 ¢  end, whereas the other probe oligonucleotide consists of a target-
speci fi c recognition sequence at the 5 ¢  end, a nonspeci fi c stretch of DNA of de fi ned 
length (“stuffer” sequence), and a universal reverse primer binding site at the 3 ¢  end. 
Only when both probe oligonucleotides are hybridized to their respective targets, 
can they be ligated into a complete probe. The advantage of splitting the probe into 
two parts is that only the ligated oligonucleotides, but not the unbound probe oligo-
nucleotides, are ampli fi ed. If the probes were not split in this way, the primer 
sequences at either end would cause the probes to be ampli fi ed regardless of their 
hybridization to the template DNA, and the ampli fi cation product would not be 
dependent on the number of target sites present in the sample DNA. Each complete 
probe has a unique length because of varying the length of “stuffer” sequence for 
each set of probes, so that its resulting amplicons can be separated and identi fi ed by 
(capillary) electrophoresis. The MLPA platform features greatly reduced probe con-
centrations and longer hybridization periods to generate conditions compatible with 
multiplex analysis  [  35  ]  .  MLPA is of low cost and easy to use. However, it requires a 
capillary electrophoresis equipment which is very expensive. MLPA-based tech-
niques have proved suf fi ciently sensitive, reproducible, and sequence speci fi c for 
use in screening human DNA. Some of the properties of MLPA are summarized in 
Table  17.1 . 

 The MLPA reaction can be divided into four major steps: (a) DNA denaturation 
and hybridization of MLPA probes; (b) ligation reaction; (c) PCR; and (d) separa-
tion of ampli fi cation products by (capillary) electrophoresis. During the  fi rst step, 
the DNA is denatured and incubated overnight with a mixture of MLPA probes. 
Each set of probe oligonucleotides hybridize to immediately adjacent target 
sequences (Fig.  17.7 , step a). Only when the two probe oligonucleotides are both 
hybridized to their adjacent targets can they be ligated during the ligation reaction 
(Fig.  17.7 , step b). The ligated probes will be exponentially ampli fi ed during the 
subsequent PCR (Fig.  17.7 , step c). The ampli fi cation products are separated using 
capillary electrophoresis (Fig.  17.7 , step d). Probe oligonucleotides that are not 
ligated only contain one primer sequence. As a consequence, they cannot be 
ampli fi ed exponentially and will not generate a signal. The removal of unbound 
probes is therefore unnecessary in MLPA and makes the MLPA method easy to 
perform.  

 Since its introduction in 2002, MLPA has gained widespread clinical acceptance 
for the identi fi cation of gene copy number changes in a broad range of predominantly 
genetic diseases  [  36–  38  ] . MLPA assay was used for the detection and identi fi cation 
of several pathogenic microorganisms, including rapid characterization of 
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  Fig. 17.7    Schematic representation of MLPA method. The MLPA reaction can be divided into 
four major steps: ( a ) DNA denaturation and hybridization of MLPA probes; ( b ) ligation reaction; 
( c ) PCR; and ( d ) separation of ampli fi cation products by (capillary) electrophoresis       

 M. tuberculosis   [  39  ] , and relative quanti fi cation of targeted bacterial species in oral 
microbiota  [  40  ] . Recently, the MLPA technology was applied for the  fi rst time for 
detection of infectious agents causing respiratory tract infections  [  41  ] . Reijans and 
colleagues described an MLPA-based RespiFinder assay to detect 15 respiratory 
viruses simultaneously in one reaction. In this case, the MLPA reaction was pre-
ceded by a preampli fi cation step that ensured detection of both RNA and DNA 
viruses with the same speci fi city and sensitivity as individual monoplex real-time 
RT-PCR assays. The RespiFinder assay showed satisfactory speci fi city and sensitiv-
ity for adenovirus, human metapneumovirus (hMPV), Flu-A, parain fl uenza virus 
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(PIV) types 1 and 3, rhinovirus (RhV), and RSV. Use of the RespiFinder assay 
resulted in a 24.5% increase in the diagnostic yield compared with cell culture.  

   Cycling Probe Technology 

 Cycling probe technology (CPT) is an isothermal probe ampli fi cation method  [  42  ]  
(Fig.  17.8 ). The probe is a single-stranded oligonucleotide, approximately 25–30 
bases in length, containing a short run of four to six ribonucleotides  fl anked by 
deoxynucleotides (i.e., chimeric DNA–RNA–DNA). The CPT reaction is carried out 
at a single elevated temperature (55–65°C) in the presence of thermostable RNase H, 
an enzyme that degrades RNA portion of the probe–target hybrid. The DNA portions 
of the probe have lower thermal stability (melting temperature) than those of the 
intact probe. At the reaction temperature, the probe fragments dissociate from the 
target sequence, leaving the target free to hybridize to another probe molecule. The 
cleaved products can be observed using a variety of methods, most commonly by gel 
electrophoresis. The assay is a linear reaction with analytical sensitivity of 6 × 10 5  
copies/reaction  [  43,   44  ] . Although the scale of ampli fi cation is limited, this assay 
does provide an easy means of quantitating target DNA with the aid of  fl uorescence 
labeling. Some of the properties of CPT are summarized in Table  17.1 .  

 CPT assay in combination with a lateral- fl ow strip was used to detect the  mecA  
gene from MRSA in cultures  [  45  ] . The  mecA  probe was labeled with  fl uorescein at 
the 5 ¢  terminus and biotin at the 3 ¢  terminus. The nitrocellulose was impregnated with 
streptavidin and immunoglobulin G antibody. In the absence of the  mecA  gene, the 
uncut probe is bound to an anti fl uorescein–gold conjugate and subsequently captured 
by streptavidin to form a test line. In the presence of the  mecA  gene, the probe is cut 

  Fig. 17.8    Cycling probe technology. A sequence-speci fi c single-stranded probe (approx. 25–30 
nucleotides) contains an internal stretch of 4–6 ribonucleotides (RNA)  fl anked by deoxyribonucle-
otides (DNA). The probe is labeled with a  fl uorophore and a quencher, which hybridizes to the 
target sequence. Thermostable RNase H binds to the RNA/DNA duplex region and cleaves the 
RNA segment. Since thermal stability of the resulting cleaved products is lower than the intact 
probe, the products dissociate from the target sequence and the target sequence then becomes 
available to hybridize with another intact CPT probe. The cleaved probe emits  fl uorescence and is 
detected by a  fl uorometer       
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and no test line is formed on the strip. A screen of 324  S. aureus  clinical isolates by 
CPT-strip assay revealed a 99.4% sensitivity and a 100% speci fi city compared to the 
results of PCR for the detection of the  mecA  gene. The assay takes 1.5 h, starting from 
a primary culture to the time of detection of the  mecA  gene in  S. aureus  isolates. 

 Most recently, a modi fi ed CPT technique called isothermal target and signaling 
probe ampli fi cation (iTPA) was introduced in 2010  [  46  ]  and is a combination of 
novel isothermal chain ampli fi cation (ICA) and FRET CPT for simultaneous target 
and signal ampli fi cation and the quantitative detection of nucleic acids. The essen-
tial issue in isothermal ampli fi cation methods is the achievement of denaturation of 
double-stranded DNA under isothermal conditions. The strategy devised for this 
purpose relies on two main displacement events that are mediated by the RNA 
degrading activity of RNase H within an RNA/DNA heteroduplex and the strand 
displacement activity of DNA polymerase during DNA extension. Since the two 
distinct displacement events are designed to take place simultaneously and lead to 
two different ampli fi cation routes, they can produce remarkably high ampli fi cation 
ef fi ciencies even under isothermal conditions. The detailed mechanism and reaction 
steps of ICA are illustrated in Fig.  17.9 . Through these automatically repeated 
cycles, highly enhanced ampli fi cation of double-stranded DNA, including the target 
region, can occur. In the rationally designed, isothermal autoampli fi cation system, 
three differently sized ampli fi cation products are generated. The main product is 
double-stranded DNA including either the forward inner primer or the reverse inner 
primer (blue orbit in Fig.  17.9 ). Besides the main ampli fi cation product, two other 
double-stranded DNAs are also expected to form, one that includes both the for-
ward and the reverse inner primers (green orbit in Fig.  17.9 ) and the other that is 
composed of only the 3 ¢  end DNA region inside both the forward and reverse inner 
primers (purple orbit in Fig.  17.9 ). By simultaneously utilizing the dual ampli fi cation 
powers of the target DNA and FRET probes, iTPA can be used to quantitatively 
detect a model  C. trachomatis  gene down to single copy level.   

   Summary and Future Direction 

 In the past decade, probe ampli fi cation technologies have advanced signi fi cantly, from 
the initial description of Q-beta replicase ampli fi cation in 1986  [  47  ]  to the most 
recently introduced RAM  [  2  ]  and iTPA  [  46  ] . It is expected that more probe ampli fi cation 
methods will be invented in the next 10 years and the applications of the current probe 
ampli fi cation methods will become more diversi fi ed. Homogeneous and real-time 
monitoring of ampli fi cation will be devised to probe ampli fi cation technologies to 
reduce detection time and improve quanti fi cation capability of the assay. Additional 
technologies will be developed to be used for the detection of RNA, DNA, and protein 
(antigen/antibody) on a single platform, which will further enhance the detection sen-
sitivity and speci fi city. Finally, the applications of these technologies will become 
broader as the  fi elds of genomics, proteomics, and pharmacogenomics advance. 
Therefore, a technology that offers in situ detection and ampli fi cation, microarray, 
immunoassay, real-time monitoring, whole genome ampli fi cation, and SNP detection 
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  Fig. 17.9    Overview of the isothermal target and signaling probe ampli fi cation (iTPA) system. The 
 fi rst step in the scheme involves denaturation of the target DNA mixed with an outer primer and a 
DNA–RNA–DNA chimeric inner primer set. The double-stranded DNA resulting from the exten-
sion of the outer primer follows Case A while the released single-stranded DNA follows Case B 
shown in Fig.  17.9 . In case A, the RNA region at the 5 ¢  end of the inner primer-containing strand 
of the double-stranded DNA, formed in the previous step, is degraded by RNase H. As the primer 
annealing, extension, and strand displacement steps progress, speci fi c DNA/RNA heteroduplex 
forms are generated, as depicted in the red orbit in Fig.  17.9 . As represented by Case B, simultane-
ously, the inner primers are annealed to the inner primer-containing single-stranded DNA gener-
ated in the previous step. The annealed primers are extended to form the same DNA/RNA 
heteroduplex structures as those shown in the red orbit. In a way, represented by the last part, an 
auto-cycling route, which includes RNA digestion, DNA extension, strand displacement, and 
primer annealing, followed by the extension, is derived from the heteroduplex forms shown in the 
red orbit for both cases A and B       

will be more favorable. However, no single technology can meet all of these require-
ments and possible combination of these technologies may be the answer. Also, PCR, 
the dominant ampli fi cation technology, cannot ful fi ll all these needs and ample room 
is available for probe ampli fi cation technology to grow. 
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 On the other hand, the instrumentation for probe ampli fi cation will change 
signi fi cantly in the next 10 years. Fluorescence-based real-time detection instrument 
will be widely used in diagnostic laboratory which will certainly improve through-
put. Miniaturized micro fl uidic assay format will soon be available in clinical labora-
tory that will signi fi cantly reduce sample volume. Automation and miniaturization 
of the instrument will make molecular diagnosis at doctor’s of fi ce and bedside pos-
sible. It is expected that the array-based assay and instrument will be signi fi cantly 
improved and the cost will be reduced to an affordable level. Given the advantages 
of probe ampli fi cation (isothermal, multiplex, on-chip ampli fi cation, etc.), probe-
based ampli fi cation could be easily adapted in these formats and will become the 
dominant technologies in clinical diagnostic applications. 

 However, most described probe ampli fi cation technologies are still at the early 
stage of development. Most publications only demonstrated the feasibility in clini-
cal diagnosis and their clinical performance has not yet been demonstrated in large 
clinical trials. It is anticipated that some of these technologies may not meet the 
clinical diagnostic requirements and will consequently be lost in market competi-
tion. For example, Q-beta replicase technology did not reach the clinical laboratory 
even after initial favorable clinical trial and the LCx assay (LCR technology) for 
Chlamydia was voluntarily withdrawn by Abbott in 2003 due to signi fi cant repro-
ducibility problems  [  48  ] . Therefore, it is expected that more changes (exciting or 
disappointing) will happen in the  fi eld of probe-based ampli fi cation technologies in 
the next 10 years.      
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         Introduction 

 The introduction of target nucleic acid ampli fi cation technologies, such as polymerase 
chain reaction (PCR), nucleic acid sequence-based ampli fi cation (NASBA), and 
strand displacement ampli fi cation (SDA), was accompanied by a plethora of tech-
nology patents. This made it very dif fi cult for companies without access to these 
ampli fi cation technologies to compete in the area of assay development for ultrasen-
sitive infectious disease detection and quanti fi cation. One way around this intellec-
tual property roadblock was the development of highly sensitive assays that 
depended not on target ampli fi cation, but signal ampli fi cation. Signal ampli fi cation 
technologies have one major advantage over target ampli fi cation in that the issue of 
contaminating one test run with previously ampli fi ed material from a previous run 
is not an issue. Also, the three signal ampli fi cation technologies that are discussed 
in this chapter are isothermal, meaning that unlike PCR, thermocycling instrumen-
tation is not required. Lastly, assays can be designed to detect and or quantify 
speci fi c DNA or RNA targets using each of these methods, and, in the case of RNA, 
without the need to  fi rst convert the RNA target to DNA via reverse transcription. 
Care must still be taken, however, to minimize cross-contamination between sam-
ples being tested due to the enhanced analytical sensitivity inherent in assays using 
signal ampli fi cation technologies. An inherent concern with signal ampli fi cation 
methods is that great care must be taken during the design of the assay to ensure that 
carryover of the different assay components, from one step to the next, is minimized 
to reduce background noise, which will degrade the analytical sensitivity of the test 
in question. 

    T.  E.   Schutzbank   (*)
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 Indianapolis ,  IN   46214-2985 ,  USA    
e-mail:  ted.schutzbank@covance.com   

    Chapter 18   
 Signal Ampli fi cation Technologies       

       Ted   E.   Schutzbank          



328 T.E. Schutzbank

 Commercially developed clinical assays based on branched DNA (bDNA, 
Siemens Healthcare Diagnostics, Deer fi eld, IL), hybrid capture (HC, Qiagen Inc., 
Valencia, CA) and Invader™ (Hologic Inc., Bedford, MA) technologies have found 
broad usage in the clinical laboratory. Each one is discussed individually in this 
chapter.  

   Principles and Characteristics of Signal Ampli fi cation 
Technologies 

   Branched DNA Technology 

 bDNA is a sandwich nucleic acid hybridization procedure based on the use of a 
bDNA probe  [  1,   2  ] . This methodology relies on a series of hybridization steps that 
result in the formation of a sandwich complex of probes and target sequences. These 
are synthetic oligonucleotides that are designed to form a branched structure extend-
ing from a primary sequence  [  3  ] .  

 The most current version 3 of bDNA, used in commercially available virus 
quanti fi cation assays, comprises the following steps. The  fi rst step in any bDNA 
assay is to ensure that the target organism is completely disrupted, and the target 
nucleic acid is exposed (Fig.  18.1a ). If the target nucleic acid is DNA, a denatur-
ation step must be included in the protocol. This is not necessary for such RNA 
targets such as human immunode fi ciency virus type 1 (HIV)-1 or hepatitis C virus 
(HCV). The next step is to transfer the sample lysate to a microwell containing an 
immobilized target capture probe, and the addition of solution capture probes and 
target probes (Fig.  18.1b ). The capture probes, which are in solution, have two 
“arms,” one that binds with high speci fi city to the complementary sequences on the 
nucleic acid target, and the other that hybridizes only to the immobilized capture 
probe. The target probe is also designed to have two domains, one that binds to 
the target DNA or RNA being detected, and the other that binds speci fi cally to 
the preampli fi er probe that is added in step 3 (Fig.  18.1c ). As shown in the  fi gure, the 
preampli fi er probe binds to two target probes in a cruciform-binding structure. This 
adds increased stability to the binding of the preampli fi er probe, which allows for 
higher stringency washes to be used to remove any unbound probes, to minimize 
background noise. In step 4, ampli fi er probes are hybridized to the bound preampli fi er 
probes, forming the bDNA complex that gives the methodology its name (Fig.  18.1d ). 
After the wash step to remove unbound ampli fi er probes, the label probes are added 
(Fig.  18.1e ). These are alkaline phosphatase-conjugated oligonucleotides that are 
complementary in sequence to the ampli fi er probes. Lastly, after the  fi nal wash step, 
a substrate is added (dioxytane) (Fig.  18.1f ). Dioxytane (Lumi-Phos, Lumigen Inc., 
South fi eld, MI) is cleaved by alkaline phosphatase, producing a chemiluminescent 
signal  [  4  ] . Light emissions resulting from the assay, measured as relative light units 
(RLUs), are directly proportional to the amount of target DNA or RNA present in 
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the initial sample. The concentration of the viral nucleic acid is determined by a 
standard curve that is de fi ned by standards processed in the assay along with the 
clinical samples. 

 The  fi rst generation of bDNA was introduced in the early 1990s. The current 
bDNA 3.0 version was designed with two new features to increase sensitivity. One 
of these, the formation of the cruciform hybridization of the preampli fi er probes, 
has already been discussed. The second is the incorporation of two bases not found 
in nature, Iso5MeC and IsoG into the probe design. Isocytosine (Iso5MeC) and 
isoguanosine (IsoG) are isomers of cytosine (C) and guanosine (G) and participate 
in Watson–Crick base pairing with each other, but have unstable interactions with 
DNA sequences containing natural bases (C and G). Approximately every fourth 
nucleotide in all probes, except for the solution capture probe (Fig.  18.1b ), is 
Iso5MeC or IsoG. Use of a six-base code allows the design of ampli fi cation 
sequences that do not interact with target sequences or other bDNA components  [  2  ] . 
Thus, the capture probes (on microwell or in solution) do not hybridize with the 

DNA virus RNA virus

Released viral RNA or denatured DNA

  Fig. 18.1    Branched DNA technology. See text for details          
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ampli fi cation complex, therefore reducing nonspeci fi c probe interactions. Using 
probes made with IsoC and IsoG increases speci fi city and sensitivity because higher 
concentrations of probes can be employed. With the ampli fi cation complex 
(preampli fi er, ampli fi er, and AP-conjugated label probes), the potential of hybrid-
ization to nontarget nucleic acids is reduced, signal to noise ratio is increased 
signi fi cantly  [  2  ]  and thus, signal ampli fi cation is improved, approaching that of 
some target ampli fi cation technologies such as PCR.  

   Hybrid Capture 

 Hybrid capture is a term that describes a signal ampli fi cation methodology incorporating 
synthetic RNA probes complementary to a speci fi c target sequence (e.g., a viral or 
bacterial DNA target sequence), followed by capture and detection of the RNA/DNA 
hybrid molecules using an antibody speci fi c for such RNA/DNA heteroduplexes. 
The production of anti-DNA:RNA antibodies actually dates back to the 1970s  [  5,   6  ] . 
These were polyclonal antibodies elicited by injection of poly (A) · poly (dT) hybrids 
into rabbits  [  7  ] . The development of monoclonal antibodies against heteropolymer 
duplexes for the detection of a naturally occurring target nucleic acid were elicited 
using the bacteriophage  F X174 single-stranded genomic DNA genome hybridized 
with RNA transcribed in vitro from this template  [  8  ] . This same article described the 
use of such antibodies in the immunodetection of DNA:RNA hybrid molecules. The 
 fi rst report for the use of anti-DNA:RNA antibodies in a clinical assay was in 1993 
by Carpenter et al.  [  9  ] . This paper described the development of novel oligonucle-
otide hairpin probe encoding a T7 RNA polymerase promoter. The hairpin probe, 
and an adjacently hybridizing biotinylated capture probe, were hybridized to target 
DNA (puri fi ed  Chlamydia trachomatis  DNA), and the duplex was captured onto 
streptavidin-coated magnetic particles. After ligation of the immobilized probes, 
which served to maintain speci fi city, the hairpin probe was transcribed by T7 RNA 
polymerase. The transcribed RNA product was hybridized to a biotinylated capture 
probe and bound to streptavidin-coated magnetic particles. The immobilized hetero-
duplex was detected with a DNA:RNA antibody-alkaline phosphatase conjugate. 
After a wash step to remove unbound antibody-enzyme conjugate the chemilumines-
cent substrate adamantyl-1,2-dioxetane phenyl phosphate was added, and chemilu-
minescence measured in a luminometer. This method was shown to detect down to 
10 attomoles of  C. trachomatis  DNA in a background of 5  m g of background DNA. 
Signal ampli fi cation using this procedure was achieved both by the linear ampli fi cation 
of the ligatable probes through the RNA transcription process, followed by binding 
of the enzyme conjugated anti-DNA:RNA antibodies. This methodology, however, 
was never developed for commercial use. 

 The  fi rst use of anti-DNA:RNA antibodies in a commercial assay was the Hybrid 
Capture 1 (HC1) human papillomavirus test manufactured by Digene Corporation 
(now Qiagen Inc.)  [  10  ] . Since then, improvements to the methodology have been 
made with the introduction of Hybrid Capture 2 (HC2). The methodology can use 
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either a DNA probe to detect an RNA target, or an RNA probe to detect a DNA tar-
get. Similar to the bDNA assay already described, the  fi rst step in an HC2 test is lysis 
of the target organism, to release the target nucleic acid. If the target is DNA, a dena-
turation step is required. Therefore, the  fi rst step of an HC2 assay for the detection of 
a DNA-containing target organism is the addition of a lysis solution containing 
sodium hydroxide, which disrupts the virus or bacteria in the sample, releases the 
target DNA, and denatures the DNA into single strands, which are accessible for 
hybridization with a target-speci fi c RNA probe. After hybridization to the probes 
(illustrated in Fig.  18.2a ), the next step is to transfer the sample to a microwell con-
taining an immobilized anti-DNA:RNA monoclonal antibody (Fig.  18.2b ). During 
this step, the DNA:RNA duplexes are captured by the immobilized antibodies onto 
the surface of the microwell. A wash cycle removes any unbound material. The third 
step is the addition of an alkaline phosphatase- conjugated (AP) DNA · RNA mono-
clonal antibody. Several AP molecules are conjugated to each antibody, and multiple 
conjugated antibodies bind to each captured hybrid, which in turn results in signal 
ampli fi cation (Fig.  18.2 ). The fourth step is detection of ampli fi ed chemiluminescent 
signal. The container is washed to remove all of the unbound components while the 
RNA:DNA hybrids and the labeled antibody remain bound to the container. Similar 
to the bDNA methodology, the chemiluminescent (dioxytane) substrate is added, 
which is cleaved by the bound alkaline phosphatase to produce light  [  4  ]  which in turn 
is detected and measured using a luminometer.    

   Invader Technology 

 The Invader ®  assay, originally developed by Third Wave Technologies (now Hologic 
Inc.) is a homogeneous, isothermal DNA probe-based system with broad utility, 
ranging from the detection of single base pair mutations to the qualitative and quan-
titative detection of speci fi c DNA sequences. The Invader methodology relies on the 
linear ampli fi cation of a target-speci fi c signal, but not the actual target itself. 
Speci fi city is achieved through a combination of sequence-speci fi c oligonucleotide 
hybridization steps and structure-speci fi c enzymatic cleavage of one of the oligo-
nucleotides using the Cleavase ®  enzyme. A diagram of this process is illustrated 
in Fig.  18.3 . Two synthetic oligonucleotides, an upstream Invader oligonucle-
otide (Invader oligo), and a downstream probe, both hybridize to the single-stranded 
target DNA to create the structure shown in Fig.  18.3 . This structure contains a 
single base overlap precisely at the nucleotide being interrogated  [  11  ] . The 3 ¢  sec-
tion of the probe, the target-speci fi c region (TSR) is complementary to the target. 
The non-speci fi c 5 ¢  domain remains un-hybridized and forms a  fl ap upon hybridiza-
tion. The tripartite structure formed by the hybridization of the Invader oligo and 
probe to the target is the substrate for the Cleavase ®  enzyme which recognizes this 
structure and speci fi cally cleaves the probe, releasing the “ fl ap.” If, in the case of the 
structure shown in Fig.  18.3 , the highlighted base was other than a “C,” the base at 
the site of this mismatch on the TSR becomes part of the “ fl ap.” Cleavage does not 
occur because this structure is a poor substrate for Cleavase ®   [  12  ] . 
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  Fig. 18.2    Hybrid capture 
technology ( a ,  b ). See text 
for details       
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 How this is all con fi gured to create a signal ampli fi cation system is shown in 
Fig.  18.4 . The signal generating reaction mixture contains all of the components just 
described, and shown in Fig.  18.3 . The reactions are performed at temperatures very 
near the melting temperature ( T  

m
 ) of the probe, which is present in molar excess. 

Each time an intact probe molecule binds to the target in the presence of the Invader 
oligo, a cleavage can occur. Therefore, multiple probes are cleaved per target molecule 
since the probes cycle rapidly on and off the target molecule. The signal generating 
component of the reaction is the  fl uorescence energy transfer (FRET) cassette com-
posed of synthetic hairpin oligonucleotides containing a  fl uorescent dye (F), and a 
non fl uorescent quencher (Q) that acts as an FRET pair  [  12,   13  ] . The FRET cassette 
comprises two elements. The  fi rst is a region that is complementary to the  fl ap sequence 
described above. The second is a self-complementary region that forms a hairpin 
structure that mimics the binding of an Invader probe to a target DNA molecule. 
Signal ampli fi cation occurs when the released  fl ap from the  fi rst reaction hybridizes to 
the FRET cassette, forming the complex recognized by Cleavase ® . Cleavage occurs 

  Fig. 18.3    Invader 
technology. See text for 
details          

 



334 T.E. Schutzbank

between the  fl uorescent dye and the quencher, releasing the dye from the quencher, 
permitting the formation of a  fl uorescent signal when excited by light at the appropri-
ate wavelength in a  fl uorimeter. Each 5 ¢   fl ap generates between 10 3  and 10 4  cleaved 
FRET cassettes per hour in a linear signal ampli fi cation reaction  [  14,   15  ] .    

   Application of Signal Ampli fi cation Technologies 
in Diagnostic Microbiology 

   bDNA Assays 

 The application of bDNA technology for the development of molecular infectious 
disease assays has been limited due in large part to the complexity of the technology 
itself, and also because of the intellectual property surrounding bDNA technology. 
Through a series of corporate purchases, the original patents, held by the former 
Chiron Diagnostics, are now owned by Siemens Healthcare Diagnostics. Since the 
invention of bDNA technology in the late 1980s  [  8  ]  methods have been developed 
targeting a broad range of infectious agents, including  Trypanosoma brucei   [  16  ] , 
cytomegalovirus (CMV)  [  17  ] , the  Staphylococcus aureus mec A gene  [  18  ] , human 
papillomavirus  [  19  ] , and hepatitis B virus  [  20  ] . However, with the exception of 
hepatitis B, none of these tests has been commercially developed, and are not 
available to the clinical laboratory. The majority of effort for bDNA research has 

  Fig. 18.4    Invader Biplex technology. See text for details       
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been focused on the development of quantitative tests for the detection and 
quanti fi cation of human immunode fi ciency virus type-1 (HIV-1) and hepatitis C 
virus (HCV). The  fi rst-generation bDNA HIV-1 and HCV assays were developed in 
the mid 1990s  [  21,   22  ] . For HIV-1 the molecular target is the highly conserved 
HIV-1 polymerase gene. These assays were relatively insensitive compared to 
HIV-1 viral load assays in use today. The dynamic range of the  fi rst-generation HIV-1 
Quantiplex method was 1 × 10 4 –1.6 × 10 6  copies/mL  [  21  ] . Sensitivity of the HIV-1 
assay was enhanced in the second-generation test by improving the capture probe 
design, and the addition of the preampli fi er oligonucleotides  [  23,   24  ] . The improved 
design of the target and capture probes increased the stringency of hybridization, 
thereby decreasing background. Signal output was enhanced by increasing the num-
ber of signal generating probes that could bind to the preampli fi er probes. These 
improvements reduced the lower limit of quanti fi cation (LLOQ) to 500 HIV-1 
genome copies/mL for the second-generation HIV-1 bDNA Quantiplex assay. 
However, with the advent of effective antiretroviral drugs for the treatment of HIV-1 
infections, the need for viral load assays that could detect even lower levels of virus 
became a requirement in order to determine the effectiveness of treatment. The 
major technological improvement in the third-generation bDNA HIV-1 viral load 
assay was the incorporation of the non-natural isoG and isoC bases as described 
earlier. A high speed centrifugation of the plasma being tested was also added to the 
protocol to concentrate the virus prior to sample processing. The initial description 
of this improved methodology demonstrated a new LLOQ of 50 copies/mL  [  2  ] . The 
current FDA approved Versant HIV-1RNA 3.0 assay has a stated dynamic range of 
75–5 × 10 5  copies/mL; however, the European version of the same assay is approved 
for an LLOQ of 50 copies/mL. This compares very favorably to the current versions 
of both the Abbott Molecular Diagnostics RealTime HIV-1 assay, and the Roche 
Molecular Diagnostics Cobas Ampliprep/Cobas TaqMan HIV-1 version 2.0 tests, 
with lower limits of quanti fi cation of 40 and 20 copies/mL, respectively. 

 Only two other bDNA-based assays for infectious disease testing are commer-
cially available. The Siemens Versant HCV version 3.0 kit targets both the core and 
the 5 ¢  untranslated region of the HCV genome, and is approved for in vitro diagnostic 
(IVD) testing by the FDA. The dynamic range of this assay is 615–7.69 × 10 6  IU/mL 
of serum or plasma. Because of its relatively low sensitivity this test has not found 
broad usage for following patients for response to antiviral therapy. Both the Abbot 
Molecular and Roche Molecular real-time PCR assays have signi fi cantly lower 
LLOQs of 12 and 25 IU/mL, respectively, making the utility of any test that cannot 
approach these levels of analytical sensitivity questionable for following response 
to antiviral therapy. 

 The other bDNA-based viral load test marketed by Siemens is the VERSANT ®  
HBV bDNA 3.0 Assay. This test is approved for use as an IVD assay in Europe (CE 
marked), but is labeled for research use only (RUO) in the United States. The 
dynamic range of the HBV bDNA 3.0 test is 2000–1 × 10 8  copies/mL. The two FDA 
approved PCR tests, the Roche Molecular Diagnostics COBAS ®  AmpliPrep/
COBAS ®  TaqMan ®  HBV Test, v2.0 assay and the Abbott Molecular Diagnostics 
RealTi m e HBV test, have LLOQs of 20 and 10 IU/mL, respectively. As with both 
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HIV-1 and HCV viral load tests, viral load quanti fi cation assays for HBV are used 
predominantly for following response to antiviral therapy  [  25  ] . Therefore, the 
LLOQ of 2,000 copies/mL limits the utility of the bDNA-based assay. 

 As for the future of bDNA, recent improvements of the Versant bDNA assays 
have been more in the area of instrumentation than assay chemistry. The Versant 
HIV-1, HCV, and HBV 3.0 tests were originally designed to be run on the system 340 
analyzer in conjunction with the proprietary Data Management Software. The 340 
analyzer is a semi-automated instrument that can simultaneously process up to two 
96 well microtiter plates. The newer Versant 440 platform is a fully automated instru-
ment that was introduced in Europe in 2005 and in the United States in 2007. This is 
a fully automated instrument capable of processing up to 168 samples per run. 

 In the last several years, bDNA technology has been applied very broadly to the 
development of in situ hybridization (ISH) and  fl uorescent in situ hybridization 
(FISH) assays. One such application was the development of both ISH and FISH for 
the detection of HPV DNA sequences in infected cells  [  26  ] . Both HPV ISH and 
FISH were able to visualize, and distinguish, HPV types 16 and 18 DNA sequences 
in human cervical carcinoma cell lines. Under the trade names QuantiGene ®  
ViewRNA, Panomix, a division of Affymetrix Inc. (Santa Clara, CA), has produced 
kits to allow investigators to design and develop FISH assays suited to their own 
areas of research  [  27–  31  ] . Panomix has also applied bDNA technology for the 
detection and quanti fi cation of DNA, RNA, and protein targets based on the Luminex 
 x MAP ®  (Luminex Inc., Riverside, CA) bead array technology that has seen broad 
usage as a research tool in the  fi eld of infectious disease research  [  32–  35  ] .  

   Hybrid Capture 

 Hybrid capture technology has been used to develop nucleic acid detection assays 
for HPV, CMV,  C. trachomatis  (CT),  Neisseria gonorrhoeae  (GC), HBV, and her-
pes simplex virus types 1 and 2. 

 From the public health perspective, cervical cancer is of great importance due to 
the fact that the causative agent, HPV  [  36–  39  ] , is sexually transmitted  [  40,   41  ] . 
HPV is also implicated in other types of cancer, such as anal cancer, vulvar cancer, 
penile cancer, and oral and laryngeal cancers. There are over 100 different types of 
HPV, only a subset of which is implicated in male and female genital infections. 
These can be differentiated into two groups, high-risk, and low-risk, referring to the 
predilection of infection by these viruses to progress to cancer. Digene Inc. 
(Beltsville, MD, now Qiagen Inc.) developed the  fi rst FDA approved diagnostic 
assays for the detection of HPV in cervical scrapings. This test is available in two 
different con fi gurations. The digene HC2 HPV DNA Test employs probe cocktails 
to detect  fi ve low-risk HPV types, 6, 11, 42, 43, and 44, and 13 high-risk HPV types, 
16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68, which are associated with cer-
vical cancer. The second con fi guration, the digene HC2 high-risk HPV DNA test, 
detects the 13 high-risk HPV types. The clinical utility of the digene HC2 HPV 
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DNA Test is questionable, since the most recent guidelines for HPV testing, 
published by the American Society for Colposcopy and Cervical Pathology  [  42  ]  
state that there is no clinical utility in testing for nononcogenic HPV types. 

 Samples for testing are collected with a proprietary collection device, available 
from Qiagen. Alternatively, cells collected in the liquid cytology media, Cytyc 
PreservCyt Solution (Hologic Inc. Bedford, MA), or from cervical biopsies are also 
approved for testing. Testing may be performed manually, or with the Rapid Capture 
System, a semi-automated pipetting and microwell plate handling system for high-
volume sample-throughput testing. 

 The analytical sensitivity of the HC2 assays is ~5,000 HPV genome copies. On the 
surface, this may appear to be insensitive from a purely analytical perspective; how-
ever, this level of analytical sensitivity is ideal with respect to clinical sensitivity. 
Clinical utility of HPV screening is based on the association of detecting high-risk 
HPV in a clinical sample, and the association with the presence of cervical cancer 
determined by a PAP smear, not just simply the presence of the virus. Therefore, 
detection of very low levels of HPV by ultrasensitive methods, such as PCR, may 
have no clinical signi fi cance  [  43  ] . HPV detection assays based on PCF technology 
must be designed such that a positive result is clinically signi fi cant. 

 The hybrid capture assays are not cleared to be used independently as a screen-
ing assay for the general population  [  44  ] . As just mentioned, FDA approval of HPV 
detection assays such as the digene HC2 high-risk HPV DNA test are based not on 
sensitivity and speci fi city of detection of HPV, but the sensitivity and speci fi city, in 
conjunction with PAP smear results, for the risk of developing cervical cancer. 

 The indications for using this test are:

   To aid in the diagnosis of sexually transmitted HPV infections, and to differenti-• 
ate between high-and low-risk HPV type infections.  
  To screen patients with a Papinicolau smear (PAP smear) interpretation of atypi-• 
cal squamous cells of undetermined signi fi cance (ASCUS) to determine the need 
for referral to colposcopy.  
  As a supplement to the PAP smear in women with low-grade squamous intraepi-• 
thelial lesions (LSIL) high-grade squamous intraepithelial lesions (HSIL) results 
to assess the risk for developing cervical cancer.    

 The hc2 high-risk HPV DNA test is not intended for use as a screening test for 
PAP normal women under age 30, and is not meant to be a substitute for regular Pap 
screening. 

 There are some limitations to this assay, one of which is that cross-reactivity of 
the high-risk HPV probes with low-risk HPV DNA sequences has been observed 
which may lead to false-positive results  [  45,   46  ] . Neither of the HC-based assays 
have an internal positive control to differentiate true from false negative results; the 
latter have been reported with the hc2 HPV high-risk test  [  46,   47  ] . 

 HC2 technology has also been used to develop assays for the detection of two 
other sexually transmitted organisms,  C. trachomatis  (CT) and  N. gonorrhoeae  
(GC). These are the most common causes of bacterial infections of the lower genital 
tract. The FDA approved hc2 CT-ID DNA Test Version 2.0 is an IVD assay for the 
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qualitative detection of  C. trachomatis  DNA in cervical specimens collected using 
the hc2 DNA Collection Device (cervical brush and Specimen Transport Medium™ 
(STM)) and in cervical specimens collected using the Female Swab Specimen 
Collection Kit™ (Dacron swab and STM). The CT Probe Cocktail supplied with 
the hc2 CT-ID DNA Test is complementary to approximately 39,300 bp or 4% of 
the  Chlamydia  genomic DNA (1 × 10 6  bp). One probe is complementary to 100% of 
the cryptic plasmid of 7,500 bp. In studies comparing the sensitivity and speci fi city 
of this test to culture, the hc2 CT-ID DNA Test demonstrated very comparable 
results in symptomatic and asymptomatic women  [  48,   49  ] . When compared to PCR, 
the HC2 method, also gave very similar results, with PCR showing slightly higher 
sensitivity, as would be expected by a target ampli fi cation procedure  [  50  ] . The 
digene CT/GC Dual ID HC2 DNA test, which is also FDA approved, is designed to 
screen patient populations for CT and GC. The clinical performance of the NG 
component of this test also compares very favorably to culture  [  49  ] . 

 Hybrid capture technology has also been applied to the detection of CMV in 
clinical specimens. Indeed, this was the  fi rst FDA approved nucleic acid detection 
assay for this purpose. When used solely as a diagnostic method to detect CMV 
disease, the performance of the Digene Hybrid Capture CMV DNA assay (version 2) 
was equivalent to  [  51  ]  or superior  [  52  ] , to that of the CMV antigenemia assay. Both 
of these studies demonstrated signi fi cant superiority of the HC2 method compared 
to culture. However, when compared with PCR-based methods, the analytical sen-
sitivity of 2,600 copies/mL for the HC2 assay, as determined by probit analysis, put 
HC2 at a distinct disadvantage for detecting the onset of CMV infections in solid-
organ transplant patients  [  51  ] . PCR-based assays detected CMV DNA earlier after 
transplant, and remained positive longer after initiation of ganciclovir therapy, than 
the HC2 assay  [  53  ] . The Digene Hybrid Capture CMV DNA assay is no longer 
being manufactured. 

 Lastly, the Digene HBV DNA test was designed to quantify hepatitis B DNA in 
human serum, and is speci fi c for subtypes ad and ay. This test came in two versions, 
the standard assay, with a dynamic range of 1.42 × 10 5 –1.7 × 10 9  copies/mL, based 
on an input sample volume of 30 mL of plasma  [  54  ] , and an ultrasensitive test, with 
a dynamic range of 4.7 × 10 3 –5.6 × 10 7  copies/mL  [  55  ] . The latter is based on a 1 mL 
sample volume with the virus concentrated by centrifugation. As stated earlier in 
the discussion of the bDNA-based HBV viral load assay, FDA approved real-time 
PCR assays are available with signi fi cantly lower analytical sensitivities. Since 
HBV viral load assays play a critical role in determining response to antiviral 
therapy, the relatively high LLOQ of the ultrasensitive HBV HC2 test makes it less 
useful for this purpose then the currently available real-time PCR assays. 

 What is the future of HC technology? Qiagen has announced the development 
of new platforms, the QIAensemble and QIAensemble Plus which integrate nucleic 
acid extraction and assay technology automation (Hybrid capture, PCR, and other 
target detection methods) to provide laboratories with mid- and high-throughput, 
modular, fully automated, molecular testing platforms. Improvements have also 
been announced regarding HC2 technology itself, moving from solid substrate, 
microwell assays to magnetic particle capture methodology. The  fi rst such test will 
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be the  digene   ®   HPV eHC (ensemble hybrid capture). Also announced was the 
development of HPV 16 and 18 genotyping tests. Qiagen’s long-term strategy 
however, does not seem to rely on long-term investment in hybrid capture-based 
assays, but more reliance on traditional target ampli fi cation methodologies, such as 
real-time PCR, and newer technologies, such as isothermal helicase-dependent 
ampli fi cation (tHDA)   .  

   Invader Technology 

 As described above, the Invader ®  technology, originally developed at Third Wave 
Technologies, now Hologic Inc., is a homogeneous, DNA probe-based system that 
has been applied to a wide variety of applications. These include detection of single 
base-pair changes, insertions and deletions, determination of gene copy number, 
detection of infectious agents, and gene expression. The test can be performed on 
either DNA or RNA. 

 One of the earliest applications of Invader ®  technology was the development of 
assays for the detection of mutations in genes involved in hypercoagulability disor-
ders, speci fi cally factor V Leiden, factor II (prothrombin) and methylenetetrahydro-
folate reductase (MTHFR)  [  56  ] . These assays were available initially as 
analyte-speci fi c reagents, but have been recently approved by the FDA. All three 
tests are based on Invader Plus ® . This process involves a PCR reaction, followed by 
an Invader reaction, all of which occurs in a single reaction, in a closed, single-tube 
format. This sequential process combines PCR-based target ampli fi cation with sub-
sequent signal ampli fi cation through Invader ®  chemistry. 

 Another commercial application of Invader ®  technology was for the detection of 
mutations in the UGT1A1 gene that codes for the enzyme UDP-glucuronosyltransferase. 
This gene is responsible for the metabolism of certain drugs, including irinotecan, 
a chemotherapy agent commonly used to treat colorectal and lung cancer. 

 Detecting speci fi c variations in the UGT1A1 gene predicts which patients are at 
an increased risk of toxicity from irinotecan  [  57,   58  ] . The Invader ®  UGT1A1 
Molecular Assay (Hologic Inc., Bedford, MA) targets the *28 allele, which is a two 
base-pair insertion (TA) in the UGT1A1 promoter region. Individuals either 
homozygous or heterozygous for this allele are seven times more likely to demon-
strate severe toxicity to irinotecan than patients homozygous for the wild-type allele 
 [  57  ] . This test received FDA approval in 2005. 

 Invader technology has also been successfully applied to the molecular diagnosis 
of cystic  fi brosis. The InPlex ®  CF Molecular Test (Hologic Inc, Bedford, MA) is an 
IVD that tests for 23 separate mutations in the cystic  fi brosis transmembrane recep-
tor (CFTR) gene. The IVS8-5T/7T/9T markers are automatically re fl exed as part of 
the test. All mutations contained in the assay are recommended for testing by the 
American College of Obstetricians and Gynecologists (ACOG) and the American 
College of Medical Genetics (ACMG). For the InPlex ®  technology, the appropriate 
genomic region is ampli fi ed by PCR using a limiting number of cycles. For the CF 
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test this is 13 cycles. The ampli fi cation products are injected into an assay-speci fi c 
micro fl uidics card that has multiple chambers for analyzing each of the CFTR muta-
tions. FDA clearance for this test was granted in 2008. 

 One of the  fl agship products marketed by Hologic is the Cervista ®  HPV HR test. 
This is an FDA approved assay that tests the for the 13 high-risky HPV types listed 
above for the HC2 method, but also includes HPV type 66. In addition, this test also 
includes an internal positive control to con fi rm adequacy of sample collection, and 
to indicate if inhibitory substances are present. Instrumentation choices available 
from Hologic to perform this test range from semi-automated to fully automated 
platforms, depending on the needs of the laboratory. Cells collected in Cytyc 
PreservCyt Solution (Hologic Inc., Bedford, MA) is the indicated sample type for 
this test, although cervical cells collected in SurePath preservative- fi xative  fl uid 
(BD TriPath Imaging, Burlington, SC) have been shown to work with this test as 
well  [  59  ] . However, the use of any collection medium other than Cytyc PreservCyt 
Solution would be considered an off-label use of the assay. 

 Several studies have been published Comparing the Invader ®  HPV assay with the 
digene HC2 HPV DNA Test  [  46,   60–  62  ] . Performance characteristics for the two 
methods are comparable in terms of clinical sensitivity. Three studies also con-
curred that the Invader ®  assay had improved speci fi city in terms of fewer false posi-
tive results. In addition, the Cervista ®  HPV HR test can detect infection by multiple 
HPV types, which is important since recent studies have suggested that the risk of 
progression toward cervical cancer can be as high for simultaneous infections with 
multiple high risk HPV types as it is for infection with just one of the highest risk 
types, HPV 16 or 18. 

 A companion test for the Cervista ®  HPV HR assay is the Cervista™ HPV 16/18 
test. HPV types 16 and 18 are recognized as highly oncogenic and persistent, and 
are associated with 60 and 10% of cervical cancers, respectively. The test is intended 
to be used adjunctively with the Cervista ®  HPV HR test in combination with cervi-
cal cytology to assess the presence or absence of high-risk HPV types 16 and 18. 

 In addition to the commercially produced assays described above, Invader ®  tech-
nology has been applied widely in the development of laboratory developed tests for 
a broad range of clinical and nonclinical applications. The reason for this is the 
availability of Universal Invader™ reagents, and Universal Invader™ software for 
designing Invader ® -based assays. Several Invader-based methods have been pub-
lished for a variety of infectious disease-related applications, including detection 
assays for varicella-zoster  [  63  ]  rifampin and isoniazid resistance of  Mycobacterium 
tuberculosis   [  64  ] , quanti fi cation of bacteria involved in periodontis  [  65  ] , and hepatitis 
B genotyping for detection of drug-resistance mutations  [  66,   67  ] . A study published 
by Xie et al.  [  68  ]  describes an Invader ® -based immunoassay. Two different antibod-
ies are employed in this method, one of which captures an antigen to a solid surface, 
and the other, which is biotinylated, is used as the detector. After the removal of 
unbound antibody via a wash step, streptavidin, and a biotinylated oligonucleotide 
are added to the reaction mixture. After washing away the unbound oligonucleotide, 
the remaining components required for the invader assay (see above and Fig.  18.4 ) 
are added. The authors report that this method could detect 0.1 pg/mL of the target 



34118 Signal Ampli fi cation Technologies

antigen (tumor necrosis factor- a ), vs. 3.5 pg/mL for a commercially available 
standard enzyme immunoassay method using colorimetric detection. 

 In the future, it is expected that Hologic will continue commercializing appli-
cations for Invader ®  technology. Evidence for this is based on the recent FDA 
approval of the factor V Leiden, factor II, and MTHFR tests for determining an 
individual’s risk for hypercoagulability disorders, as described above. In addition, 
Hologic is licensing the use of Invader ®  technology to other in vitro diagnostics, 
and biotechnology companies for new test development. Such an example is Exact 
Sciences (Madison, WI), which licensed Invader ®  technology for the development 
of cancer diagnostic and screening assays. In addition, Hologic has an AgBIO 
services division dedicated to working with the agriculture industry for custom 
assay development using Invader ®  technology, speci fi cally in the areas of SNP 
genotyping analysis, copy number determination, marker-assisted selection, and 
animal diagnostics.       
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         Introduction 

 It is dif fi cult to overstate the vital role of polymerase chain reaction (PCR) and its 
derivatives in the clinical microbiology laboratory. The ease of adapting PCR, com-
bined with the availability of complete genomic sequences from various pathogens, 
has permitted the rapid development of commercial as well as laboratory-developed 
molecular techniques for diagnostic purposes. As its name implies, real-time PCR, 
a common PCR variant, has furthered clinical utility by permitting the detection and 
quanti fi cation of PCR products during the ampli fi cation process. In this chapter, we 
discuss the principles behind real-time PCR and its use in quanti fi cation of 
pathogens.  

   Conceptual Framework of Quantitative Real-Time PCR 

 If one could monitor a PCR reaction during every cycle of ampli fi cation, the quan-
tity of product produced would approximate a logistic function, which follows a 
sigmoidal curve (Fig.  19.1 ). The prototypical application of the logistic function is 
its use for modeling population growth, where the rate of population growth depends 
on two factors: (1) the existing population and (2) the amount of available resources 
 [  1  ] . In such a model, the initial rate of population growth depends far more on the 
former factor, since available resources are not limiting. At this initial growth stage, 
the rate of population growth is nearly exponential. As the population grows, 
resources diminish, and the growth rate also diminishes; this continues until the 
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growth rate decreases to zero and equilibrium is reached. The same basic concept 
applies to PCR reactions: after an initial lag phase, the rate of product formation is 
nearly exponential and depends primarily on the starting template concentration. 
Thus, under ideal conditions, the product is initially doubled after every cycle, until 
the reaction is inhibited by excessive product or limiting PCR reactants. Prior to this 
inhibition, the exponential phase of the PCR reaction may be described by the fol-
lowing equation: 

     ( )= +1
n

P T E
   

where  P  is the PCR product concentration,  T  is the initial template concentration,  E  
is the ef fi ciency of the PCR reaction, and  n  is the number of ampli fi cation cycles  [  2  ] . 
The ef fi ciency  E  ranges between 0 and 1.0, with 1.0 (100 % ef fi ciency) representing 
an ideal ampli fi cation reaction where the target molecule is doubled after every 
reaction cycle. Under such conditions, it would take 3.32 ampli fi cation cycles to 
increase the target PCR product tenfold (Fig.  19.2a ). Thus, plotting the relationship 
between the number of ampli fi cation cycles necessary to reach a speci fi ed concen-
tration of product (as determined by a set level of  fl uorescence) and the log of the 
starting concentration of the nucleic acid template gives a negative linear relation-
ship (Fig.  19.2b ). While in theory the product threshold set point can be any amount 
during the exponential phase of the reaction, in reality this threshold should be set 
at the lowest reliably detectable level of  fl uorescence above background, since this 
is where the reaction behaves most like to the exponential ideal (Fig.  19.1 ). The lat-
ter is de fi ned as the crossing threshold ( C  

t
 ) of the reaction  [  2  ] . Besides the threshold 

method, a number of other methods exist for determining the  C  
t
 ; these have been 

described in greater detail elsewhere  [  3  ] .  
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  Fig. 19.1    A hypothetical PCR ampli fi cation curve represents a logistic function and follows a 
sigmoidal curve ( solid red line ). A purely exponential ampli fi cation is also shown for comparison 
( dashed blue line ). Notice that during early cycles the two curves are nearly identical       
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 For any given PCR reaction, plotting  C  
t
  values of a serial dilution of template 

nucleic acid serves two purposes. First, one can empirically determine the slope of 
the  C  

t
  vs. log product curve, which may be used to determine the percent ef fi ciency 

of the PCR reaction:

     
−= − ×slope(10 1) 100.E     

 Suboptimal PCR conditions require, on average, more than one cycle to double 
the product, thus  fl attening the slope of the curve. As a general rule, a high PCR 
ef fi ciency is desirable, primarily because the lower limit of detection will be other-
wise compromised  [  2  ] . The second purpose in plotting such a curve is to create cali-
bration or standard curves, which may be used to calculate the concentration of the 
target sequence in any given sample. The  C  

t
  value determined from the unknown 

sample may be applied using linear regression methods to the standard curve to 
determine the concentration of the target sequence. The use of such a method 
assumes that the ampli fi cation reaction in the unknown sample behaved identically 

  Fig. 19.2    Example of a real-time PCR standard curve. ( a ) Serial tenfold dilutions (ranging from 
5 to 5 × 10 5  copies per reaction) of a plasmid including the hexon gene for adenovirus were used as 
template for detection in real-time PCR. Numbers on  top  indicate the threshold cycle ( C  

t
 ) for each 

dilution. ( b ) Plot of the threshold cycle vs. log template concentration demonstrates an inverse 
linear curve       
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as the ampli fi cation reactions used to create the standard curve. The presence of 
PCR inhibitors in an unknown sample would, for example, negate this assumption 
and result in underestimation during quanti fi cation. We will consider PCR inhibi-
tors later in this chapter.  

   Dynamic Range and Detection Limits 

 In theory, the upper limit of quanti fi cation in real-time PCR exceeds 10 10  copies per 
reaction, and the lower limit of detection is one molecule of template  [  2  ] . Generally, 
the former is true in practice but is seldom approached in the clinical laboratory due 
to a lack of need for such a large dynamic range. The lower limit of detection is far 
more critical, especially for analysis of viral loads such as human immunode fi ciency 
virus, and cannot reliably reach one copy of template per reaction. This is because, 
due to the Poisson distribution, it is impossible to be certain that one copy of template 
is present in every given reaction at such low concentrations  [  3  ] . For clinical pur-
poses, the lower limit of detection is usually de fi ned as the lowest quantity of analyte 
(nucleic acid in this case) with a 95 % probability of detection. For PCR this is theo-
retically possible with three copies of template. In reality this is not achievable due 
to losses during sample extraction and preparation, as well as the imperfect ef fi ciency 
of the reverse transcription step if RT-PCR is being performed for RNA quanti fi cation. 
In our laboratory, we have been successful in validation of assays that detect as few 
as 5–10 copies of template per reaction, in agreement with other published valida-
tions  [  4–  6  ] . In cases where it is desirable to further improve the lower limit of detec-
tion, clinical samples may be concentrated during the extraction step and the 
appropriate correction factor be implemented for quanti fi cation purposes.  

   Quanti fi cation Methodologies 

 How are PCR reactions monitored for product in real time? While this is considered 
in more detail in other chapters in this book, we will discuss differences in the tech-
niques as they are relevant to quantitative testing here. In the vast majority of cases, 
a  fl uorescent marker that detects ampli fi ed product is included in the reaction, and 
the real-time PCR machine contains a  fl uorimeter calibrated to excite and detect the 
marker. Some years after the discovery of PCR, the addition of ethidium bromide 
(EtBr) to the PCR reaction was described as a method to detect and quantify the 
ampli fi cation product in real time  [  7  ] . EtBr is an intercalating agent that preferen-
tially binds to double-stranded DNA and has since been replaced with the minor 
groove binding dye SYBR Green I. SYBR Green I and its derivatives distinguish 
double-stranded DNA from single-stranded DNA better than EtBr and are widely 
used in research laboratories for quantitative PCR and RT-PCR  [  2  ] . The use of DNA 
binding dyes in real-time PCR in the clinical laboratory is uncommon, in part 
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because of concerns about the accuracy of quantitative results obtained with these 
dyes. At higher concentrations, SYBR Green I can inhibit the PCR reaction, result-
ing in inaccurate quantitative results  [  8  ] , although this can be overcome by using a 
lower concentration of the dye  [  9  ] . A greater concern is that the binding (and hence 
detection and quanti fi cation) of such dyes is not sequence speci fi c, and thus speci fi c 
and nonspeci fi c ampli fi cation products, as well as primer dimers, will all contribute 
to detection of reaction signal. If such an approach is used clinically, it is imperative 
that signals due to these potential nonspeci fi c products be recognized prior to test 
implementation and recti fi ed wherever possible to avoid potential over-quanti fi cation 
and false positive results. With the use of such dyes, melting curve analysis will help 
to discriminate speci fi c products from other contaminants  [  2  ] . 

 An alternative method involves coupling of a  fl uorophore to one of the primers 
(e.g., Light upon extension, or Lux technology)  [  9  ] . The primer is designed to form 
a hairpin structure in the absence of product. In the hairpin conformation, the 
 fl uorophore is quenched but it  fl uoresces upon incorporation in the PCR product, 
which results in extension of the hairpin structure. Like DNA binding dyes, a primer-
based detection method depends largely on the speci fi city of the primers, in contrast 
to probe-based detection methods, discussed below. 

 In place of a dye-conjugated primer or DNA binding dyes such as SYBR Green 
I, a sequence-speci fi c  fl uorescent probe may be used for detection and quanti fi cation 
of PCR products. The main advantage of using any of these probe methods instead 
of dyes such as SYBR Green I or a primer-coupled  fl uorophore is that there is 
increased speci fi city due to independent con fi rmation of speci fi c product formation, 
since the probe hybridization sequence does not overlap with the primers used for 
ampli fi cation. As a result of their sequence-speci fi c binding, probes are unlikely to 
anneal to nonspeci fi c ampli fi cation products and primer dimers, and so are pre-
dicted to give more accurate quantitative results.  

   External Quanti fi cation Controls 

 An important initial consideration in designing a quantitative PCR test is what 
nucleic acid material will be used for setting up the standard calibrator curve. This 
can be a synthetic oligonucleotide, a puri fi ed PCR product, recombinant plasmid, or 
quanti fi ed pathogen nucleic acid. All of these are reasonable choices for use as cali-
brators in laboratory-developed tests, although quanti fi ed pathogen nucleic acid is 
preferred if it is available, since it most closely resembles clinical specimens. One 
potential disadvantage of using a quanti fi ed pathogen DNA or RNA (such as 
extracted viral nucleic acid) is that they may only be available in relatively low 
concentrations, thus limiting the upper limit of quanti fi cation. We have found that 
engineering a plasmid using a common vector backbone (such as pBlueScript) to 
contain the target sequence of interest to be a useful and simple way to produce cali-
brator standards for a number of different assays. These can be easily puri fi ed from 
transformed bacteria when necessary using commercially available DNA puri fi cation 
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column kits, quanti fi ed using spectrophotometry, and then serially diluted to be 
used as calibrators described earlier. The quantitative test results using these syn-
thetic standards should be compared to quanti fi ed pathogen whenever available 
(such as reference standards distributed by the World Health Organization), and 
adjusted if necessary to better re fl ect the result should a true biological standard 
have been used. While not available for all pathogens, use of such reference mate-
rial is an important step towards the standardization of quantitative PCR results 
between different laboratories, since in their absence, quanti fi cation can vary widely, 
as much as four orders of magnitude  [  10,   11  ] . It is important to recognize that plas-
mid or synthetic oligonucleotide calibrators may not behave as patient-derived 
specimens, and this cause inaccurate quantitative measurements. Differences in 
quanti fi cation can be introduced with biological matrices such as urine, resulting in 
PCR inhibition  [  12  ] . In at least one published report, the commutability of a calibra-
tor standard has been shown to be dependent on the type of matrix that is used  [  13  ] . 
Therefore, it is imperative that during test validation, the puri fi ed standard curve 
nucleic acid should be repuri fi ed and assayed after addition to the desired biological 
matrix to determine whether any matrix effect is observed.  

   Amplicon Selection 

 For certain pathogens, such as adenovirus or BK virus, choosing the target sequence 
for the assay ampli fi cation (the amplicon) is challenging, because numerous viral 
subtypes or common sequence variants abound, respectively  [  6,   14  ] . Careful 
sequence comparison to all known variants of a given pathogen deposited in genome 
databases is essential in choosing the appropriate amplicon sequence to avoid 
regions of high sequence variability. A single nucleotide mismatch in the primer or 
probe sequence can be suf fi cient to falsely reduce quanti fi cation several orders of 
magnitude or give a false negative result. A number of computer programs exist, 
such as Beacon Designer (Premier Biosoft), which can help the user in selection of 
the amplicon. On occasion, it may be impossible to  fi nd a speci fi c pair of primers 
and a single probe that will work for all known sequence variants of a given patho-
gen. In these cases, it will be necessary to synthesize a small pool of primers or 
probes that will target a reasonably well-conserved region and cover all potential 
variants. It is important to realize that in the cases where combinations of primers 
and probes are pooled, colinearity of quanti fi cation between the variants may not 
always be the norm, although this has been reported for at least one quantitative 
PCR assay for adenovirus  [  14  ] . 

 A number of other factors need to be considered when selecting the amplicon 
region. These include the primer and probe length, their melting temperatures ( T  

m
 ), 

and the overall size of the amplicon. Longer amplicons are associated with lower 
PCR ef fi ciencies and thus greater challenges in quanti fi cation, and therefore the 
amplicon size should be kept between 50 and 150 base pairs. The  T  

m
  of the primers 

should be between 56 and 62 °C, but more importantly the  T  
m
  of each of the primers 
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should be as similar as possible. If a Taqman probe is used, it is important for the  T  
m
  

of the probe to be approximately 10 °C higher than the primers. This is because the 
probe needs to remain annealed during polymerase extension, and incomplete 
annealing during extension may result in under-quanti fi cation. Again, programs 
such as Beacon Designer help navigate these and other issues surrounding primer 
and probe design, such as G:C content.  

   Internal Controls and PCR Inhibitors 

 In the research context, real-time PCR methods are often used to quantify a gene 
product of interest relative to an internal reference, such as actin. In the clinical lab, 
such an internal reference gene is often not present in the clinical sample (e.g., in 
urine), or, even if present, may be widely variable due to a particular state of the 
patient (e.g., severe pancytopenia in the context of cancer chemotherapy). For these 
reasons, absolute quanti fi cation is preferred to relative quanti fi cation in the clinical 
setting. Nevertheless, use of an internal reference for ampli fi cation is vital in the 
clinical context. As mentioned earlier, the presence of PCR inhibitors or ampli fi cation 
failure for other reasons must be ruled out for any negative result. An internal refer-
ence, usually an unrelated plasmid or RNA for RT-PCR, is added into the 
ampli fi cation reaction to verify the ampli fi cation conditions. Internal references are 
available from many commercial sources and can be ampli fi ed separately using the 
identical reaction conditions as the target of interest, or can be implemented in a 
multiplex platform using a probe that is detected at a channel distinct from the tar-
get. The latter is preferred because the same reaction is used for quanti fi cation of the 
clinical sample and for control purposes. Care must be taken, however, that the pres-
ence of the internal control does not interfere with the ampli fi cation of the target 
itself. This is because certain components of the two simultaneous ampli fi cation 
reactions are shared (e.g., DNA polymerase), and under certain conditions may be 
present in relatively limiting quantities. For this reason, the internal control is added 
at a relatively low copy number to avoid potential competition for PCR reactants. 

 The internal reference can be added at two different steps prior to ampli fi cation: 
(1) directly to the clinical sample prior to sample extraction or (2) to the ampli fi cation 
reaction itself. In the latter case, any loss of ampli fi cation of the internal reference 
can be attributed to a PCR inhibitor or general ampli fi cation failure. In the former 
case, reduced extraction ef fi ciency can also contribute to any observed reduction of 
internal reference ampli fi cation. Thus, the addition of an internal reference standard 
is an important consideration in setting up a quantitative PCR assay.  

   Variability in Quantitative PCR 

 As suggested earlier, there is great concern with regard to the variability inherent in 
quantitative PCR reactions. Analysis of the sources of this variability in gene expres-
sion analysis via quantitative reverse transcription PCR has yielded some insightful 
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results  [  15  ] . In general, the ampli fi cation reaction itself is not a major source of the 
variance. Rather, much of the variability is inherent in the sampling itself, although the 
reverse transcription step does make a signi fi cant contribution in certain cases. It is 
unclear whether such an analysis of gene expression variability fully applies to clini-
cal microbiology samples. However, it is important to recognize the inherent variabil-
ity of quantitative PCR technology and to communicate this to patient care providers 
who are interpreting such results that will impact management decisions.  

   Conclusions 

 Real-time PCR has made PCR-based nucleic acid quanti fi cation readily accessible 
to the clinical microbiology laboratory. The laboratory director must consider sev-
eral factors when designing or validating a quantitative real-time PCR assay. The 
sensitivity of real-time PCR quanti fi cation depends on the ef fi ciency of the PCR 
reaction as well as the ef fi ciency of nucleic acid puri fi cation and, if used, reverse 
transcription. Accurate quanti fi cation depends on several factors that are important 
in assay design. These include the selection of an appropriate method for generation 
of  fl uorescence as the PCR product accumulates. Although dyes for double-stranded 
DNA and primer-based  fl uorescence are commonly used in research, the additional 
speci fi city provided by probe-based methods of amplicon detection makes these 
appropriate for clinical use. The selection of an external quanti fi cation control is an 
important step in designing a quantitative real-time PCR test, but this is an area in 
which further development is needed. Although it is desirable that the quanti fi cation 
control resemble (or be) quanti fi ed pathogen, this is not always practical, and 
puri fi ed nucleic acids are a reasonable alternative. When national or international 
quanti fi cation standards exist, these should be used if possible.      
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         Introduction 

 This decade has seen the use of molecular detection techniques grow in popularity 
within the  fi eld of diagnostic microbiology. The importance of molecular methods 
in the detection of infectious disease agents has been recognized because of their 
abilities to detect targets that may be present in very low concentrations. Even 
though culture methods are still considered the gold standard for most laboratories, 
some fastidious bacteria, fungi, and viruses simply do not grow in culture media  [  1  ] . 
Improved speed, sensitivity, speci fi city, and ease of use compared to traditional 
culture methods for the detection of clinical pathogens have made molecular tech-
niques an indispensable tool in the modern microbiology laboratory. 

 Polymerase chain reaction (PCR) has become the backbone of almost all molec-
ular assays. With the use of PCR, it is possible to amplify a single or several copies 
of DNA or RNA and generate thousands to millions of copies of a particular 
sequence. After ampli fi cation is achieved, the presence or absence of a target is 
determined using a detection method of choice. For a PCR assay to be successful, a 
reliable method to detect the presence or absence of an ampli fi ed target is needed. 
Because of the ever-increasing interest in molecular-based assays, the development 
of ampli fi cation product detection methods available for use in diagnostic microbi-
ology laboratory has greatly increased as well. 

 These detection methods can be classi fi ed as either qualitative or quantitative. 
They can range in complexity from being able to detect one or two analytes to being 
able to identify multiple targets like those seen in a multiplex PCR  [  2  ] . Based on the 
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theoretical basis behind the technology used, these detection methods can be divided 
into two different categories: traditional and advanced.  

   Traditional Detection Methods 

 Traditional detection methods for the detection of ampli fi cation products are gel-based 
methods that do not have the sensitivity or speci fi city that most advanced methods 
have. They also require tedious blotting techniques to achieve desirable results. Agarose 
gel results are based on size discrimination and therefore can be subjective, leading to 
imprecise detection results. Ethidium bromide, which is used to visualize the PCR 
product on the gel, is also a known mutagen. Use and disposal of this dye require spe-
cial training of laboratory personnel. Despite these disadvantages, some laboratories 
may still prefer to use gel electrophoresis as a gold standard to con fi rm ampli fi cation 
 [  3  ]  or for troubleshooting purposes. Traditional techniques, although labor intensive, 
are still considerably cheaper than most advanced methods currently in use. Gel elec-
trophoresis and Southern blotting will be discussed further in Chap.   21    . 

   Gel Electrophoresis 

 Gel electrophoresis is an easy and cost-effective way to separate and visualize DNA 
fragments by size  [  4  ] . The principle behind electrophoresis is based on DNA being 
negatively charged at a neutral pH because of its phosphate backbone. When an 
electrical potential is placed on the DNA, it will move towards the positive pole or 
the anode. The speed of migration will depend on the size of the DNA fragment and 
the concentration of the gel matrix used. A loading buffer is added to the sample 
containing the nucleic acid to increase the density of the sample so that it stays at 
the bottom of the well  [  5  ] . A tracking dye also adds color to the sample to allow 
better visualization during electrophoresis. 

 To visualize the product, the gels are stained with Ethidium bromide and viewed 
under a UV transilluminator. A DNA molecular weight marker or a DNA ladder 
should be used as a standard for determining the sizes of the unknown fragments. 
For target detection, it is essential to know the amplicon size in order to con fi rm the 
presence or absence of an analyte (Table  20.1    ).   

   Southern Blot 

 This method involves the transfer of DNA fragments separated by gel electrophore-
sis onto a  fi lter membrane. The procedure employs the use of restriction enzymes to 
cut the puri fi ed DNA into smaller pieces of different sizes. This step is followed by 
gel electrophoresis where these DNA fragments will be sorted by size. 

 Before blotting can occur, the gel can be treated with an acid (typically HCl) to 
depurinate the DNA fragments and render them single stranded. This increases the 
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   Table 20.1       Comparison of current ampli fi cation–production–detection techniques   

 Detection method  Signal molecules 

 Test turnaround 
time including 
PCR ampli fi cation 
(hours)  Comments 

 Gel electrophoresis  Ethidium bromide  4–8  Labor intensive; subjective 
and insensitive results 

 Southern blot  Radioactive label or 
chemiluminescence 

 24–48  Tedious process, no longer 
routinely used in a 
clinical laboratory 

 ELISA  Enzyme  6–8  Highest sensitivity; 
contamination risks are 
higher 

 Real-time PCR  Fluorescence  2–4  Fastest test turnaround 
time; closed system 

 Direct sequencing  Fluorescence  24–48  Standard for amplicon 
identi fi cation; mostly 
accurate 

 DNA microarray  Fluorescence  4–6  Can detect and identify 
multiple targets 
simultaneously 

 Mass spectrometry  Ionic weight  6–12  Excellent discriminatory 
power for 
identi fi cation; 
expensive instrumenta-
tion; longest test 
turnaround time 

ef fi ciency of DNA transfer from the gel to the membrane. A piece of nitrocellulose 
or nylon membrane is then applied on the gel. Using an equal amount of pressure to 
ensure an even amount of contact between the gel and membrane, the DNA is then 
allowed to transfer to the membrane by capillary action. This can be achieved by 
using either a vacuum method  [  4  ]  or a stack of paper towels with a weight on top. 
After transfer is complete, the membrane is baked to permanently attach the DNA 
to the sheet. To identify the DNA product of interest, the membrane must be probed 
with a DNA fragment complementary to the fragment of interest. This radioactive-
labeled DNA probe is then incubated with the membrane, washed to prevent 
nonspeci fi c binding, and visualized on an X-ray  fi lm by autoradiography  [  6  ] . 
Alternatively, the membrane is analyzed by color development on a membrane if a 
chromogenic dye was used to label the probe.  

   PCR-ELISA Detection Methods 

 PCR–enzyme-linked immunosorbent assay (ELISA), also sometimes referred to as 
PCR–enzyme-linked oligosorbent assay (ELOSA)  [  7  ] , is a hybrid technique of 
using both PCR and ELISA to detect ampli fi cation products. Colorimetric titer 
plate detection methods were  fi rst described in the late 1980s and early 1990s and 
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have since been used as user-de fi ned assays or as commercially available kits and 
analyte-speci fi c reagents (ASRs). In this method, the nucleic acids are labeled 
(e.g., with digoxigenin as described in Tang et al.  [  8  ] ) during the ampli fi cation step. 
A capture probe speci fi c to the amplicon is used to immobilize it onto the microtiter 
well plate. Using ELISA, the label is quanti fi ed using an antibody (e.g., anti-
digoxigenin) against the label. A spectrophotometer  [  9  ]  can be used to read the 
colorimetric microtiter plate and quantitate the amount of product detected. The 
entire process of PCR and the ELISA step combined can be  fi nished in 1 day and 
can be automated with the use of inexpensive equipment. The ability to run 96 or 
384 samples at once makes it a high-throughput detection method. 

 Because of its speed, usability, and cost-effectiveness, it is considered a better 
alternative detection method compared to Southern blot and radioactive identi fi cation. 
Despite these advantages, PCR–ELISA can still be labor intensive because of the 
amount of manual pipetting that is required. Open-reaction vessels are also used 
posing a risk for carryover amplicon contamination  [  1  ] .   

   Advanced Detection Methods 

 Over the past decade, PCR has become a mainstream technique used on a daily 
basis in clinical laboratories for the detection of pathogens. More advanced methods 
for amplicon detection have been developed in order to meet the needs of these 
laboratories as the demand for PCR-based assays increases. The quest for a faster, 
cheaper, and more speci fi c platform is never-ending, and there will almost certainly 
be more novel technologies realized in the near future. Worth mentioning in this 
introduction are the following methodologies that offer better usability and have 
gained popular acceptance in diagnostic microbiology laboratories: 

   Real-Time PCR 

 Real-time PCR (also known as quantitative PCR or qPCR) is a very practical varia-
tion of the PCR process. Whereas traditional PCR allows end-point detection, this 
method detects the accumulation of ampli fi cation products as the reaction is taking 
place, hence the name “real-time.” Because most real-time PCR methods combine 
target ampli fi cation and  fl uorescent detection in a single reaction vessel, there is less 
potential for carryover contamination from previously ampli fi ed products. Rapid 
thermal cycling conditions offer shorter turnaround times and less hands-on time 
for laboratory personnel. Real-time PCR has proven to be an essential tool  [  10  ]  for 
rapid identi fi cation and quanti fi cation in diagnostic molecular laboratories. In recent 
years, one important clinical application of real-time PCR has been in viral load 
measurement and in monitoring the ef fi cacy of antiviral therapy  [  11  ] . 

 Real-time PCR techniques can be placed under two categories: 
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   Nonspeci fi c Detection 

 A simple, less-speci fi c, cheaper alternative for quantifying PCR products is the 
double-stranded DNA binding dye chemistry. This methodology quantitates 
ampli fi cation products with the use of nonspeci fi c intercalator dyes like ethidium 
bromide, SYBR green, acridine orange  [  1  ] , or pyrylium dye  [  12  ] . 

 SYBR green is much more commonly used than the other dyes because it can 
discriminate between double strands and single strands better with more accuracy 
 [  1  ] . This double-stranded DNA-speci fi c dye will bind to the minor groove of the 
DNA double helix. The amount of  fl uorescence emitted will be proportional to the 
amount of double-stranded DNA detected. However, because it detects any double-
stranded product, it will also detect nonspeci fi c amplicons as well as primer–dimer 
complexes. Because of the high potential for false positives, hot-start PCR tech-
niques and follow-up testing are recommended (i.e., melting point or dissociation 
curve analysis) for amplicon determination  [  13  ] . Because of these disadvantages, it 
may not be as useful to a clinical microbiology laboratory as it might be to a research 
laboratory.  

   Speci fi c Detection 

 The technology behind most of the speci fi c detection methods available is based on 
 fl uorescent resonance energy transfer (FRET). FRET technology  [  14  ]  involves the 
detection and quantitation of a  fl uorescent reporter. Although there are other probes 
that are commercially available in the market today which include the locked nucleic 
Acid (LNA) probes and the Scorpion ®  probes, only the Taqman ® , Molecular 
Beacon ® , and Lightcycler ®  probes are discussed in this introduction. Because of 
their known ef fi ciency when compared to the Scorpion ®  probes  [  15  ]  and the minor 
groove binder (MGB) probes  [  16  ] , they are commonly favored for use in a clinical 
laboratory setting. Numerous instruments are also available for real-time PCR 
detection using FRET technology, making its use more attractive for clinical labo-
ratories. Some of the more popular options include the LightCycler (Roche Applied 
Science, Indianapolis, IN), SmartCycler (Cepheid, Sunnyvale, CA), and the ABI 
7900HT (Applied Biosystems, Foster City, CA).  

   TaqMan ®  

 The TaqMan hydrolysis probe involves the measurement of  fl uorescent signals 
emitted by the quencher and reporter dyes as they are cleaved by the 5 ¢  nuclease 
activity of the Taq polymerase. This method utilizes the use of hydrolysis (Taqman) 
probes. The Taq polymerase extends the primers and digests the probe, thereby 
releasing the reporter from the vicinity of the quencher  [  4  ] . Product ampli fi cation is 
detected by monitoring the increase in  fl uorescence of the reporter dye. The cleav-
age will only occur if the probe is hybridized; therefore only speci fi c ampli fi cation 
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is detected. It also provides a closed system, therefore minimizing the likelihood for 
carryover contamination. Because of their rapid test turnaround time, versatility, 
simple design, and synthesis, Taqman probes have greatly increased in popularity in 
the molecular  fi eld.  

   Molecular Beacons ®  

 Molecular beacons  [  17  ]  are single-stranded oligonucleotides that contain a 
 fl uorescent dye (e.g., FAM, TAMRA, TET, or ROX) on one end and a quenching 
dye (usually DABCYL or BHQ) on the other end. Similar to TaqMan probes, 
molecular beacons also use FRET to detect and quantitate ampli fi cation products. 
When the beacon is free in solution or is not hybridized, it forms a hairpin-loop 
structure to bring the  fl uorescent dye and the quencher dye close together. The close 
proximity between the dyes in this hairpin con fi guration inhibits reporter 
 fl uorescence. If the target is present during the annealing step, the beacon will 
hybridize to the target and form a probe–target hybrid. Consequently, the beacon 
undergoes a conformational change that causes the reporter and the quencher dyes 
to move away from each other, therefore allowing reporter  fl uorescence to take 
place  [  17  ] . The hairpin structure of the molecular beacon allows it to discriminate 
single base-pair mismatches better in comparison to linear probes. Several uses of 
molecular beacons include SNP detection, real-time PCR quanti fi cation  [  18  ] , allelic 
discrimination, and multiplex PCR assays  [  19  ] .  

   Roche Lightcycler Probes ®  

 Lightcycler probes are sequence-speci fi c and highly sensitive  fl uorescent probes 
developed for use with the Roche Lightcycler ® . The Lightcycler Probe system is 
made up of a pair of single-stranded  fl uorescent-labeled oligonucleotide. The  fi rst 
probe is labeled at the 3 ¢  end with a donor  fl uorophore dye (i.e., FAM) and the 
second probe is labeled at the 5 ¢  end with an acceptor  fl uorophore dye (i.e., 5 ¢  
Lightcycler Red 610, 640, 670, or 705). During the PCR reaction, these two probes 
bind to the speci fi c amplicon sequence and bring the donor dye into close proxim-
ity with the acceptor dye. Once the donor dye is excited by light from the 
Lightcycler instrument, energy is transferred by FRET from the donor to the 
acceptor dye. This increase in  fl uorescence signal is directly proportional to the 
amount of amplicon present. 

 The Lightcycler probes are commonly used for Real-time quantitative PCR, SNP 
detection, Allelic discrimination, or End-point detection. Recent research has shown 
the importance of using the Roche lightcycler probes in Real-time PCR  [  20  ]  and in 
multiplex PCR assays as well  [  21  ] . Because these probes have increased thermal 
stability and hybridization speci fi city, the probes are preserved during the reaction 
and offer greater accuracy for gene quantitation and allelic discrimination.   
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   Capillary Electrophoresis and Direct Sequencing 

 Capillary electrophoresis was originally used to separate organic chemicals and 
inorganic ions and metals. This method is preferred over high-performance liquid 
chromatography (HPLC) because it is cheaper and results can be obtained faster  [  4  ] . 
It is increasingly being used for the separation and analysis of PCR products and 
nucleic acids because of its high sensitivity. It is a good alternative to gel electro-
phoresis because of its ability for automation. Manual pouring of slab-gels in tradi-
tional gel electrophoresis methods can cause inconsistencies in the matrix affecting 
results. Unlike traditional methods though, expensive instrumentation is usually 
needed to gather data and resolve sequences. Instruments like the Applied Biosystems 
3130 and 3130xl Genetic Analyzers (Applied Biosystems, Foster City, CA) are very 
expensive but can run up to four 96- or 384-well plates at once. Both these instru-
ments also have the ability to detect multiple  fl uorophores which enables better 
discrimination between similar sizes. 

 Direct amplicon sequencing is commonly used in the clinical laboratory to detect 
viral mutations (i.e., HIV, Hepatitis B and C) to monitor the development of antiviral 
drug resistance in chronically ill patients. Before genotyping can occur, the viral 
nucleic acid is extracted and ampli fi ed by PCR. The PCR products are then analyzed 
for mutations through sequencing  [  4  ] . Commercially available kits for genotyping 
have made it possible to obtain results within 48–72 h, thereby making this method 
more appealing for use in diagnostic molecular laboratories. An example is the 
Viroseq HIV-1 Genotyping system (Celera Diagnostics), which incorporates capil-
lary electrophoresis and sequencing in its technology and is currently widely used in 
laboratories  [  22  ]  to detect antiretroviral drug resistance mutations. Other commonly 
used instrumentation for sequencing include the ABI 3130 (Applied Biosystems, 
Foster City, CA) and the TruGene System (Siemens Healthcare Diagnostics, 
Deer fi eld, IL). Direct sequencing, along with deep sequencing (full genome sequenc-
ing), is commonly used as the gold standard comparator methods for the identi fi cation 
of viruses or bacteria that do not grow well using culture techniques. BK Polyomavirus 
does not grow well in culture, making comparison with traditional viral culture 
methods for a gold standard non-preferable  [  23  ] . Direct sequencing for ampli fi cation 
product detection and identi fi cation will be discussed in detail in Chap.   22    .  

   Pyrosequencing 

 Pyrosequencing is a totally different approach to sequencing compared to other 
chain termination method. In brief, this method relies on detecting the activity of a 
DNA-synthesizing enzyme with another chemiluminescent enzyme rather than 
chain termination with dideoxynucleotides. 

 The reaction begins with a single-stranded sequencing template. Along with this 
template, the reaction mix also includes a sequencing primer, sulfurylase and 
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luciferase, and two substrates adenosine 5 ¢  phosphosulfate (APS) and luciferin. 
Solutions of A, C, G, and T nucleotides are added and removed from the reaction. 
The generation of light indicates which nucleotide solution complements the  fi rst 
unpaired base of the template. In turn, the sequence of solutions which produced 
chemiluminescence determines the sequence of the template. 

 A huge advantage of this system is the absence of gels,  fl uorescent dyes, or ddNTPs. 
However, this method is limited to short sequence analysis (about 300–500 nucleotides) 
and is mostly used for mutation detection and infectious disease typing like in determin-
ing Hepatitis C virus genotypes  [  24  ] , rather than for generating new sequences.  

   DNA Microarray 

 DNA microarray is a multiplex technology commonly used in the  fi eld of molecular 
biology. It is a collection of microscopic features (usually DNA) on a glass slide or 
similar medium that can be probed with target molecules  [  25  ]  or  fl uorescent nucle-
otides that are used to label the test samples. It is also sometimes supplied with 
software for identifying the spots on the array by the array reader. Depending on the 
medium used, a microarray assay can either be solid or liquid. The traditional solid-
phase array will have spots or features, each with a speci fi c probe, attached to a 
solid surface such as nylon membranes, glass, or silicon biochip (DNA chip or 
genome chip). Other Microarray platforms such as seen in Illumina BeadChip 
Technology (Illumina, San Diego, CA) use microscopic beads instead of the large 
solid support, and are therefore referred to as liquid-phase microarrays. The Luminex 
liquid microarray system (Luminex, Austin, TX) employs the use of liquid beads as 
well instead of a solid medium. 

 Microarray technology has been used for over a decade in gene expression 
studies and is now gaining popularity in microbial identi fi cation and detection. 
Ampli fi cation by broad-range PCR  [  26  ]  of microbial targets before performing 
microarray analysis has been considered a standard procedure.    

 Multiplex PCR ampli fi cation techniques have also been incorporated with 
microarray technology to develop assays to simultaneously detect and identify a 
panel of microbial pathogens in a single reaction. A couple of years ago, the ResPlex 
System I (Qiagen, Valencia, CA) was used to detect a group of bacterial targets with 
known relevance in cases of community-acquired pneumonia from tracheal aspi-
rates collected from pediatric patients  [  27  ] . The favorable results obtained from this 
study increased interest in the use of multiplex PCR with microarray technology for 
the diagnosis of respiratory viruses. 

 Today, several commercial products that incorporate microarrays as the 
identi fi cation method are available in the market for the detection of a panel of 
respiratory viral pathogens  [  28–  30  ] . Among them are the Resplex II assay (Qiagen, 
Valencia, CA), the MultiCode-PLx RVP (EraGen Biosciences, Madison, WI), and 
the xTAG RVP (Luminex, Austin, TX), all of which use a liquid-bead microarray 
system developed by Luminex  [  31  ] . The NGEN respiratory virus assay (Nanogen, 
San Diego, CA), however, uses a solid electronic microarray technology.  
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   PCR-Mass Spectrometry 

 A novel approach to ampli fi cation product detection employs the use of PCR 
ampli fi cation in combination with mass spectrometry. This strategy allows multi-
plex analysis and simultaneous identi fi cation of a broad range of microorganisms in 
a given sample. The PLEX-ID system (Abbott Molecular, Des Plaines, IL) relies on 
PCR ampli fi cation and base-composition analysis using high-performance electro-
spray ionization mass spectrometry  [  32  ]  (ESI-MS). Multiple pairs of broad-range 
primers are used to amplify highly conserved regions of bacterial, viral, or fungal 
genomes. Following PCR ampli fi cation, the samples are desalted and are analyzed 
on the PLEX-ID analyzer  [  33  ] . Using the masses of the base compositions of ampli-
cons from all the primer pairs, the organisms present in the sample can be identi fi ed 
and quanti fi ed. The PLEX-ID system utilizes the IBIS Bioscience database (Abbott 
Molecular) of genomic information that correlates base composition to the identity 
of over 750,000 organisms. 

 With the results of recent published evaluation studies  [  34  ] , there is no doubt that 
PCR-mass spectrometry (PCR-MS) can  fi nd a niche in the modern clinical microbi-
ology laboratory in the future as a revolutionary microbial identi fi cation tool. 
However, even with the promise of faster turnaround time and accurate pathogen 
identi fi cation, it is not certain how these instruments will perform under diagnostic 
laboratory conditions. Cost-effectiveness and test complexity are also still open 
questions as well. Chapter   25     will explain more about PCR-MS and its 
applications.       
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         Introduction 

 Infectious disease-related illnesses are a signi fi cant threat to human health resulting 
in substantial morbidity and mortality, worldwide. Timely and accurate diagnostic 
tools are critical for patient treatment decisions and disease outcomes. Molecular 
diagnostics are revolutionizing the clinical practice of infectious disease. The vari-
ous formats of nucleic acid ampli fi cation are the most frequently used molecular 
tests in the diagnosis of infectious diseases due to its exquisite sensitivity and 
speci fi city. Gel electrophoresis and Southern hybridization are two basic technolo-
gies that are used to display the speci fi c ampli fi cation of targeted gene and are still 
used in the laboratories for diagnosis because it is such a powerful technique, and 
yet reasonably easy and inexpensive. 

 Due to signi fi cant advances in technology, the conventional gel electrophoresis 
and Southern hybridization are not mainstream methods in molecular diagnostic 
laboratories anymore. Instead, continued re fi nements in electrophoresis technology, 
such as improvements in automation and throughput have allowed this technology 
to be increasingly adapted and integrated into various currently used state of the art 
molecular technologies used in clinical and research laboratories for rapid, highly 
sensitive and speci fi c and quantitative pathogen detection  [  1–  9  ] . For example, the 
real-time PCR, which is the most commonly used molecular method, is the combi-
nation of the PCR ampli fi cation and nucleic acid hybridization with  fl uorescent 
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labeled probe; the sequencer is the capillary gel electrophoresis system with automatic 
analysis; and the microarray is a miniature and densi fi ed Southern hybridization 
array. Therefore, the gel electrophoresis and nucleic acid hybridization are the two 
basic technologies that are being used in most presently available advanced molecu-
lar diagnostic assays and systems. In addition, some complex electrophoresis meth-
ods, such as 2-D gel systems, have well developed and widely used in analyzing 
complex pathogenesis to get plenty of information and make molecular diagnosis 
even more powerful for clinicians providing better treatment and prevention. Thus, 
this section provides an up-to-date look at the general principles, diagnostic value, 
and the advances in development of the gel electrophoresis and Southern hybridiza-
tion technology.  

   The Principles and Application of Gel Electrophoresis 

 Electrophoresis is a technique used to separate charged molecules in a gel matrix. 
The macromolecules, DNA, RNA, and protein are charged molecules.    These 
charged molecules could be moved by electric current through a gel matrix. The 
types of gel most commonly used are agarose and polyacrylamide  [  10  ] . Agarose is 
a polysaccharide consisting mainly of long chain of galactopyranose residues. 
Dissolved agarose can polymerize into a semisolid matrix by cross-linking the sugar 
polymers with each other to form the gel matrix. Polyacrylamide gels are formed 
from the polymerization of two compounds, acrylamide and  N,N -methylene-
bis-acrylamide. The polymerization is initiated by the addition of ammonium 
persulfate along with either dimethyl amino-propionitrile (DMAP) or  N,N,N,N ,-
tetramethylethylenediamine (TEMED)  [  11  ] . The polyacrylamide gels are neutral, 
hydrophillic, 3-D networks of long hydrocarbons cross-linked by methylene groups. 
The separation of molecules within an agarose or polyacrylamide gel is determined 
by the relative size of the pores formed within the gel. For agarose gel, the pore size 
of a gel is determined by the concentration of agarose. The higher the concentration 
of agarose is, the smaller the pore size is. The pore size of a polyacrylamide gel is 
determined by two factors, the total amount of acrylamide present (designated as 
%T) and the amount of cross-linker (%C). As the total amount of acrylamide 
increases, the pore size decreases. With cross-linking, 5 %C gives the smallest pore 
size. Any increase or decrease in %C increases the pore size. The total acrylamide 
is given as a % (w/v) of the acrylamide plus the bis-acrylamide. 

 In spite of the many physical arrangements for the apparatus, electrophoretic 
separations depend upon the charge distribution of the molecules being separated. 
DNA and RNA are negatively charged molecules, and can be moved by electric 
current toward the anode through a matrix of agarose. The migration of the DNA 
molecules is almost entirely dependent on their size when they are electrophore-
sed in the buffer system with certain concentrations of iron and pH.    Proteins have 
different isoelectric point and could be positively or negatively charged depend-
ing on the PH of the buffer they were kept. When the detergent sodium dodecyl 
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sulfate (SDS) is used with proteins, all of the proteins become negatively charged 
by their attachment to the SDS anions. Therefore, all of the proteins can migrate 
toward the anode when separated on a polyacrylamide gel. The procedure is called 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis abbreviated as SDS-
PAGE. The technique has become a standard means for molecular weight deter-
mination  [  12–  15  ].  

 Although the traditional gel electrophoresis was used in the molecular diagnosis 
in clinical genetics  [  10,   16  ] , The traditional agarose or polyacrylamide gel electro-
phoresis are not the primary method anymore to detect the PCR ampli fi cation for 
the diagnosis purpose. The traditional electrophoresis process is time-consuming 
that do not  fi t the requirement of rapid molecular diagnosis. In addition, the size 
information of amplicons that gel electrophoresis acquired is not speci fi c enough to 
determine etiological pathogen. Recently, automatic gel electrophoresis systems 
have been developed and released to the market  [  17,   18  ] . The ScreenTape system 
 [  17  ]  automatically loads, runs, and analyzes sample of RNA, DNA, and protein. 
Each card-sized tape containing 16 microgels can analyze up to 16 DNA, RNA, or 
protein samples in 1 min per sample. The FT-2020A auto agarose gel electrophore-
sis analyzer  [  18  ]  can automatically run up to 24 tests at the controlled temperature. 
This instrument can connect with auto sample processing system. These automatic 
gel electrophoresis systems dramatically reduced the running time and sample han-
dling time, and were designed to coordinate with automatic sample preparation sys-
tem. Automatic electrophoresis systems provide the potential to be applied in the 
automatic diagnostic device that integrates the nucleic acid extraction, ampli fi cation, 
and detection together. They might become the new detection choice of the rapid, 
automatic diagnosis system. 

 Electrophoresis can be 1-D or 2-D. 1-D electrophoresis separates macromole-
cules with the electric current from one direction and is used for most routine pro-
tein and nucleic acid separations. The gel result shows the bands of macromolecules 
on gel according to their size and can be integrated visually. The speci fi c ampli fi cation 
of targeted pathogen gene can be detected by showing the speci fi c size band on 
either agarose gel or 1-D polyacrylamide gel. The 1-D polyacrylamide gel can sepa-
rate the proteins in a sample and then distinguish the presence of pathogen by 
hybridizing the protein band with speci fi c antibody on the membrane. 

 2-D electrophoresis starts with 1-D electrophoresis, and then further separates 
molecules by the second direction current in a 90° from the  fi rst current. Therefore, 
molecules are more effectively separated in 2-D electrophoresis since complex pro-
tein mixtures within a sample (cell, pathogen, clinical specimen) can be resolved 
effectively according to their isoelectric points and molecular weights by 2-D 
polyacrylamide gel electrophoresis  [  19  ] . The “spot” of 2-D electrophoresis could be 
subject to mass spectrometry for identi fi cation and analyzed with the assistant of 
software  [  20  ]  due to the complexity of the gel image. 

 2-D gel electrophoresis was a classic method used in the proteomics. 2-D gel 
electrophoresis can be combined with mass spectrometry techniques and genomic 
databases to determine the quality and quantity of proteins, and the information of 
protein–protein interaction  [  21  ] . By using these methods, the molecular diagnosis 
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of infection disease not only provides the etiologic information of infection diseases 
 [  22  ] , but also investigates characterization of pathogenicity of a pathogen agent 
 [  23  ] ; discovery of further putative virulence determinants assesses global cellular 
response toward infection and identi fi es potential anti-infection drug targets.    A number 
of groups have applied proteomics to the study of fungal  [  24  ] , bacterial, and viral 
infections  [  22,   25–  27  ] . These researches develop the early diagnosis method for 
challenge pathogens (i.e., fungi  Candida albicans  and  Aspergillus fumigatus )  [  22  ] , 
investigate the molecular details of pathogenicity that are hardly understood and 
identify the cellular proteins that is responsible for infection.  

   The Principles of Southern Blotting 

 Southern blot is a molecular method used for detection of a speci fi c DNA sequence 
in DNA samples. Southern blotting combines gel electrophoresis and probe hybrid-
ization together. Both fragment size and probe sequence are used to determine the 
speci fi city of a result  [  28  ] . DNA was run on an agarose gel to separate them by size. 
The negatively charged DNA band on gel was then transferred to positively charged 
membrane. Before transferring, the DNA gel sometimes needs to be treated with 
acid to break the DNA that is larger than 15 kb to smaller piece so that the transfer 
from the gel to membrane is more ef fi cient. Some research also treats the DNA gel 
with an alkaline solution as they believe that an alkaline environment may improve 
binding of the negatively charged DNA to a positively charged membrane, and also 
denature DNA into single strands for later hybridization. The transfer of the DNA 
to membrane is done by placing the gel on top of a buffer-saturated  fi lter paper, then 
by laying a sheet of nitrocellulose or nylon membrane on top of the gel (or toward 
the positively charged direction if the electrical transfer is applied), and  fi nally plac-
ing some dry  fi lter papers on top of this membrane   . 

 Pressure is applied evenly to the gel to ensure good and even contact between gel 
and membrane. Due to capillary action, the buffer moves from the bottom  fi lter 
paper through the gel carrying with it the denatured DNA present in the gel. The 
DNA becomes trapped in the nitrocellulose or nylon membrane as the buffer phases 
through it. This process takes several hours to complete. The relative positions of 
the bands on the membrane remain the same as those in the gel and there is a mini-
mal loss in their resolution. The membrane is then baked in a vacuum or regular 
oven at 80 °C for 2 h (standard conditions; nitrocellulose or nylon membrane) or 
exposed to ultraviolet radiation (nylon membrane) to permanently attach the trans-
ferred DNA to the membrane. The radioactive or dye-labeled probe could bind to 
the free binding sites on the membrane because single-stranded DNA has a high 
af fi nity for nitrocellulose membrane. To prevent nonspeci fi c binding, the baked 
membrane is treated, with a solution containing salmon or herring sperm DNA, 
0.2 % each of Ficoll (an arti fi cial polymer of sucrose), polyvinylpyrrolidone and 
bovine serum albumin. This pre-hybridization solution often also use for hybridiza-
tion reaction.    The probe DNA has labeled a single DNA fragment with a speci fi c 
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sequence whose presence in the target DNA is to be determined so that it can be 
detected; the probe usually incorporates radioactivity or a  fl uorescent or chromoge-
nic dye. While the membrane is incubated with the hybridization probe, the probe 
with a speci fi c sequence binds to the DNA fragment that the sequence is comple-
ment to the probe sequence.    Therefore, the labels of probe showed the position of a 
speci fi c DNA fragment. To ensure the speci fi city of the binding of the probe to the 
sample DNA, most common hybridization methods use deionized formamide, and 
detergents such as SDS to reduce nonspeci fi c binding of the probe. After hybridiza-
tion, excess probe is washed from the membrane using SSC buffer, and the pattern 
of hybridization is visualized on X-ray  fi lm by autoradiography in the case of a 
radioactive or  fl uorescent probe or by the development of color on the membrane if 
a chromogenic detection method is used. The conventional Southern blot is a com-
plex process that does not  fi t the need and trend of the rapid molecular diagnosis and 
has not been used for diagnosis anymore. But the DNA hybridization technology 
and concept have been used to develop many modern technologies, such as 
microplate assay that we introduce later in this chapter and microarray technology 
that is illustrated in another chapter. 

 Although the gel electrophoresis and Southern blot technology we discuss here 
are not commonly used techniques for molecular diagnosis anymore, these two 
technologies represent two basic principles that were applied in the development of 
many modern molecular diagnostic methods. It is helpful for clinicians and infec-
tious disease specialists to understand the basic principles, procedures, and limita-
tions of the diagnostic techniques to best interpret test results that use these 
methodologies.  

   Colorimetric Microwell Plate-Based System 

   Principle of Colorimetric Microwell Plate-based System 
for Amplicon Detection 

 The concept of colorimetric microwell plate-based system (CMPS) for amplicon 
detection is original from the immune assay, such as Elisa. However, the difference 
between Elisa and CMPS for amplicon detection is, for Elisa, which is protein–
protein interaction, or antigen/antibody reaction; for amplicon detection, which is 
nucleic acid/nucleic acid interaction, or sequence reaction.    These sequence-speci fi c 
methods for the detection of the products of nucleic acid (amplicons or PCR prod-
ucts) have been developed for a variety of solid phases, including nylon membranes, 
microwell plates, microparticles, and most recently, microchips (oligonucleotide 
probe microarrays)  [  29–  35  ] . Nucleic acid ampli fi cation assays (e.g., PCR) that 
employ microwell plate detection offer a number of advantages, including conve-
nience (nonisotopic chemistry), simplicity, high throughput, and high speci fi city. 
This format is amenable to automation and has sensitivity comparable to that of 
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other detection systems and chemistries. The procedure has many similarities to 
enzyme-linked immunosorbent assays (ELISA); in fact, this amplicon detection 
method has been referred to as the enzyme-linked oligosorbent assay (ELOSA), and 
enzyme hybridization assay (EHA). The scope of this part is limited to procedures 
in which the molecules that capture amplicons are immobilized onto the surface of 
wells of microwell plates. As such, methods that capture amplicons on microparti-
cles or microspheres (e.g., Luminex, Austin, Texas) are not discussed, even though 
the detection is carried out in microwell plates. 

 The detection of amplicons by CMPS were  fi rst described in the late 1980s  [  36–
  39  ]  and were based on procedures for characterization of synthetic oligonucleotides 
by hybridization in microwell plates  [  40,   41  ] . Early microwell plate detection pro-
cedures used sandwich hybridization, in which two or more probes—a capture 
probe and a secondary labeled probe—were used to detect amplicons  [  37–  39  ] . 
Typically, a single biotin-labeled probe with a sequence speci fi c for the captured 
amplicon was used as the secondary probe  [  38  ] . In a variation of this procedure, two 
secondary probes were used to detect a hybridized amplicon: an initial probe con-
taining an amplicon-speci fi c sequence at the 5 ¢  end and a 3 ¢  poly(T) tail, and an 
additional probe containing a 5 ¢  poly(A) tail and biotin substituents  [  39  ] . Sandwich 
hybridization was simpli fi ed to a direct hybridization procedure, in which the ampl-
icon was labeled with biotin during the extension phase of the PCR cycle, thereby 
eliminating the need for a secondary probe  [  36,   42  ] . The direct hybridization proce-
dure is easier to perform than the sandwich hybridization and has lower background 
levels  [  42  ] . 

 CMPS can be divided into two formats based on the molecule used to capture 
amplicons: oligonucleotide probe (sequence-speci fi c capture) and avidin (nonspeci fi c 
capture). Formats in which an immobilized oligonucleotide probe is used as the 
capture agent rely on sequence-speci fi c DNA–DNA hybridization of amplicons to 
the probe. Formats in which avidin (or streptavidin) is used as the capture agent rely 
on the high af fi nity of this chemical for biotin, in addition to the speci fi city of the 
amplicon-probe hybridization. 

 CMPS has been developed in-house  [  29,   36–  39,   42–  45  ]  and are available com-
mercially (Millipore, Billerica, Mass.; Roche Diagnostics, Indianapolis, IN; Argene, 
North Massapequa, NY)  [  46–  49  ] . The Roche format is available only as part of 
complete kits (Amplicor) for detection of infectious agents, including  Chlamydia 
trachomatis , human immunode fi ciency virus, and hepatitis C virus. These kits 
include reagents for specimen processing and PCR ampli fi cation. The Millipore 
(formerly Chemicon) systems, OligoDetect and ChemFLASH, consist of universal 
detection reagents only. Argene provides both universal detection systems and kits 
for speci fi c infectious agents. A line of microwell-based, multiplex PCR assays was 
available from Gen-Probe Prodesse, Waukesha, WI. These assays included Hexaplex 
(detection of several RNA respiratory viruses), Adenoplex (detection of adenovi-
ruses), Pneumoplex (detection of several bacterial agents causing pneumonia) as 
well as other assays  [  50,   51  ] . The commercially available systems offer optimized 
hybridization conditions and reagent formulations. With in-house-developed assays, 
the user must optimize reagent formulations and assay conditions and verify performance. 
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An advantage of in-house-developed assays is the lower cost of reagents. All of the 
aforementioned commercial and in-house developed CMPS involved the capture of 
amplicons by a capture molecule immobilized in plate wells. There are additional 
commercially available nucleic acid ampli fi cation assays that utilize the microwell 
detection format, but without actual capture, or binding of amplicons. The ProbeTec 
 C. trachomatis  and  Neisseria gonorrhoeae  assays (Becton Dickinson, Sparks, MD) 
utilize microwell plates to perform strand displacement ampli fi cation, and detection 
of extended primers using  fl uorescein-labeled probes in solution. Another variation 
on the amplicon-microwell detection format is the hybrid capture chemistry 
employed by Digene (now Qiagen, Germantown, MD). During hybrid capture, tar-
get DNA–RNA probe hybrids are captured onto a solid microwell phase coated with 
antibodies speci fi c for DNA:RNA hybrids. After capture, the hybrids are detected 
with multiple antibodies conjugated to alkaline phosphatase (signal ampli fi cation).  

   Clinical Application of CMPS for Amplicon Detection 

 There is substantial literature demonstrating the clinical utility of CMPS for PCR 
amplicon detection. The Hexaplex assay, which detects and quantitates RNA of 
in fl uenza viruses A and B, respiratory syncytial viruses A and B, and human 
parain fl uenza virus types 1, 2, and 3, was shown to be more sensitive than culture 
 [  51  ] . Of 109 total respiratory specimens tested, all 29 culture positive specimens 
were positive by Hexaplex. In addition, eight culture negative specimens were posi-
tive by Hexaplex. All eight specimens with presumptive false-positive Hexaplex 
results were from symptomatic patients with low RNA viral loads. The Argene 
Enterovirus Consensus assay was more sensitive than culture, and comparable to 
nucleic acid sequence-based ampli fi cation for detection of enteroviruses in a variety 
of clinical specimens  [  49  ] . The Amplicor  C. trachomatis  assay was signi fi cantly 
more sensitive than culture, and 100 % speci fi c  [  46  ] . Stellrecht et al. developed a 
multiplex CMPS assay for detection of several genital mycoplasmas  [  45  ]  and an 
assay for detection of enteroviruses  [  44  ] . Loeffelholz et al. developed a microwell 
detection assay for detection of  Bordetella pertussis  that was signi fi cantly more 
sensitive than culture or direct  fl uorescent assay  [  33  ] . Tang et al. devised compari-
son studies between microtiter detection assays and conventional standards of diag-
noses  fi nding that microtiter assays for viruses such as herpes simplex viruses, 
respiratory syncytial virus, in fl uenza virus, cytomegalovirus, tuberculosis, hepatitis 
C virus, histoplasmas,  and Bartonella quintana , to be more sensitive, speci fi c, 
timely with a decreased risk of contamination that the previously held conventional 
methods used for detection provided  [  52–  60  ] . Improving upon the bene fi t of rapid 
results of microassays was the ability to quickly assign a quanti fi cation, as Li et al. 
displayed the ability to measure the viral load of cytomegalovirus through the advent 
of a real-time PCR assay using a sequence detection system  [  58  ] . Some applications 
increased the degree of virus coverage in a CMPS assay with the testing of multiple 
viruses as in research by Tang et al. compiling an eight herpes simplex viruses 
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microassay allowing for an increase in the ability to screen and identify a speci fi c 
virus  [  56  ] . Lastly, Rahimian et al. demonstrated the superiority of PCR-based tech-
nology to serology when differentiating  B. quintana  from  Coxiella burnetii,  wherein 
serological testing was unable to produce a speci fi c positive between two bacteria; 
alluding to a false coinfections  [  60  ] . Further research and studies concerning the 
ef fi ciency and speci fi city of PCR-ELISA assays were de fi ned by developments in 
the tests for Alphavirus, chronic fatigue syndrome (CFS),  Neisseria meningtitidis , 
avian in fl uenza virus,  Listeria , human rotavirus, parvovirus B19, RSV, enterovi-
ruses, and noroviruses  [  61–  72  ] . Further studies comparing the use of the aforemen-
tioned Prodesse EHA containing a panel of seven distinct viruses and subtypes 
demonstrates the range of speci fi city and sensitivity of these microtiter assays over 
previously used methods of detection  [  51  ] . 

 Developments into the research of assays which allow for high throughput of 
samples such as with blood genotyping and detecting trace bacterial pathogens such 
as  Aeromonas salmonicida ,  Tenacibaculum maritimum ,  Lactococcus garvieae , and 
 Yersinia ruckeri  were compared by the studies by St. Louis, Wilson, and Carson, 
respectively, to demonstrate the higher ef fi ciency which RT-PCR ELISA hybridiza-
tion assays afford one over lesser throughput serological methods  [  63,   72  ] . Other 
CMPS-based applications which include the Pneumoplex: a multiplex PCR-EHA 
that allows simultaneous detection of  fi ve organisms,  Mycoplasma pneumoniae , 
 Chlamydia  ( Chlamydophila )  pneumoniae ,  Legionella micdadei , and  B. pertussis , 
and its real-time counterpart by Khanna et al.; development of a sensitive and 
speci fi c multiplex RT-PCR assay for detection of 11 common viral and bacterial 
pathogens causing community-acquired pneumonia or sepsis using two detection 
strategies: enzyme hybridization and microarray and carriage study by Kumar et al.; 
rapid Multiplex RT-PCR typing of in fl uenza A and B, and subtyping of in fl uenza A 
into H1, 2, 3, 5, 7, 9, N1 (human), N1 (animal), N2, and N7 including typing of 
novel swine-origin in fl uenza A (H1N1) virus during current 2009 outbreak in 
Milwaukee and simultaneous detection of CDC category “A” DNA and RNA biot-
errorism agents by He et al.  [  50,   73–  75  ]  are all demonstrated high speci fi cities and 
sensitivities.  

   How to Develop the CMPS for Amplicon Detection? 

 Among factors to consider when developing a CMPS assay are oligonucleotide 
labeling, microwell plate choices, immobilization of the probe in microwell plate 
wells, hybridization conditions, and detection of the hybridized amplicon. Microwell 
plate detection procedures are frequently based on capture and detection of biotiny-
lated amplicons. This requires that the primer used in the PCR ampli fi cation to 
generate the amplicon strand complementary to the probe be tagged with biotin. 
The biotin substituent will allow the amplicon to be either captured or detected by 
avidin (or streptavidin), depending on the detection format. Most oligonucleotide 
vendors offer 5 ¢ -end biotin-labeled oligonucleotides. 
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 Polystyrene microwell plates are typically used for amplicon detection because 
of their high DNA binding capabilities. Three common brands of commercially 
available microwell plates are Immulon (Thermo Fisher Scienti fi c, Waltham, MA), 
Nunc (Thermo Fisher Scienti fi c), and Costar (Corning, Corning, NY). Eight-well 
removable strips offer convenience and  fl exibility. Immobilization of DNA to the 
polystyrene surface is often accomplished by covalent binding (coating) of 
unmodi fi ed DNA probe. The probe is diluted to the appropriate concentration in 
coating buffer, added to microwells, and incubated under various conditions. Probe-
coating conditions were described in several references  [  37,   48,   50,   64  ] . Using 1 M 
ammonium acetate as coating buffer, if the incubation condition is at 37 °C, over-
night, the wash buffer is PBS, 0.1 % Tween-20; if the incubation condition is at 
37 °C, 2 h, the wash buffer is 2× SSC, 1.0 % Tween-20. Using 25 mM KH 

2
 PO 

4
 , 

25 mM MgCl 
2
  as coating buffer, the incubation condition is at room temperature, 

2 h, the wash buffer is 25 mM KH 
2
 PO 

4
 , 100 mM MgCl 

2.
  Using 1.5 M NaCl, 0.3 M 

Tris (pH 8.0), 0.3 M MgCl 
2
  as coating buffer, the incubation condition is at 37 °C, 

overnight, the wash buffer is 1 M NaCl; 0.1 M Tris (pH 9.3); 2 mM MgCl 
2
 , 0.1 % 

Tween-20. Probe-coated microwell plates stored with desiccant at 4 °C are usually 
stable for weeks to months, although stability should be veri fi ed by the individual 
user. Also available from several vendors are microwell plates covalently bound 
with streptavidin. These plates are used to bind biotinylated amplicons. Once bound, 
these biotin–streptavidin complexes are stable at salt concentrations of 500 mM 
NaCl and detergent concentrations of 1 % SDS. In a second step, the captured ampl-
icons bind a sequence-speci fi c, labeled probe. 

 Conditions for hybridization of denatured amplicon to immobilized DNA probe 
vary considerably and have generally evolved into more simpli fi ed and rapid proce-
dures with fewer steps and shorter incubation times. Table  21.1     lists hybridization 
conditions from several published procedures. The goal of the hybridization step is 
to allow ef fi cient and stable binding of the complementary probe and amplicon 
sequence while preventing the binding of ampli fi ed DNA containing mismatches. 
The degree to which noncomplementary DNA molecules hybridize depends on the 
stringency of the hybridization conditions; as stringency increases, hybridization 
speci fi city increases. If conditions are too stringent, hybridization of molecules with 
100 % complementarity will be prevented or reduced, resulting in lower sensitivity. 
The washing step immediately following hybridization is critical because it removes 
unhybridized, labeled molecules that would otherwise react with detection reagents. 
The stringency of the washing reagent must be such that bound amplicon is not 
removed. Table  21.1  lists wash buffer formulations. Typically, wash buffer is added 
to the microplate wells and removed immediately or allowed to soak for several 
seconds. This may be repeated several times. If using 4× SSC, 3.2× Denhardt’s, 
10 % dextran sulfate, 10  m g of salmon sperm DNA/mL as hybridization buffer, 2 h 
pre-hybridization at 65 °C is needed.  

 The  fi nal step of the CMPS assay is the colorimetric detection of hybridized 
(captured) amplicons. Biotin-labeled amplicons are usually detected using an 
avidin-enzyme conjugate followed by an enzyme substrate. Appropriate conjugates 
for solid-phase assays include alkaline phosphatase and horseradish peroxidase. 
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The substrates for these enzymes are soluble in the aqueous buffers used in 
CMPS assays. Alkaline phosphatase substrates include  p -nitrophenylphosphate 
and 5-bromo-4-chloro-3-indolyl phosphate. Peroxidase substrates include 
3,3 ¢ ,5,5 ¢ -tetramethylbenzidine and 2,2 ¢ -azino-di(3-ethylbenzthiazoline-6-sulfonic 
acid). Kirkegaard & Perry Laboratories (Gaithersburg, MD) and Vector Laboratories 
(Burlingame, CA) are two commercial sources for enzyme conjugates and substrates. 
Some of the enzyme-substrate systems require the addition of a weak acid to stop 
color development. Plates employing colorimetric enzyme substrates are read in an 
ELISA plate reader at 405–450 nm, depending on the substrate used. Variations of 
this procedure include hybridization of a  fl uorescein isothiocyanate-labeled probe 
to capture amplicon, followed by detection of the complex with an anti- fl uorescein 
isothiocyanate antibody conjugate (ChemFLASH; Millipore). A kit no longer 
commercially available used anti-double-stranded DNA antibody conjugate to 
detect amplicon-probe hybrids  [  76  ].  

   Table 21.1    Microwell plate hybridization conditions   

 Hybridization buffer 
 Time, temperature, 
other conditions  Wash buffer a   Reference 

 Amplicor (Roche)  60 min, 37 °C  Amplicor (Roche)  21 
 30 % formamide, 2× or 4× 

SSPE, b  1 % Triton X-100, 
5 % dextran sulfate 

 30–90 min, room 
temperature 

 0.2× SSC, c  0.1 % 
Triton X-100 

 6 

 0.15 M NaCl, 0.12 M HEPES 
(pH 8.0), 25 % dextran 
sulfate, 33 % formamide 

 90 min, room 
temperature, 
shaking 

 2× SSC, 0.1 % 
Tween-20 

 24 

 4× SSC, 3.2× Denhardt’s, d  
10 % dextran sulfate, 10  m g 
of salmon sperm DNA/mL 

 Overnight, 65 °C  2× SSC (30 min 
at 65 °C) 

 22 

 50 % formamide, 5× SSC, 1× 
FPG, e  25 mM KH 

2
 PO 

4
  

(pH 7.0), 0.2 % SDS, 5 % 
dextran sulfate, 200  m g 
of salmon sperm DNA/mL 

 4 h, 42 °C  2× SSC, 0.1 % SDS  18 

 5× SSC, 5× Denhardt’s, 0.2 % 
SDS, 200  m g of herring 
sperm DNA/mL 

 30 min, 50 °C  2× SSC  15 

 1 pmole of horseradish 
peroxidase-labeled probe, 
7.5× Denhardt’s, 3.5× SSPE, 
200  m g of herring sperm 
DNA/mL 

 60 min, 42 °C  PBS, f  0.05 % Tween-20  26 

   a Unless otherwise stated, plate washing did not include prolonged incubation times 
  b 1× SSPE is 0.18 M NaCl, 10 mM sodium phosphate buffer (pH 7.0), and 1 mM EDTA 
  c 1× SSC is 0.15 M NaCl and 15 mM sodium citrate 
  d 1× Denhardt’s is 0.02 % Ficoll 400, 0.02 % polyvinylpyrrolidone, and 0.02 % bovine serum 
albumin 
  e 1× FPG is 0.2 % Ficoll 400, 0.02 % polyvinylpyrrolidone 360, and 0.02 % glycine 
  f  PBS  phosphate-buffered saline  
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 To achieve adequate PCR assay performance characteristics, including sensitivity, 
speci fi city, accuracy, and precision, the CMPS assay must be optimized. Among the 
components that require optimization are the probe-coating concentration and 
hybridization stringency. Probe concentrations that are too low will result in low or 
variable optical density readings. As discussed above, hybridization stringency must 
be optimized to achieve a desired balance between sensitivity and speci fi city. When 
PCR assays are used for diagnostic purposes and the results are reported as such, 
veri fi cation of the performance characteristics is required. For CMPS assays, an 
optical density value distinguishing positive and negative results (cutoff) must be 
established and veri fi ed using a panel of well-characterized clinical specimens. In 
addition, the stability of probe-coated microwell plates and other in-house-prepared 
reagents must be determined and expiration dates should be applied. It is the respon-
sibility of the laboratory to develop and implement appropriate quality control test-
ing of in-house-prepared reagents. The entire CMPS (plate, hybridization and wash 
buffers, enzyme conjugate, and substrate) may be QC tested as a complete system, 
using amplicon stocks. References for optimization, veri fi cation, and validation of 
PCR diagnostic tests are available  [  76,   77  ] .  

   Summary of CMPS for Amplicon Detection 

 The CMPS have been widely used for over two decades, offering sensitivity and 
speci fi city. Sequence-speci fi c DNA/DNA hybridization makes the PCR product 
detection more speci fi c than gel detection. Enzyme detection of amplicon/probe 
hybrids is, in effect, a second ampli fi cation process in the CMPS detection format, 
providing additional sensitivity to that already provided by PCR gene ampli fi cation. 
The sensitivity of conventional PCR and CMPS detection is equivalent to that of 
real-time PCR or other nucleic acid ampli fi cation chemistries  [  18,   48,   49  ] . The 
CMPS detection format is familiar to most microbiologists, and can be adopted and 
performed using readily available equipment. The multi-well format allows for con-
venient detection of amplicons from multiplexed PCR. The CMPS detection format 
is also convenient and economical, particularly in a high-volume laboratory. There 
are also disadvantages to the CMPS detection format. There are multiple hands-on 
steps, generally requiring about 2–2.5 h for detection of ampli fi ed PCR product. 
The open system makes the assay susceptible to contamination. However, automation 
of the PCR and CMPS detection in a closed system, and software analysis of the 
data could mitigate these disadvantages. CMPS for amplicon detection are highly 
sensitive, highly speci fi c, capable of high sample throughput of up to 96 samples 
per run, easy to use, reliable, safe, economic, and  fl exible multiple target detection. 
It has the potential to be one of the standard methods for virus and other microor-
ganism detection.       
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         Introduction 

 The advances of technology to determine the nucleotide sequence of DNA have 
fundamentally changed the  fi eld of biological research and medicine. For diagnostic 
molecular microbiology, the most precise method of identi fi cation of a PCR product 
(amplicon) is to determine its nucleotide sequence. Although it is not always neces-
sary to sequence the entire amplicon for routine diagnostic procedures, DNA 
sequence has been used to analyze broad range PCR products for bacterial 
identi fi cation, for gene mutations related with antimicrobial resistance, and for bac-
terial strain typing and viral geno-typing, etc. Most of the amplicons of these appli-
cations are large (range approximately from 300 to 1,500 bp), and the exact 
nucleotide sequence of the amplicons are crucial for the results. 

 Two basic methods are created for DNA sequencing, the ddNTP-mediated chain 
termination method of Sanger et al.  [  33  ]  and the chemical cleavage method of 
Maxam and Gilbert  [  24  ] . The Sanger method has been widely performed in most 
research laboratory, using radioisotope-labeled nucleotide (e.g.,  32 P or  35 S) and stan-
dard manual method. The method relies on enzymatic DNA synthesis from a speci fi c 
oligonucleotide primer. The primer is annealed to the complementary sequence 
adjacent to the DNA of interest on a genetic element  [  32  ] . The method of DNA 
sequencing developed by Maxam and Gilbert is based on the speci fi c cleavage of 
DNA at speci fi c nucleotide. A homogeneous sample of DNA radiolabeled at one 
end is treated with four separate chemical reactions, each of which modi fi es a par-
ticular type of base. Conditions of the subsequent cleavage reactions are set such 
that cleavage occurs an average of only once for each DNA molecule. 
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 Not long ago, DNA sequence-based analyses were laborious and time-consuming. 
These methods were available only for research setting. Recent advances in the use of 
 fl uorescent dye terminator chemistry and laser scanning in a polyacrylamide gel elec-
trophoresis (PAGE) and the application of capillary electrophoresis technique com-
bined with  fl uorescent dye terminator, combined with base-calling software, has made 
DNA sequencing much less labor intensive. Capillary electrophoresis allows for accu-
rate size discrimination of  fl uorescently labeled nucleic acids from 50 to 1,000 bases 
with single base precision. Capillary electrophoresis base nucleic acid sequencing 
analysis has become a routing procedure in many molecular diagnostic laboratories. 

 Pyrosequencing is a non-gel-based DNA sequencing technique that is based on 
the detection of the pyrophosphate (PPi) released during DNA synthesis. In a cas-
cade of enzymatic reactions, visible light is generated at a level that is proportional 
to the number of incorporated nucleotides (Fig.  22.1 ) This method generates 30- to 
40-base sequences with each primer, and the throughput is 96 samples in approxi-
mately 10 min; i.e., the throughput is much higher than that which can be achieved 

Polymerase
3’ ----------------ATGCCGGTTTCCCAAAGTCCC -------5’
               5’ →TACGGCC

dCTP PP

Sulfurylase
Apyrase ATP

Luciferase
dCMP + 2Pi Light

Real-time monitoring

Nucleotide added: ACGTACGTACGTACGTACGT

DNA sequence: -------TACG------G-----C-----C

  Fig. 22.1    Schematic diagram of pyrosequencing. The reaction mixture consists of single-stranded 
DNA with an annealed primer, DNA polymerase, ATP sulfurylase, luciferase, and apyrase. The 
four nucleotide bases are added to the reaction mixture in a particular order, e.g., A, C, G, and T. 
If the added nucleotide forms a base pair (in this case, two Cs base pair to the template), the DNA 
polymerase incorporates the nucleotide and a pyrophosphate (PPi) is released. The released pyro-
phosphate is converted to ATP by ATP sulfurylase, and luciferase uses this ATP to generate detect-
able light. This light is proportional to the number of nucleotides incorporated and is detected in 
real time. The pyrosequencing raw data are displayed simultaneously, and in this example the 
sequence generated reads TACGGCC. Excess quantities of the added nucleotide are degraded by 
apyrase. If the nucleotide does not form a base pair with the DNA template, it is not incorporated 
by the polymerase and no light is produced. Apyrase then rapidly degrades the nucleotide       
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by conventional Sanger sequencing on gel or capillary-based automated sequencing 
machines. The limitation of pyrosequencing is that the sequence is only accurate 
within the  fi rst 30–40 bases, beyond that the data is unreliable.   

   Methodology 

 Four steps are required to obtain DNA sequence of PCR product: nucleic acid 
extraction (either RNA or DNA), PCR ampli fi cation (or RT-PCR for RNA target), 
nucleotide sequencing, and database homology search/analysis and reporting. 

   Nucleic Acid Extraction 

 Depends on the PCR primers, for broad range primers, pure culture of a bacterial/
viral agent is generally required for its identi fi cation. If PCR primer is designed 
speci fi cally for a particular microbial agent, clinical specimens may be used directly 
for nucleic acid extraction. Various DNA extraction methods can be used, such as 
traditional phenol chloroform method, commercial DNA extraction kits, etc. Pure 
culture and relatively large quantity of target DNA makes contamination by back-
ground DNA from reagents and other sources negligible. In our experience, for 
most bacterial target, no DNA puri fi cation is necessary. Two colonies or the pellet 
of 1 mL positive liquid medium are resuspended in 200  m L sterile saline, 2  m L of the 
suspension is used directly in the subsequent PCR reaction. Alternatively, the bacte-
rial suspension can be boiled for 10 min and centrifuged for 5 min at 8,000× g , and 
the supernatant (2  m L) can be used for PCR.  

   Polymerase Chain Reaction 

 Depends on the target and primer set, the PCR condition varies. It is important to 
verify the purity of PCR product by visualizing the ampli fi ed DNA on an agarose 
gel before starting DNA sequencing, especially in the assay validation stage. Once 
the procedure is validated and a single PCR product is routinely obtained, the aga-
rose gel step may not be necessary. Usually, PCR amplicon ampli fi ed from a pure 
target, produce large amount of DNA and suf fi cient for nucleotide sequencing. For 
PCR reaction that generates multiple products, a gel puri fi cation procedure is neces-
sary to purify the amplicon of interest.  

   Nucleotide Sequencing 

 The PCR amplicon can be sequenced directly after the removal of unpolymerized 
primers and 4-NTPs that can be achieved by enzymatic digestion with exonuclease 
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and shrimp alkaline phosphatase. No further puri fi cation or concentration of the 
amplicon is generally necessary. Automated sequencing can be performed accord-
ing to sequencing chemistry and sequencing instrument of your laboratory. Usually, 
one of the PCR primers is used as the primer for sequencing reaction. If both strands 
of the amplicon are to be sequenced, two separate reactions are needed. For clinical 
microbiology laboratories with no DNA sequencing equipment, this  fi nal step can 
usually be achieved by sending the puri fi ed amplicon with one of the PCR primers 
to an in-house core sequencing facility or a commercial laboratory providing DNA 
sequencing service. 

 Ruano and Kidd  [  31  ]  have developed a method called coupled ampli fi cation and 
sequencing; it is a method for sequencing both strands of template as they are 
ampli fi ed. The procedure is biphasic, stage I selects and ampli fi es a single target from 
the genomic DNA, stage II accomplishes the sequencing as well as additional 
ampli fi cation of the target using aliquots from the stage I reaction mixed with end-
labeled primer and dideoxynucleotides. A modi fi ed procedure (CLIP) has been 
developed using Clipper sequencer  [  44  ] . Two characteristics of the CLIP reaction as 
a modi fi cation of the original coupled ampli fi cation and sequencing method by Ruano 
and Kidd are: (1) An engineered mutant of thermostable DNA polymerase is used 
which lacks 5 ¢ –3 ¢  exonuclease activity and therefore produces uniform band intensi-
ties. (2) Different far-red  fl uorescent dyes are linked to the two inward-facing CLIP 
primers, allowing a template to be sequenced in both directions in a single run.  

   Homology Search and Reporting 

 For sequence analysis, the sequence is compared with the data in nucleotide sequences 
database, whether in-house developed, commercial or public database (such as 
GenBank). The match (sometimes multiple matches) need to be interpreted cau-
tiously; speci fi cally, consensus of the matches and/or the match with type strain should 
be sought. Preferably, sequences from type strains with good quality (no unresolved 
nucleotides or arti fi cial gaps) and from a reputable laboratory. One should be aware 
that the nucleotide sequence data in the public database have not been peer-reviewed. 
Early sequencing data generated by manual method may not be very accurate.   

   Application of DNA Sequencing in Molecular Diagnosis 

   Sequencing of  hsp65  for Identi fi cation of Mycobacterial Species 

 Clinical microbiology laboratory usually uses a combined molecular/conventional 
approach for mycobacterium identi fi cation. Commercial probes are available for 
 Mycobacterium tuberculosis  complex,  Mycobacterium avian/intracellular  complex, 
 Mycobacterium kansasii , and  Mycobacterium gornodae . For other mycobacteria, 
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conventional/biochemical based (and time-consuming) methods are applied for 
identi fi cation. Atypical biochemical reactions have frequently causing problems 
for accurate species identi fi cation. Many molecular methods have been developed 
for identifying mycobacteria, the 16S rRNA gene sequencing is the most frequently 
used approach for sequence-based identi fi cation of mycobacteria (review in Chap. 
  30     of this book). The 65-kDa heat shock protein gene ( hsp65 ), present in all myco-
bacteria, is more variable than the 16S rRNA gene sequence and is useful for the 
identi fi cation of genetically related species. Sequence variations in the  hsp65  gene 
have been exploited to identify both slowly growing mycobacteria and rapidly grow-
ing mycobacteria (RGM) to the species level. Hance et al.  [  20  ]  reported amplifying 
a fragment of the  hsp65  to detect and, coupled with species-speci fi c probes, identify 
mycobacteria from clinical samples. After this, Plikaytis et al.  [  28  ]  and Telenti et al. 
 [  39  ]  described, using separate gene regions, the successful identi fi cation of myco-
bacteria by using restriction digest analysis of ampli fi ed  hsp65  fragments ( hsp65  
PRA).  Hsp65  PRA has been widely used for identi fi cation, and an algorithm based 
on this approach has recently been developed for differentiating 34 mycobacterial 
species, including members of the RGM group. A sequence-based strategy has sev-
eral potential advantages. It generates direct, unambiguous data and can distinguish 
medically relevant subspeci fi c phylogenetic lineages. Recent advances in automated 
DNA sequencing have also made this approach much easier. To overcome the limi-
tations of  hsp65  PRA and the potential advantage of generating direct unambiguous 
data, Kapur et al.  [  22  ]  developed a procedure for sequencing the  hsp65  amplicon 
generated by the Telenti primers as a means for identifying mycobacteria. This tech-
nique has since been used by many investigators to identify species, as well as char-
acterize and de fi ne groups within a number of mycobacteria. A study by McNabb 
et al.  [  25  ]  assessed the viability of using  hsp65  sequencing to identify all mycobac-
teria routinely isolated by a clinical mycobacteriology laboratory and the ability of 
an in-house database, consisting of 111  hsp65  sequences from putative and valid 
mycobacterial species or described groups, to identify 689 mycobacterial clinical 
isolates from 35 species or groups. The overall agreement between  hsp65  sequenc-
ing and the other identi fi cation methods is 85.2 %. The study indicates that for  hsp65  
sequencing to be an effective means for identifying mycobacteria a comprehensive 
database must be constructed.  Hsp65  sequencing has the advantage of being more 
rapid and less expensive than biochemical test panels, uses a single set of reagents 
to identify both rapid- and slow-growing mycobacteria, and can provide a more 
de fi nitive identi fi cation. Due to limitations of appropriate database, the best approach 
for sequence identi fi cation of mycobacteria is to have both 16S rRNA gene (see Chap. 
  30     in this book) and the hsp65 gene methods available in the laboratory.  

   The  rec A Gene Sequence 

 The  rec A gene sequence can be an alternative to the sequence analysis of the gene 
16S rDNA for the differentiation of mycobacteria  [  3  ] . The  Rec A protein encoded by 
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this gene exists in all bacteria. It plays an important role in homologous DNA 
recombination, DNA damage repair, and induction of the SOS response. Sequencing 
of the fragment A (915–970 bp) can distinguish  Mycobacterium leprae , 
 Mycobacterium aurum , and  Mycobacterium mucogenicum . The  rec A sequencing 
can differentiate the clinically important  M. kansasii  from the less clinically impor-
tant  Mycobacterium gastri . Sequencing of the fragment B (about 1 kbp) distin-
guished the species  Mycobacterium xenopi ,  Mycobacterium asiaticum , 
 Mycobacterium shimoidei , and  MTC . 

   Internal Transcribed Spacer 

 The internal transcribed spacer (ITS) region, a stretch of DNA that lies between the 
16S and 23S rRNA subunit genes, has proved to show a high degree of variability 
in both sequence and size at the genus and species level  [  2,   17  ] . Hence, this region 
may allow ef fi cient identi fi cation of species due to its enhanced variability within a 
genus  [  12  ] . The diversity of the intergenic spacer regions is due in part to variations 
in the number and type of tRNA sequences found among these spacers. Sequence of 
ITS region has been used for the identi fi cation of mycobacterial species, for 
Staphylococcal species  [  8  ] , Streptococcal species  [  7  ] , and for rapid identi fi cation of 
medically important yeast  [  6  ] . 

 For molecular identi fi cation of mycobacteria, the most frequently used DNA 
sequence-based method is the 16S rRNA gene. However, there are instances in 
which the sequences of 16S rDNA genes have been found to be very similar, if not 
identical, between different species in a genus, making it necessary to  fi nd alterna-
tive speci fi c sequences. The intergenic 16S–23S ITS region is considered to be less 
prone to selective pressure and consequently can be expected to have accumulated 
a higher percentage of mutations than the corresponding rDNA. Sequencing of the 
ITS regions of diverse bacteria indicates that considerable length and primary 
sequence variation occurs, and this variability has been successfully used to distin-
guish between closely related mycobacteria, such as the  Mycobacterium avium–M. 
intracellulare  complex  [  9,   11  ] ,  M. gastri  and  M. kansasii,  both of them share an 
identical 16S rDNA sequence  [  29,    30  ] ;  Mycobacterium farcinogenes  and 
 Mycobacterium senegalense   [  19  ]  and  Mycobacterium chelonae  complex. 

 Streptococci are a very diverse group of microorganism; many molecular tech-
niques have been used for the identi fi cation of streptococci. Chen et al.  [  7  ]  have 
evaluated the feasibility of sequence analysis of the 16S–23S ribosomal DNA 
(rDNA) intergenic spacer (ITS) for the identi fi cation of clinically relevant viridans 
group streptococci (VS). The ITS regions of 29 reference strains (11 species) of VS 
were ampli fi ed by PCR and sequenced. The ITS lengths (246–391 bp) and sequences 
were highly conserved among strains within a species. The intraspecies similarity 
scores for the ITS sequences ranged from 0.98 to 1.0, except for the score for 
 Streptococcus gordonii  strains. The interspecies similarity scores for the ITS 
sequences varied from 0.31 to 0.93. Phylogenetic analysis of the ITS regions 
revealed that evolution of the regions of some species of VS is not parallel to that of 
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the 16S rRNA genes. The accuracy of using ITS sequencing for the identi fi cation of 
VS was veri fi ed by 16S rDNA sequencing for all strains except strains of 
 Streptococcus oralis  and  Streptococcus mitis , which were dif fi cult to differentiate 
by their 16S rDNA sequences. It was concluded that the identi fi cation of species of 
VS by ITS sequencing is reliable and could be used as an alternative accurate 
method for the identi fi cation of VS  [  14  ]  .  

 In staphylococci, there are several copies of the  rrn  operon. Gürtler and Barrie 
 [  16  ]  characterized the spacer sequences of  Staphylococcus aureus  strains, including 
methicillin-resistant  S. aureus  (MRSA) isolates, and identi fi ed nine  rrn  operons 
whose 16S–23S spacer region varied from 303 to 551 bp. Three of these spacers 
contain the tRNAIle gene and two contains both the tRNAIle and the tRNAAla 
genes, while the remaining four 16S–23S spacers have no tRNA gene. Forsman 
et al.  [  10  ]  sequenced the 16S–23S spacer of  fi ve staphylococcal species ( S. aureus , 
 Staphylococcus epidermidis ,  Staphylococcus hyicus ,  Staphylococcus simulans , and 
 Staphylococcus xylosus ) and found that in addition to  S. aureus ,  S. hyicus , and 
 S. simulans  also had a tRNAIle gene in some of their  rrn  operons. The sequence 
conservation of the rrn operons argues for the use of the 16S–23S spacer region as 
a stable and direct indicator of the evolutionary divergence of  S. aureus  strains. 

 Fungi are an incredibly diverse and ubiquitous group of eukaryotes, traditional 
identi fi cation depends on morphological differences in their sexual or asexual repro-
ductive structures. A PCR/sequencing-based approach may provide rapid and more 
accurate identi fi cation method. Coding regions of the 18S, 5.8S, and 28S nuclear 
rRNA genes evolve slowly, are relatively conserved among fungi, and provide a 
molecular basis of establishing phylogenetic relationships  [  43  ] . Between coding 
regions are the internal transcribed spacer 1 (ITS1) and regions 2 (ITS2), respec-
tively. The ITS region evolves more rapidly and vary among different species within 
a genus. The ITS regions are located between the 18S and 28S rRNA genes and 
offer distinct advantages over other molecular targets including increased sensitiv-
ity due to the existence of approximately 100 copies per genome ( Aspergillus  spe-
cies). PCR ampli fi cation may facilitate the identi fi cation of ITS region DNA 
sequences with suf fi cient polymorphism to be useful for identifying medically 
important fungal species, the concordance rate between phonotypical and ITS2 is 
greater than 98 %  [  5,   6,   40  ] . The sequence variation of ITS regions has led to their 
use in phylogenetic studies of many different organisms  [  15  ] .   

   HCV Genotyping by Nucleotide Sequencing 

 There are nearly four million persons infected with HCV in the United States and it 
is estimated that 30,000 acute new infections will occur annually. Progression to 
chronic disease occurs in approximately 85 % of individuals. Chronic HCV infec-
tion is known to progress to cirrhosis and hepatocellular carcinoma. Interferon alfa 
and ribavirin are used to treat this infection  [  26  ] . HCV genotyping is recommended 
after diagnosis of HCV. HCV is classi fi ed on the basis of the similarity of nucleotide 
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sequence into major genetic groups designated genotypes. Recent studies have 
shown that HCV viral genotyping may be able to help in selecting therapeutic regi-
men and outcome of therapy. The reference standard and most de fi nitive method for 
HCV genotyping is sequencing of a speci fi c PCR-ampli fi ed portion of the HCV 
genome obtained from the patient, followed by phylogenetic analysis. Although all 
these methods are able to identify correctly the major genotypic groups, only direct 
nucleotide sequencing is ef fi cient in discriminating among subtypes.  [  4,   37  ]  

 The TruGene™ HCV 5 ¢ NC Genotyping Kit (Bayer Diagnostics) has provided a 
method to obtain the sequence of the 5 ¢  noncoding region of HCV viral RNA in 
plasma. RNA is extracted from plasma and a 244-base pair sequence in the 5 ¢ NC 
region is ampli fi ed by reverse transcription and polymerase chain reaction (RT-PCR) 
in a single-tube, one-step ampli fi cation technique. Sequencing reactions are gener-
ated from the ampli fi ed cDNA by CLIP sequencing. CLIP allows both directions of 
the cDNA to be sequenced simultaneously in the same tube using two different dye-
labeled primers for each of the sequencing reactions. The CLIP sequencing ladders 
(each direction being labeled with one dye) are then detected on the OpenGene™ 
automated DNA sequencing system. The forward and reverse sequences are com-
bined and compared to the sequences of several genotypes of HCV strains with the 
GeneLibrarian™ software in order to determine the genotype of HCV.  

   HIV-1 Genotyping 

 The ViroSeq HIV-1 genotyping assays (Celera Diagnostics, Alameda, CA; distrib-
uted by Abbott Molecular Diagnostics, Des Plaines, IL) also use dideoxy chain-
terminating sequencing, but each dideoxynucleotide is labeled with a different 
 fl uorescent dye. Each reaction mixture contains one primer but all four uniquely 
labeled dideoxynucleotides. Separation of the terminated PCR products is done by 
capillary electrophoresis. The ViroSeq HIV-1 Genotyping System can be used for 
detecting HIV genomic mutations associated with resistance to speci fi c types of 
antiretroviral drugs, facilitate monitoring, and treatment of HIV infection. 
Speci fi cally, the ViroSeq HIV-1 Genotyping System can be used to: detect HIV-1 
Subtype B viral resistance in plasma samples collected in EDTA with a viral load 
ranging from 2,000 to 750,000 copies/mL genotype the entire HIV-1 protease gene 
from codons 1-99 and two-thirds of the reverse transcriptase (RT) gene from 
codons 1-335.  

   Sequence-Based Bacterial Genome Typing 

 Many techniques are available to differentiate  S. aureus , and speci fi cally MRSA, 
isolates. Conventionally, isolates were distinguished by phenotypic methods, includ-
ing antibiotic susceptibility testing and bacteriophage typing. Both methods have 
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limitations, as genetically unrelated isolates commonly have the same antibiogram, 
and many  S. aureus  isolates are nontypeable by phage typing. With the advance-
ment of molecular biology, strain typing focused on DNA-based methods: restric-
tion endonuclease patterns of chromosomal or plasmid DNA; Southern blot 
hybridization using gene-speci fi c probes, ribotyping, PCR-based approaches, and 
pulsed- fi eld gel electrophoresis (PFGE). These methods require subjective interpre-
tation and comparison of patterns and  fi ngerprint images. 

 Nucleotide sequence analysis is an objective genotyping method; sequencing 
data can be easily stored and analyzed in a relational database. Recent advances in 
DNA sequencing technology have made it possible for sequencing to be consid-
ered as a viable typing method. Two different strategies have been used to provide 
genotyping data: multi-locus sequence typing (MLST), which compares sequence 
variation in numerous housekeeping gene targets, and single-locus sequence typ-
ing, which compares sequence variation of a single target. MLST has been devel-
oped for  Neisseria gonorrhoeae ,  Streptococcus pneumoniae,  and  S. aureus  based 
on the classic multi-locus enzyme electrophoresis (MLEE) method used to study 
the genetic variability of a species. Sequence analysis of  fi ve to seven housekeep-
ing genes provides a database from which to infer relationships in somewhat dis-
tantly related isolates that have had substantial time to diversify. The MLST 
approach is not practical to be used in a clinical laboratory because it is labor-
intensive, time consuming and costly. A single-locus target, if discriminating, pro-
vides an inexpensive, rapid, objective, genotyping method to subspeciate bacteria. 
Two  S. aureus  genes conserved within the species, Shopsin et al. has developed the 
protein A ( spa )  [  34  ]  and coagulase ( coa )  [  35  ]  procedures for sequence-based staph-
ylococci strain typing. DNA sequencing of the short sequence repeat (SSR) region 
of the protein A gene ( spa ) has been used as an alternative to current techniques for 
the typing of  S. aureus . The SSR consists of a variable number of 24-bp repeats and 
is located immediately upstream of the region encoding the C-terminal cell wall 
attachment sequence. The sequencing of the  spa  SSR region combines many of the 
advantages of a sequencing-based system such as MLST but may be more rapid 
and convenient for outbreak investigation in the hospital setting since  spa  typing 
involves a single locus. 

 The coagulase gene ( coa ) variable region has been evaluated for use in con-
junction with  spa  sequencing for the strain typing of MRSA. The coagulase pro-
tein is an important virulence factor of  S. aureus . Like  spa ,  coa  has a polymorphic 
repeat region that can be used for differentiating  S. aureus  isolates. The variable 
region of  coa  comprises 81-bp tandem SSRs that are variable in both number and 
sequence, as determined by restriction fragment length polymorphism analysis of 
PCR products. 

 Coagulase gene ( coa ) SSR region sequencing was used to measure relatedness 
among a collection of temporally and geographically diverse methicillin-resistant 
 S. aureus  isolates. The results show that  coa  typing is a useful addition to  spa  typing 
for the analysis of  S. aureus , including methicillin-resistant strains.   
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   Pyrosequencing 

 Pyrosequencing, with its ability of rapidly sequence a short piece of DNA, has been 
evaluated for applications used many areas: GC strain typing ( porB  gene sequenc-
ing)  [  42  ] ; linezolid resistance in Enterococci  [  38  ] ; lamivudine resistance in HBV 
 [  23  ] ; monitoring HIV protease inhibitor resistance  [  27  ] ; rapid identi fi cation of 
 bacteria from positive blood culture  [  21  ] ; detection of HSV-1 and 2  [  1  ] . 

 For 16S rRNA gene-based bacterial identi fi cation, a minimum 200 bp or more is 
needed for any meaningful identi fi cation. However, many investigators have tried to 
use short representative regions for rapid identi fi cation, notably identi fi cation for 
mycobacteria and rapid ID for sepsis-related bacteria. Jordan et al.  [  21  ]  have studied 
the possibility of using pyrosequencing to identify a15 base hyper variable region 
within the 16S rRNA gene for bacterial ID, as compared with 380 bp 16S rRNA 
fragment sequencing. The results were not very encouraging; the 380 bp sequencing 
can give species level identi fi cation while the 15 bp pyrosequencing can only give 
semi-genus level identi fi cation, such as staphylococcus, streptococcus, or enteric 
gram negative rods. The 15 bp pyrosequencing did not do much better than a simple 
gram stain smear reviewed by an experienced clinical microbiologist. 

 A 30-bp pyrosequencing method was evaluated mycobacterium identi fi cation. 
When blasted against GenBank, 179 of 189 sequences (94.7 %) assigned isolates to 
the correct molecular genus or group. Pyrosequencing of this hypervariable region 
afforded rapid and acceptable characterization of common, routinely isolated clini-
cal Mycobacterium sp. However, additional sequencing primer or additional bio-
chemical tests may be needed for more accurate identi fi cation  [  41  ] . 

 Pyrosequencing did very well in identifying mutant genes associated with drug 
resistance. A pyrosequencing assay for the rapid characterization of resistance to 
HIV-1 protease inhibitors  [  27  ] . This sequencing approach allows parallel analysis 
of 96 reactions in 1 h, facilitating the monitoring of drug resistance in eight patients 
simultaneously. Twelve pyrosequencing primers were designed and were evaluated 
on the MN strain and on viral DNA from peripheral blood mononuclear cells from 
eight untreated HIV-1-infected individuals. The method had a limit of detection of 
20–25 % for minor sequence variants. Pattern recognition (i.e., comparing actual 
sequence data with expected wild-type and mutant sequence patterns) simpli fi ed the 
identi fi cation of minor sequence variants. This real-time pyrosequencing method 
was applied in a longitudinal study monitoring the development of PI resistance in 
plasma samples obtained from four patients over a 2 1/2-year period. Pyrosequencing 
identi fi ed eight primary protease inhibitor resistance mutations as well as several 
secondary mutations. 

 A pyrosequencing method for detection and quanti fi cation of macrolide resis-
tance mutations was developed and tested for  S. pneumoniae ,  Streptococcus pyo-
genes ,  Mycobacterium avium ,  Campylobacter jejuni , and  Haemophilus in fl uenzae . 
The method detecting mutations at positions 2058 and 2059 ( Escherichia coli  num-
bering) of the 23S rRNA gene  [  18  ] . Pyrosequencing has also been used for fungal 
identi fi cation  [  13  ] . 
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 The Roche 454 platform, using pyrosequencing technology to carry out hundreds 
of thousands of sequencing reactions simultaneously on independent beads, this is 
one of the technologies referred as the “Next generation sequencing.”  

   Next-Generation Sequencing 

 During the past decade, multiple new sequencing technology platforms have emerged. 
And they have surpassed conventional Sanger sequencing method in terms of increased 
total sequence production and signi fi cantly decreased cost, these new sequencing 
methods are referred to as next-generation sequencing, and they have considerable 
potential for clinical diagnostics. The  fi ve major next-generation sequencing plat-
forms as of this writing are the Roche 454 GS-FLX (454, Branford, CT), the Illumina 
(San Diego, CA) Genome Analyzer, the ABI SOLiD (Applied Biosystems), HeliScope 
(Helicos), and SMRT by Paci fi c Bioscience. A detailed description of the mechanisms 
of each technology is beyond the scoop of this chapter. Brie fl y, these new generation 
sequencing technologies have a similar general approach: breaking DNA into multi-
ple fragments, amplifying the fragments (in some technology, no ampli fi cation 
needed) and then simultaneously, rapidly sequencing multiple fragments, and then 
using a powerful bio-informatics software to align the sequences and generating  fi nal 
sequencing results. These new technologies are having a signi fi cant impact on human 
genome research, diagnosis of genetic disorders, cardiovascular disease, and cancer. 
In the  fi eld of clinical microbiology, the technologies will have tremendous impact on 
rapid whole genomic sequencing, identify new organisms, look into strain-to-strain 
variations and rare mutations. Ultradeep sequencing using the Roche 454 system can 
detect rare viral variants consisting of as little as 1 % of the population  [  36  ] , signi fi cantly 
impact treatment outcomes in HIV-1 infections. This level of detection can never be 
achieved by traditional sequencing methods.      
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         Introduction 

 Microorganisms play important roles in ecosystem functioning in both the environment 
and within host organisms. However, the diversity of microbial communities (an 
estimated 2,000–50,000 microbial species per gram of soil  [  1–  4  ]  and the human 
intestine is estimated to contain at least 500 phylotypes  [  5  ] ) and their mostly uncul-
turable status (>99 %  [  6–  8  ] ) make them dif fi cult to study. As such, culture-independent 
approaches are essential to study even a fraction of microorganisms in the environ-
ment. Microarrays can examine tens of thousands of genes at one time in a simple, 
rapid, high-throughput, and parallel manner, making them ideal for the study of 
microbial communities. Microarrays can also provide quantitative information if 
ampli fi cation of target DNA is not required prior to analysis. Due to the large 
amount of data generated from each array, array-based analyses can be more cost-
effective than other molecular methods. In addition, arrays are an ideal tool for 
comparing microbial communities from different sites, conditions, or times since 
samples are interrogated against a de fi ned set of genes or microorganisms con-
tained on the array. These features make microarrays excellent tools for assessing 
microbial community structure, functions, activities, and dynamics in natural 
settings. This chapter discusses various types of arrays and their applications to 
issues of clinical interest.  
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   Principles and Types of Microarrays 

 Microarrays are comprised of probes for speci fi c genes, sequences, or genomes on 
a solid surface. Labeled DNA or RNA is then hybridized to the probes. This is con-
ceptually similar to traditional membrane-based Northern and Southern blots where 
a labeled probe molecule is hybridized to target nucleic acid attached to a mem-
brane, only reversed. Microarrays can be manufactured on glass slides  [  9–  11  ]  or 
nylon membranes  [  12  ] ; although, typically, glass slides are used since they produce 
less background  fl uorescence  [  13,   14  ]  and allow higher probe density  [  15  ] . Several 
methods of array printing are available. Bubble Jet printing uses 0.02–1.6 mg/mL 
probe (10- to 300-mer) solution with no DNA loss or probe shearing and produces 
small spot sizes by using 24 pL droplets  [  16  ] . Laser-induced forward transfer (LIFT) 
uses lasers to transfer probes onto the array surface from a  fi lm support  [  17  ] . 
Variations in spot size are accomplished by adjusting the laser power with spots as 
small as 40  m m. Several companies produce custom microarrays. Roche NimbleGen 
uses Maskless Array Synthesizer technology to synthesize probes directly onto the 
glass array surface. With this technology 786,000–4.2 million micromirrors are 
used to deprotect the nascent oligonucleotide and allow addition of the next base 
(  http://www.nimblegen.com/technology/manufacture.html    ). Agilent uses inkjet 
technology (  http://www.genomics.agilent.com/GenericB.aspx?PageType=Custom
&SubPageType=Custom&PageID=2011    ). Additionally, contact printing using 
printing pins is frequently used for in-house laboratory array printing. 

 Several types of arrays could be used in clinical and diagnostic applications or 
research. These include (1) phylogenetic oligonucleotide arrays (POAs), which 
contain probes for conserved genes such as the 16S rRNA gene and are used to 
detect speci fi c organisms and can be used to compare microbial community com-
position; (2) functional gene arrays (FGAs), which contain probes for speci fi c 
functional genes involved in various processes of interest, such as antibiotic 
resistance or virulence, and can provide information on the genes and popula-
tions within a community and provide direct linkages between gene functions 
and ecosystem processes; (3) community genome arrays (CGAs), which use 
whole genomic DNA of cultured microorganisms as probes and can be used to 
examine the relatedness of microbial isolates, characterize microbial communi-
ties, or detect the presence of speci fi c microorganisms in a community; (4) meta-
genomic arrays (MGA), which contain probes created from clone libraries of 
environmental DNA and can be used as a high-throughput screening method, (5) 
whole-genome open reading frame (ORF) arrays (WGA), which are comprised 
of probes targeting all ORFs in one or more genomes and can be used to monitor 
gene expression under different conditions and (6) other miscellaneous arrays. 

http://www.nimblegen.com/technology/manufacture.html
http://www.genomics.agilent.com/GenericB.aspx?PageType=Custom&SubPageType=Custom&PageID=2011
http://www.genomics.agilent.com/GenericB.aspx?PageType=Custom&SubPageType=Custom&PageID=2011
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   Phylogenetic Oligonucleotide Arrays 

 POA can be used to assess phylogenetic relatedness of microbial strains or to deter-
mine the presence of speci fi c microorganisms using conserved genes such as the 
16S rRNA  [  18–  21  ] . The 23S rRNA gene  [  22  ]  has also been used since it has been 
shown to provide a greater sequence variation than the 16S rRNA  [  23,   24  ] . In gen-
eral, a shorter probe length (~20mers) is necessary to provide the needed level of 
speci fi city. 

 The PhyloChip is the most comprehensive POA reported to date. This array con-
tains ~300,000 perfect-match (PM) and mismatch (MM) probes for the 16S rRNA 
gene and is capable of detecting 842 subfamilies or 8,741 taxa  [  18,   25,   26  ]  at the 
family to subfamily levels  [  26  ] .  

   Functional Gene Arrays 

 FGAs contain probes for genes for key proteins or enzymes involved in speci fi c func-
tional processes  [  27–  30  ] . FGAs allow the examination of thousands of different func-
tional genes at the same time  [  27–  35  ] . The  fi rst published FGA used PCR-amplicons 
as probes and focused on N-cycling genes ( nirS ,  nirK ,  amoA , and  pmoA )  [  30  ] . Tests 
using soil and marine sediment microbial communities showed that the PCR-based 
probes worked well. However, the use of this type of probe greatly limits the number 
and type of genes that could be included on the array due to limits in primer availabil-
ity and dif fi culty in obtaining large numbers of pure culture isolates. Oligonucleotide 
probes are now most commonly used for FGAs  [  10,   11  ]  because it is easy to design 
custom probes based on sequences within public databases  [  27,   36,   37  ] . 

 Since this  fi rst report, many FGAs have been described and most have been 
speci fi c for individual functional groups, environments or microbial groups. For 
example, FGAs have been developed to study N-cycling (denitri fi cation, N- fi xation, 
ammonia oxidation, and nitrite reduction)  [  9  ] , nitrogen  fi xation  [  38  ] , methanotro-
phs ( pmoA/amoA  genes)  [  39,   40  ] , nitri fi cation, denitri fi cation, nitrogen  fi xation, 
methane oxidation, and sulfate reduction  [  10  ] , or organic contaminant degradation 
and metal resistance  [  11  ] . To date, the most comprehensive FGAs described are the 
GeoChip arrays  [  28,   29  ] . These arrays were developed to provide a truly compre-
hensive probe set covering many functional gene groups while providing the 
speci fi city necessary to distinguish nearly homologous sequences  [  29  ] . GeoChip 
3.0, the most recently reported version, covers ~57,000 sequences from 292 gene 
families and includes antibiotic-resistance genes  [  28  ] . GeoChip 4.0 greatly expands 
sequence coverage and includes probes for virulence genes from human, animal, 
and plant pathogens; viral genes; and microbial stress response (Tu et al., unpub-
lished data). 

 Due to the highly conserved nature of many functional genes and the functional 
diversity of microorganisms, FGA probes must be carefully designed to provide 
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speci fi city. The genes to be included on an FGA should be chosen with care. Selected 
genes should encode a protein critical to the process of interest, be fairly conserved 
but have enough sequence divergence to allow design of speci fi c probes, and have a 
relatively large sequence set available in public databases  [  27  ] . To assure that all 
sequences covered by the GeoChip FGA are correct, a special protocol was devel-
oped. Public sequence databases (e.g., GenBank) are searched using broad key-
words since gene annotations can vary or be more or less speci fi c. Gene sequences 
are downloaded and then compared to experimentally con fi rmed seed sequences 
using HMMER software (  http://hmmer.wustl.edu/    ). Seed sequence selection is a 
very important step and should be carefully performed. The sequences con fi rmed by 
HMMER are then veri fi ed by hand and used for probe design with CommOligo  [  41  ]  
using experimentally determined criteria: identity (sequence-speci fi c probes,  £ 90 %; 
group-speci fi c probes,  ³ 96 %), continuous stretch (sequence-speci fi c,  £ 20 bases; 
group-speci fi c,  ³ 35), and free energy (sequence speci fi c,  ³ −35 kJ/mol; group 
speci fi c,  £ −60 kJ/mol)  [  29,   42  ] . Designed probes are then BLASTed against the 
GenBank database to assure speci fi city. The  fi nalized probes can then be commer-
cially synthesized.  

   Community Genome Arrays 

 CGA use whole genomic DNA as probes  [  43,   44  ] . The  fi rst CGA contained 67 bac-
terial strains and was able to distinguish isolates at the species level when hybrid-
ized at 55 °C and 50 % formamide and at the strain level at 75 °C and 50 % 
formamide  [  43  ] . Another CGA was developed which was speci fi c to acid mine 
drainage and bioleaching systems and covered 51 prokaryotic strains speci fi c to 
these environments  [  45  ] . This CGA had a detection limit of 5 ng for mixed com-
munities at 55 °C and 50 % formamide  [  45  ] .  

   Metagenomic Arrays 

 MGA have probes made from clone libraries created from environmental DNA and 
can be used as a high-throughput screening method  [  46  ] . The  fi rst reported WGA 
used ~1 kb PCR amplicon inserts from an enrichment culture-based cosmid library 
as probes  [  46  ] . The MGA was then tested with enrichment culture isolates or refer-
ence strains. Unhybridized probes were assumed to be from uncultured strains and 
were subsequently sequenced. Another WGA was later developed using marine 
microbial community BAC or fosmid clone libraries  [  47  ] . Probes were designed to 
cover all ORFs within each clone insert (20–160 kb) and the array was used to gen-
erate microbial community pro fi les.  

http://hmmer.wustl.edu/
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   Whole-Genome ORF Arrays 

 WGA contain probes for all ORFs in one or more genomes. WGA were originally 
developed to examine gene transcription in individual organisms  [  48  ] , but they can 
also be used for comparative genomics  [  49  ] . The relatedness of ten metal-reducing 
 Shewanella  strains was evaluated using a WGA containing  Shewanella oneidensis  
MR-1 ORFs and found that some genes were conserved across all strains while 
other genes were conserved only among halotolerant strains  [  49  ] . Several other 
studies have used this same approach to examine relatedness including  Klebsiella 
pneumoniae  an  E. coli  K-12 WGA  [  50  ]  and  Pyrococcus  spp. using a  Pyrococcus 
furiosus  WGA  [  51  ] . Additional information on WGA can be found in other reviews 
 [  52,   53  ] .  

   Other Arrays 

 Other novel arrays have been developed and could have application in clinical diag-
nosis and research. Kingsley et al.  [  54  ]  developed a DNA  fi ngerprinting array, which 
uses randomly generated nonamer probes designed from the genome of a selected 
microorganism. A “bar code” is generated based on the hybridization pattern. This 
method demonstrated a higher resolution than other methods such as gel electro-
phoresis and could even differentiate similar strains of microorganisms. 

 A relatively new type of microarray is the sequence capture array, which was 
designed to selectively enrich human nucleic acid samples for exons  [  55,   56  ] . 
These arrays cover an entire gene loci using oligonucleotide probes (>60mer) 
spaced approximately 1–10 bases apart across the entire sequence  [  55  ] . For this 
array, target DNA is fragmented to 250–1,000 base length using either sonica-
tion or nebulization. The fragmented DNA is then ligated with linkers for sub-
sequent use in PCR ampli fi cation. The ampli fi ed DNA is hybridized to the array 
for 65 h and the “captured” DNA is then eluted using 95 °C water. The eluted 
DNA is ampli fi ed and then sequenced in order to detect gene variants. Most of 
the reported studies using this method have focused on human or mammalian 
DNA, looking for disease biomarkers. However, one study used an  E. coli -
speci fi c capture array covering 68 genes involved in fatty acid biosynthesis, 
ß-oxidation, and glycolysis  [  57  ] . Sequencing results from the captured  E. coli  
K12 DNA indicated an enrichment of ~50-fold for 750 ng of starting material 
and an error rate of <0.2 %. 

 Another array, the Symbiosis Chip, includes probes for both  Sinhorhizobium 
meliloti , a symbiotic  a -Proteobacterium, and the host plant,  Medicago truncatula , 
allowing examination of concurrent gene expression in the symbiont and the host 
under the exact same hybridization conditions  [  58  ] .   
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   Pathogen Detection, Virulence Markers, Antibiotic Resistance, 
and Diagnostics 

 Microarray technology can be applied to  fi eld of pathogen detection either in clinical 
settings as a diagnostic tool or in food and water safety testing and studies have 
shown this to be a promising technology in these  fi elds (Table  23.1 ). In addition, 
advances in hybridization technology will make microarray use more practical in 
clinical settings for high-speed, high-throughput diagnosis and testing. A micro fl uidic 
device has been developed which allows hybridization in 15 min and was able to 
discriminate between four  Staphylococcus  strains  [  59  ] . A similar device has also 
been developed for cell lysis  [  60  ] . The goal of these devices is to allow a clinical lab 

   Table 23.1    Application of diagnostic microarrays   

 Purpose of array 
 Type 
of array a   Organisms detected  Genes detected  Reference 

 Pathogen detection  FGA   Salmonella   Virulence factors 
( invA, sopB ) 

  [  62  ]  

 Bloodstream pathogen 
detection 

 FGA   Staphylococcus aureus , 
 Escherichia coli , and 
 Pseudomonas 
aeruginosa  

 Virulence genes, 
antibiotic-resis-
tance, 
metabolic- or 
structural genes 

  [  63  ]  

 Waterborne pathogen 
detection 

 FGA  12 and 17 waterborne 
pathogens 

 Virulence markers   [  64  ]  

 Pathogen detection  FGA   Staphylococcus  spp., 
 Streptococcus  spp., 
 Enterococcus  spp., 
 Proteus  spp.,  Klebsiella  
spp.,  Stenotrophomonas  
spp.,  Enterobacter  spp., 
 Acinetobacter  spp.,  E. 
coli ,  P. aeruginosa , 
 Candida albicans  

 Antimicrobial-
resistance genes 

  [  65  ]  

 Detect antibiotic 
resistance 

 FGA  N/A  Tetracycline-
resistance genes 

  [  67  ]  

 Detect genes related 
to host speci fi city 

 WGA   Pseudomonas syringae  
strains 

 Virulence factors   [  66  ]  

 Pathogen detection  POA  17 pathogens  23S rRNA gene   [  22  ]  
 Biosurveillance  POA  >8,000 taxa  16S rRNA gene   [  25  ]  
 Detect strains with 

speci fi c virulence 
factors 

 CGA   E. coli  reference collection  Whole genomic 
DNA 

  [  44  ]  

 Identify novel viruses  Other  Viruses  Sequences speci fi c 
to particular 
viral families 

  [  69  ]  

   a FGA, functional gene array; WGA, whole-genome open reading frame array; POA, phylogenetic 
oligonucleotide array; CGA, community genome array  
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to take a patient specimen, dispense it into a cassette and have DNA extraction, 
labeling, hybridization, and scanning occur automatically  [  61  ] . The following are 
examples of microarrays used for pathogen monitoring or diagnosis and hold prom-
ise for use in clinical applications.  

 Several preliminary arrays have been developed for the purposes of pathogen 
detection either in patient samples or as part of water or food monitoring. Most of 
these are FGAs which utilize a range of virulence markers for probe design. 
A 70-mers oligonucleotide array was designed to target  Salmonella -speci fi c virulence 
factors ( invA  and  sopB ) and an  Enterobacteriaceae  16S rRNA gene-speci fi c probe 
as a positive control  [  62  ] . DNA from  Escherichia coli  DH5 a  and  Salmonella enter-
ica  serovar Senftenberg were whole-genome ampli fi ed and hybridized at 42 °C and 
with 40 % formamide. The array had a detection limit of as little as 1 % of the origi-
nal community. A bloodstream pathogen detection array using PCR amplicon 
probes (200–800 bp) was developed and covered 120 virulence genes, antibiotic-
resistance genes, and metabolic or structural genes from  Staphylococcus aureus , 
 E. coli , and  Pseudomonas aeruginosa   [  63  ] . The array was tested with 45 clinical or 
reference strains of the target organisms and was found to be speci fi c for each strain 
tested. Antibiotic-resistance genes detected in  S. aureus  strains were con fi rmed 
using traditional culture-based methods and agreed with microarray  fi ndings. 
Another array targeted virulence markers from waterborne pathogens and was com-
prised of two sets of probes: 791 targeting 35 virulence markers from 12 pathogens 
and 2,034 targeting 67 virulence markers from 17 pathogens  [  64  ] . This array had a 
sensitivity of 0.01 % of the original community for pathogens in tap water, waste-
water treatment plant ef fl uent, and river water. 

 A larger array covering eleven different pathogens ( Staphylococcus  spp., 
 Streptococcus  spp.,  Enterococcus  spp.,  Proteus  spp.,  Klebsiella  spp., 
 Stenotrophomonas  spp.,  Enterobacter  spp.,  Acinetobacter  spp.,  E. coli ,  P. aerugi-
nosa , and  Candida albicans ) was designed using 930 organism-speci fi c genes in 
addition to antimicrobial-resistance genes, negative control probes from human, 
mouse, amoeba, and grass genes, and bacterial 16S rRNA gene probes as positive 
controls  [  65  ] . For this array, a multiplex PCR ampli fi cation strategy was used to 
increase sensitivity to 1 ng of DNA at 42 °C and 25 % formamide. Primers were 
speci fi c for all genes on the array (800 primer pairs). Both the ampli fi cation method 
and the array were tested using an infected wound swab, and positive hybridization 
to multiple  Enterococcus faecium - and  Staphylococcus epidermidis -speci fi c probes 
were observed and con fi rmed with culturing. 

 In addition to these FGA arrays, pathogen-speci fi c arrays have been developed 
using other types of arrays. A WGA array contained probes for 353 virulence fac-
tors from 91  Pseudomonas syringae  strains and was used to determine which genes 
were associated with host speci fi city  [  66  ] . A statistically signi fi cant association was 
found between several genes and speci fi c hosts. For example, the  hopAA1-1  gene 
was signi fi cantly associated with  P. syringae  strains from rice while  shcA  was 
strongly associated with strains from soybean. 

 A POA using 23S rRNA gene-based probes incorporated an ampli fi cation step 
which increased the sensitivity from 1  m g of DNA to 100 fg  [  22  ] . This array was 
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able to detect  K. pneumoniae ,  P. aeruginosa , and  Clostridium perfringens  in municipal 
wastewater. The PhyloChip has been used to monitor aerosols for microorganisms 
as part of a biosurveillance program to detect potential bioterrorism threats  [  25  ] . 
The PhyloChip was able to detect sequences similar to several potential pathogens 
including  Campylobacteraceae ,  Helicobacteraceae , and  Francesella  and bacteria 
related to  Bacillus anthracis ,  Rickettsia , and  Clostridium . 

 A CGA of fragmented whole genomic DNA from an  E. coli  reference collection 
was used to test  E. coli  strains for  hly , a hemolysin gene  [  44  ] . With 63 °C hybridiza-
tions, the array was able to discriminate between target strains with and without  hly  
and was able to determine copy number as a twofold increase in signal intensity was 
observed for strains with two copies of the  hly  gene. 

 In addition to pathogen detection, microorganisms can also be tested for the pres-
ence of antibiotic-resistance genes using microarrays. A PCR amplicon (~550 bp) 
array of tetracycline genes was developed as a possible high-throughput screening 
tool for isolates  [  67  ] . Of 48 isolates tested, 38 showed positive hybridizations to one 
 tet  gene and one isolate hybridized to two probes, results which agreed with previ-
ous  fi ndings for these isolates. 

 Another unique pathogen array is a viral array that is able to identify novel viral 
pathogens  [  68,   69  ] . The array is comprised of 70-mer oligonucleotide probes 
speci fi c for various sequenced viral families and covers hundreds of viruses  [  69  ] . 
Novel viruses can be detected based on hybridization patterns. This array was able 
to detect and diagnose viral infections in patients with acute exacerbation of idio-
pathic pulmonary  fi brosis  [  70  ] , detect viral pathogens in patients with respiratory 
infections  [  71  ] , and identify a possible etiologic agent for proventricular dilation 
disease  [  72  ] . 

 Nonpathogen speci fi c arrays have also been used to gain a better understanding 
of what conditions trigger diseases in the environment. Microbial communities 
associated with the surface mucopolysaccharide layer and tissue of healthy and yel-
low band diseased coral,  Montastraea faveolata  was examined with GeoChip 2.0 
and results suggested that increases of cellulose-degrading and nitrifying popula-
tions may provide a competitive advantage to coral pathogens  [  73  ] . 

 The sequence capture arrays have been used to  fi nd disease biomarkers and 
detect mutations associated with certain cancers. For example, Ståhl et al.  [  74  ]  
selected potential biomarkers for breast cancer from data on protein expression pat-
terns in healthy and breast cancer tissues from the Human Protein Atlas. The mark-
ers were then used to create a capture array and DNA from breast cancer tissue was 
hybridized and then the captured sequences were sequenced. Results con fi rmed that 
the original set of biomarkers were present in all samples.  

   Comparison of Microarrays and High-Throughput Sequencing 

 While the focus of this chapter is on microarrays, high-throughput sequencing is 
frequently used in microbial studies. Due to the unique advantages and disadvantages 
of microarrays and high-throughput sequencing and their ideal use as complementary 
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approaches, sequencing methods will be brie fl y discussed (Table  23.2 ). Barcode-based 
454 pyrosequencing can provide hundreds of thousands of sequences per sample 
 [  75–  77  ] . An initial PCR step is required for sequencing, which introduces well-
known biases and limits the quantitative ability of this technique  [  78–  80  ] . While 
some microarrays require or use a PCR step, an alternative ampli fi cation method, 
whole-community genome ampli fi cation (WCGA), can be used for other microar-
rays (e.g., FGAs) and has been shown to have minimal bias  [  33  ] . However, a great 
advantage of high-throughput sequencing is the ability to  fi nd novel sequences. 
Microarrays, on the other hand, have a de fi ned set of sequences with which to probe, 
so novel sequences cannot be detected, although new microarray applications are 
being developed which provide a way to  fi nd novel sequences  [  55,   56  ] . Primer limi-
tations (conserved primers are dif fi cult to design for all but a few functional genes, 
dif fi culty in amplifying some samples) greatly limit the number and type of genes 
that can be ampli fi ed.  

 Sequencing technologies also have advantages and disadvantages speci fi c to 
the study of microbial communities. These include (1) Random sampling errors. 
In most studies, only a small portion of the microbial community is actually sampled, 
even though this provides a large amount of data. For example, only ~1,400 rRNA 
gene sequences were obtained from gut microbiome samples of Rhesus macaques 
when using 454 sequencing, an underestimate of the gut community based on Chao1 
estimates  [  81  ] . Theoretically, with completely random sampling, there should be 
only a small probability of sampling the same community portion over multiple 
sampling events  [  37  ] ; although dominant populations would more than likely be 
sampled multiple times. A recent comparison of 16S rDNA amplicon-based 
sequencing results indicated low reproducibility between technical replicates 
(17.2 ± 2.3 % for two replicates; 8.2 ± 2.3 % for three)  [  82  ] . In contrast, microarray-
based approaches interrogate all samples against the same probe set (i.e., those con-
tained on the array), ensuring that the same population is sampled across all samples. 
(2) Relative abundance. The abundance of species in a microbial community will 
vary greatly. While sequencing-based approaches are very sensitive to differences 
in species abundance, microarray-based approaches are not affected by abundance 
variation as long as it is above the detection limit. (3) Detecting new sequences. 
Since there are no limitations on what sequences are sequenced, sequencing-based 
technologies can  fi nd new or novel sequences. Microarrays, on the other hand, are 

   Table 23.2    Advantages and disadvantages of closed vs. open format detection   

 Open format a   Closed format a  

 Sensitivity to random sampling errors  High  Low 
 Effects by dominant organisms  Yes  No 
 Finding new things  Yes  No 
 Sensitivity to contaminated DNA  Yes  No 
 Comparison across samples  ?  Yes 

   a Open format methods (high-throughput sequencing, proteomic, or metabolomic analysis) can 
detect any substance (protein, nucleic acid sequence, etc.) in the sample being tested. Closed for-
mat methods (microarrays) are limited to detecting only those substances (nucleic acid sequences) 
that are within a predetermined probe set  
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limited to detecting only those sequences covered by the probe set on the array, so 
detecting new sequences is impossible. However, as mentioned previously, a new 
type of array, the capture microarray, allows new sequences to be detected  [  55,   56  ]  
and a virus chip has been designed which can classify novel viruses based on the 
hybridization pattern  [  68,   69  ] .  

   Challenges for Microarray Analysis 

 While there have been great advances in the development of microarray technology 
over the last decade, there are still challenges remaining. These include sensitivity 
and speci fi city of probes and hybridization conditions, and quantitative ability. 

   Sensitivity 

 Sensitivity is a major concern with all types of microarrays. Currently, a sensitivity 
of ~5 % of the microbial community has been observed with environmental samples 
 [  39,   83  ] , which allows detection of only the most dominant community members. 

 There are several strategies available for increasing array sensitivity. First the 
target RNA or DNA can be ampli fi ed  [  18,   33,   65,   84,   85  ] . If only a few genes are 
covered on the array, a PCR-based ampli fi cation can easily be incorporated, although 
this does limit the quantitative information. PCR ampli fi cation is routinely used for 
PhyloChip analysis  [  18  ] . Multiplex PCR using primers for all genes on an array has 
been used for some FGAs  [  65  ] , although this would be impractical if larger numbers 
of genes were present on an array. Another option is WCGA  [  33  ]  or whole-community 
RNA ampli fi cation (WGRA)  [  84  ] , both of which use random priming to amplify all 
nucleic acids in the sample, providing a representative, sensitive, and quantitative 
ampli fi cation using ng quantities of starting material. 

 Alterations to the probe or hybridization conditions can also increase sensitivity, 
although some of these methods lessen speci fi city. In general, longer probes are 
more sensitive (although less speci fi c)  [  36,   86,   87  ] . PCR-based probes have a higher 
sensitivity than oligonucleotide probes although oligonucleotide probes are more 
speci fi c  [  37  ] . Increasing the density of the probes can increase sensitivity  [  35,   87, 
  88  ] , but too high a density can actually decrease sensitivity by reducing the overall 
signal intensity  [  36  ] . Reducing the hybridization volume increases sensitivity. Using 
a volume of 15  m L resulted in a sensitivity of 5 ng for pure culture DNA, while a 
volume of 3  m L increased sensitivity to 0.2 ng  [  43  ] . Mixing during hybridization 
will increase the signal-to-noise ratio by threefold  [  89  ] . Changing the target labeling 
method can also increase sensitivity. Cyanine dye-doped nanoparticles  [  35  ]  and tyr-
amide signal ampli fi cation labeling  [  36  ]  both produce up to a tenfold increase in 
sensitivity over traditional cyanine dyes. Reducing the amount of ozone in rooms 
where array hybridization occurs may increase sensitivity since ozone causes a 
decrease in cyanine dye signal  [  90  ] .  
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   Speci fi city 

 Speci fi city is another concern for diagnostic microarrays, especially for use with 
samples containing many unknown sequences. Probe design greatly affects 
speci fi city. For FGAs, there are several design criteria that have been experimen-
tally determined to modulate speci fi city: sequence identity, continuous sequence 
stretches, and free energy  [  29,   42,   91  ] . Perfect-match and mismatch probes have 
been used successfully with POAs to distinguish true signals from signals produced 
by cross-hybridization  [  18,   26  ] . A similar strategy has also been used for FGAs 
 [  92  ] . Hybridization conditions affect speci fi city; higher temperature and/or forma-
mide concentration increases speci fi city.  

   Quantitation 

 The ability to provide quantitative information is a desirable quality for microar-
rays. As mentioned before, the use of PCR ampli fi cation limits the quantitative 
information available. A linear relationship ( r  = 0.89–0.99) has been shown between 
target DNA or RNA concentrations and hybridization signal intensities over a range 
of 0.5–100 ng DNA using PCR amplicon probes with the GeoChip FGA  [  30  ]  over 
a concentration range of 8–1,000 ng DNA  [  10  ]  or 50–100 ng for RNA  [  84  ] .   

   Conclusion 

 There have been many advances in the development, technology, and applications 
of microarrays in the past decade. Some of the more exciting developments have 
been in the  fi elds of clinical microbiology and pathogen detection. There are several 
types of arrays that have applications in diagnosis and detection of disease, and new 
uses and types of arrays are still being reported. However, challenges still exist in 
regard to technical, experimental, and analytical methods used for microarrays. 
Novel methods, technologies, and applications are necessary to improve array sen-
sitivity, speci fi city, and quantitative accuracy.      
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         Introduction 

 Molecular diagnostics of microbiological agents involves detection of microbial 
nucleic acids (i.e., DNA and/or RNA) and often requires the ampli fi cation of tar-
geted sequences due to low abundances of the microbes or relevant molecular tar-
gets. Target ampli fi cation technology became available with the advent of polymerase 
chain reaction (PCR) in the 1980s, which eventually revolutionized the  fi eld of 
clinical diagnostics. While PCR remains the mainstay ever since, several alternative 
isothermal target ampli fi cation technologies have also become available and been 
used in practice  [  1,   2  ] , including nucleic acid sequence-based ampli fi cation 
(NASBA)  [  3,   4  ] , self-sustained sequence replication (3SR)  [  5,   6  ] , transcription-
mediated ampli fi cation (TMA)  [  7  ] , strand displacement ampli fi cation (SDA)  [  8,   9  ] , 
loop-mediated isothermal ampli fi cation (LAMP)  [  10,   11  ] , recombinase polymerase 
ampli fi cation  [  12  ] , helicase-dependent ampli fi cation (HDA)  [  13,   14  ] , single primer 
isothermal ampli fi cation (SPIA)  [  15  ] , isothermal and chimeric primer-initiated 
ampli fi cation of nucleic acids (ICAN)  [  16  ] , isothermal chain ampli fi cation (ICA) 
 [  17  ] , and Ionian Technologies ampli fi cation  [  18  ] . 

 When ampli fi cation products are detected, the signals generated are then used to 
derive the diagnostic results for clinical specimens. Target ampli fi cation, target 
detection, and signal generation can be achieved using methods in either a heteroge-
neous or homogeneous format. Heterogeneous detection is performed after target 
ampli fi cation (i.e., “end-point” reaction) and typically involves multiple steps such 
as target binding to a solid phase (i.e., beads or membranes), hybridization with 
excess amounts of labeled probes, washing of unbound probes, and signal genera-
tion. The types of signals that have been routinely detected include radioactive decay 
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of radioisotopes, chemiluminescence,  fl uorescence emission,  fl uorescence polarization, 
light scattering, and others. The target speci fi city in signal generation is achieved by 
interrogating physical and chemical properties unique to the target sequence, such as 
size, electrostatic charge, and various bio-molecular interactions (e.g., biotin/avidin, 
antibody/antigen, and nucleic acid binding). Heterogeneous target ampli fi cation and 
detection methods have been developed and established in both research and clinical 
settings. There are, however, aspects intrinsic to the heterogeneous assay work fl ow 
that prevent its wider adoption in clinical microbiology in the era of expanded appli-
cation of molecular testing. Association of targets to solid surfaces slows down reac-
tion kinetics, which requires longer time for hybridization reactions. Separate 
reactions for target ampli fi cation, target hybridization, probe hybridization, separa-
tion of unbound molecules, and signal detection make it conceivably dif fi cult to 
develop an automated assay procedure. Further, direct manipulation of ampli fi cation 
products will likely introduce contamination due to unintended carryover of ampli-
cons. These limitations of heterogeneous assay format may lead to slower assay 
turnaround and elevated levels of unforced human errors or incorrect assay results. 
As a result, recent years have witnessed the increasing adoption of homogeneous 
methodologies. 

 In a homogeneous reaction, target ampli fi cation and detection are designed to 
take place in a closed reaction vessel. With proper technologies and instrumenta-
tions, targets can be detected as they are being ampli fi ed, thus a homogeneous reac-
tion is often referred to as a “real-time” or “kinetic” reaction. The term “real-time” 
will be used to represent homogeneous methods throughout this chapter. In a real-
time assay, it is the combination of two simultaneously occurring and mechanisti-
cally interdependent processes of target ampli fi cation and target detection/signal 
generation that enables sensitive and reproducible detection and/or quanti fi cation of 
input samples. Some close-tube assays detect ampli fi ed products as a separate step 
after ampli fi cation reaction is completed. Such assay technologies are not included 
in the discussion here. 

 Contrary to heterogeneous methods, real-time assays bypass the requirement of 
multi-step post-ampli fi cation sample processing, and therefore they can provide 
shorter result turnaround time and are amenable to full assay automation. In addi-
tion, because there is no need to open the reaction vessel containing ampli fi cation 
products throughout the assay procedure, amplicon contamination can be elimi-
nated. In addition to the advantages in assay work fl ow, real-time ampli fi cation and 
detection methods provide more robustness in quantitative microbial measurements 
over wide dynamic ranges. Real-time assays can incorporate either PCR or non-
PCR methods to achieve target ampli fi cation. For real-time PCR reactions, signal 
being generated during the course of the ampli fi cation is proportional to the amount 
of accumulated products at any given time. The continuous monitoring of signals 
allows the determination of the number of PCR cycles (threshold cycle) taken for 
the ampli fi cation reaction to accumulate products to a de fi ned level at the early 
exponential phase. Threshold cycle is inversely proportional to the amount of the 
input target (i.e., higher target level leads to fewer cycles needed to achieve detec-
tion). The measurement of threshold cycles has been demonstrated to be highly 
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reliable and its relationship with input target level is well de fi ned over a much wider 
dynamic range compared to the measurement of end-point PCR signals (as in the 
case for heterogeneous reactions). Therefore, real-time PCR has become the method 
of choice for the quantitative detection of microbial agents. Real-time assays using 
non-PCR ampli fi cation have also been developed to achieve quantitative measure-
ments. It is to note that, even though the advantages of real-time assays in quantita-
tive detection are obvious over the traditional end-point heterogeneous assays, 
real-time assays can be equally effective in providing accurate qualitative results. 
Further, an important advantage for real-time assays is that signals throughout the 
course of an ampli fi cation reaction can be recorded, thereby allowing the kinetics of 
the reaction to be analyzed. This information can then be used to detect abnormali-
ties in the assay that could indicate potentially incorrect or unreliable results. The 
ability to provide assay validity criteria to ascertain reliable results with high 
con fi dence is a critical requirement in the highly regulated in vitro diagnostic  fi eld. 
As a result, most commercial real-time assays have been developed with sophisti-
cated systems of validity checks around many of the kinetic characteristics of the 
reaction so that signals from abnormal reactions are not mistakenly used to deter-
mine patient results. This enables objective, automated data analysis and result 
reporting. 

 A real-time reaction contains components that support ampli fi cation reaction, 
target detection, and signal generation. Ampli fi cation reaction components typically 
include primers, enzymes, and nucleotides in a buffer, which are not different from 
heterogeneous ampli fi cation reactions. Target detection is usually achieved with 
components that bind to the ampli fi ed products. Signals for the ampli fi ed products 
are generated via target-binding components directly or are induced indirectly by 
target-binding components. These signals are then converted by data reduction pro-
cesses to an output that can be accurately measured and recorded. Because detection 
of the ampli fi cation products needs to take place in a closed tube without post-
ampli fi cation removal of the unbound target detection components, a signal genera-
tion mechanism that can spontaneously differentiate between bound and unbound 
status is necessary. To achieve this, a prominent technology in this application is the 
measurement of  fl uorescence signal intensity through the use of  fl uorophore-labeled 
oligomers (probes or primers). These oligomers consist of nucleotides or their ana-
logs that can hybridize ef fi ciently to ampli fi cation targets in a highly sequence-
speci fi c manner. Upon hybridization, the environment of the  fl uorophore is modi fi ed 
in such ways that the intensity of the  fl uorescence signals signi fi cantly increases or 
decreases. Several possible mechanisms can play a role in the  fl uorescence 
modi fi cation, among which the most prominent ones include radiation-less 
 fl uorescence quenching through direct contact by a quenching moiety  [  19,   20  ]  and 
 fl uorescence resonance energy transfer (or Förster Resonance Energy Transfer, 
FRET)  [  19  ] . Fluorescence quenching or energy transfer-based real-time methods 
are among the most widely utilized molecular diagnostic methods in clinical micro-
biology  [  21  ] , and will be the focus of this chapter. In addition to  fl uorophore-labeled 
oligomers,  fl uorescent dyes that can insert themselves in the ampli fi ed targets upon 
which  fl uorescence signal is modi fi ed have also been widely used in real-time assays 
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 [  21  ] , and will be discussed in this chapter as well. Other  fl uorescence-related 
technologies besides signal intensity measurement, such as  fl uorescence polariza-
tion and  fl uorescent correlation analysis, will not be discussed in this chapter. 

 The scope of the discussions in this chapter covers the following topics related 
to  fl uorescence-based target detection and signal generation in real-time assays: 
(1) signal modi fi cation principles for  fl uorescence quenching and energy transfer, 
(2) target detection/signal generation technologies capable of real-time detection of 
ampli fi cation products, (3) instrument systems, and (4) data analysis and result 
reporting for real-time assays. Several other topics related to ampli fi cation and 
real-time assays are covered elsewhere in this book. PCR or non-PCR target 
ampli fi cation technologies are discussed in Chaps.   15     and   16    . Real-time 
quanti fi cation and ampli fi cation product detection are discussed in Chaps.   19     and 
  20    . It is to note that, besides target ampli fi cation, probe ampli fi cation (e.g., Q b  
replicase  [  22  ] , rolling cycle ampli fi cation (RCA) and rami fi cation ampli fi cation 
method (RAM)  [  23–  26  ] ), and signal ampli fi cation (e.g., Invader chemistry  [  27  ] ) 
have also been used to detect very small amount of analytes of interest which often 
involves enzymatic cleavage or replication. Signal ampli fi cation methods involve 
target detection and signal modi fi cation in which signals continue to accumulate 
and amplify. Signal ampli fi cation can be designed with or without concurrent target 
ampli fi cation (either homogeneous or heterogeneous). Some real-time methods 
involving both target ampli fi cation and signal ampli fi cation in one assay will be 
discussed in this chapter. The discussions on probe and signal ampli fi cation meth-
ods without target ampli fi cation or with heterogeneous target ampli fi cation may be 
found in Chaps.   17     and   18    .  

   Fluorescence Signal Modi fi cation 

 In order to detect targets in a real-time assay, signals generated with the ampli fi ed 
targets need to be differentiated from signals when targets are absent or not ampli fi ed. 
Because  fl uorescence signals can be easily modi fi ed by the environment of the 
 fl uorescence moiety, detection of  fl uorescence signal modi fi cation has been the 
main technology to generate signals in real-time assays. The principle of  fl uorescence 
signal and three major mechanisms of  fl uorescence modi fi cations will be 
discussed. 

   Principle of Fluorescence Signal 

 Fluorescence is a natural process by which certain substances can absorb light or 
other electromagnetic radiation at speci fi c wavelengths and then emit light at 
another (usually higher) wavelength. Fluorescence emission is a dynamic process 
where energy conversion from the excited state to the ground state that generates 
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 fl uorescence signal competes with multiple other conversion processes, and the 
relevant spectroscopic rate constants of these processes are in fl uenced by the envi-
ronment for the  fl uorescent moiety. The types of conversions through which the 
excitation energy is lost spontaneously include the following: intrinsic  fl uorescence 
emission radiation decay, internal conversion from excited to ground state, inter-
system crossing, collisional quenching, and resonance dipole energy transfer. In 
real-time assays,  fl uorescence technologies are used together with detection tech-
nologies in ways that these energy conversions will be directly or indirectly 
impacted by the presence of ampli fi ed products. As a result,  fl uorescence is modi fi ed 
and the modi fi cation can be detected and recorded as the testing data from which 
diagnostic results are derived. Refer to Clegg  [  28  ]  and Morrison  [  19  ]  for more 
detailed discussion on the principles of  fl uorescence signals. Refer to later sections 
of this chapter for further discussion on detection technologies.  

   Fluorescence Resonance Energy Transfer (FRET) 

 FRET is one of the mechanisms by which  fl uorescence modi fi cation can occur. 
FRET is a process involving nonradiative transfer of energy between two moieties, 
a “donor” and an “acceptor,” over a long distance (10–100 Å) through dipole–dipole 
coupling. The acceptor may be a  fl uorescent or non fl uorescent moiety. When FRET 
occurs, the  fl uorescence of the donor will be reduced compared to when no acceptor 
is present; and the  fl uorescence of the acceptor will be increased. The prerequisites 
for FRET to occur are that the emission spectrum of the donor overlaps with the 
excitation spectrum of the acceptor and that the quantum yield of the donor and 
absorption coef fi cient of the acceptor are suf fi ciently high. In addition, there is 
strong dependence of the ef fi ciency of energy transfer on the sixth power of the 
distance between the donor and acceptor  [  29  ] . As a result, measurement of the 
 fl uorescence change due to FRET has been used effectively to study the static and 
dynamic molecular structures within the scale of 10–100 Å as well as the thermody-
namics and kinetics of bio-molecular interactions. For this reason, FRET has often 
been referred to as a “spectroscopic” ruler  [  30  ] . 

 To be used in a diagnostic method, the change in  fl uorescence signal due to 
FRET for a given donor–acceptor system needs to be measurable (i.e., signi fi cantly 
above the background noise) in response to the presence of the target. Considering 
the theory behind FRET as described above, the design of the donor–acceptor sys-
tem is often focused on the distance between the two (or more) moieties when 
FRET is desired to occur as well as the selection of donor–acceptor pairs. It is most 
common that the donor and acceptor exist as labels on an oligonucleotide and thus 
the distance is often expressed as the nucleotide bases between the two labels. In 
this context, when estimating the distance between the donor and acceptor, it is 
important to consider the rigidity of the structures where labels are attached, spac-
ing between labeled bases in the oligonucleotide (for example, the distance between 
adjacent base pairs in a DNA double helix is 3.4 Å), the length of linkage for the 
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labeled moieties, the position of attachment, and the interaction between the labeled 
moieties and the oligonucleotide. For DNA double helix, the distance also affects 
the dipole–dipole orientation which may in turn affect FRET ef fi ciency. Use of 
non fl uorescent labels as acceptor or quencher would preclude the measurement 
option of monitoring the increase of signals from acceptor, but may simplify the 
design of a FRET system. In addition to the widely used  fl uorescent quenchers, 
several unique non fl uorescent quenchers (such as nucleotides  [  31  ]  and gold parti-
cles  [  32,   33  ] ) have been introduced for use and some are found to be signi fi cantly 
more ef fi cient that conventional quenchers  [  32  ] . It is also important to point out that 
FRET occurs between moieties that do not contact each other. This is unlike the 
collisional quenching that requires direct contact. Refer to Tables  24.1  and  24.2  for 
lists of common dyes and quenchers used in oligonucleotide labeling and their 
 fl uorescence properties. To choose dyes for assay design, multiple factors have to be 
considered besides the  fl uorescence properties of the labels, such as compatibility 
with the optical design of existing instrument, oligonucleotide coupling chemistry 
where applicable, stability of the labels, non-FRET interference from other reaction 
components (e.g.,  fl uorescence quenching by speci fi c nucleotides bases or oligo-
nucleotide sequences), and commercial availability of the labels.    

   Collisional Quenching 

 Besides FRET, collisional quenching is another mechanism by which  fl uorescence 
can be modi fi ed. Unlike FRET, collisional quenching requires direct contact between 
labels, and the energy conversion ef fi ciency depends on the effective concentration 
of the quencher label and the bimolecular rate constant (that is usually controlled by 
diffusion)  [  28  ] . Even though there may be common outcome from collisional 
quenching and certain FRET system, i.e., the reduction of donor signals, collisional 
quenching has distinct spectroscopic mechanisms and conditions  [  20  ] . First, colli-
sional quenching does not require overlapping emission spectrum and absorption 
spectrum between the labels and is not impacted by the extent of the overlap, 
whereas FRET ef fi ciency is signi fi cantly impacted by the spectrum overlap. Second, 
when both labels are  fl uorescent, collisional quenching results in the reduction of 
emission of both labels whereas FRET leads to increase of emission of one label 
and reduction of the other. Third, the absorption spectrums of the labels in colli-
sional quenching are altered compared with when the labels are separate, whereas 
the absorption spectrums stay unchanged in the case of FRET. Fourth, when same 
labels are involved, the ef fi ciency of collisional quenching is higher than FRET-
mediated quenching. Collisional quenching is often achieved by the blunt-end 
 double-stranded oligonucleotide design where both strands are terminally labeled 
so that the two labels are in close contact. In such designs, hybridization stability of 
the oligonucleotides correlates positively with quenching ef fi ciency. It is also to 
note that the interaction between the two labels can further increase the stability of 
double-stranded oligonucleotides, leading to higher quenching ef fi ciency  [  20  ] . 



41924 Real-Time Detection of Ampli fi cation Products...

   Table 24.1    Common dyes for oligonucleotide labeling   

 Dye name 
 Absorption peak
 wavelength (nm) 

 Emission peak 
wavelength (nm) 

 Dansyl-X  335  518 
 Alexa Fluor 350  343  441 
 Biosearch Blue  352  447 
 Cascade Blue  396  410 
 Alexa Fluor 430  434  539 
 Pulsar 650  460  650 
 Cy2  489  506 
 Oregon Green 488  494  517 
 Alexa Fluor 488  495  518 
 FAM  495  520 
 Rhodol Green  495  521 
 Orange Green 500  499  519 
 BODIPY FL  502  510 
 Rhodamine Green  503  528 
 Oregon Green 514  506  526 
 TET  521  536 
 CAL Fluor Gold 540  522  544 
 BODIPY R6G  528  547 
 JOE  529  555 
 Yakima Yellow  531  549 
 Alexa Fluor 532  532  554 
 BODIPY 530/550  534  554 
 HEX  535  556 
 VIC  538  554 
 CAL Fluor Orange 560  538  559 
 BODIPY TMR-X  544  570 
 NED  546  575 
 Quasar 570  547  570 
 Cy3  549  566 
 Alexa Fluor 555  555  565 
 Alexa Fluor 546  556  573 
 TAMRA  557  583 
 BODIPY 558/568  558  569 
 Rhodamine Red-X  560  580 
 BODIPY 564/570  563  569 
 CAL Fluor Red 590  569  591 
 BODIPY 576/589  575  588 
 ROX  575  602 
 Alexa Fluor 568  578  603 
 Redmond Red  579  595 
 BODIPY 581/591  581  591 
 Cy3.5  581  596 
 BODIPY TR-X  588  616 
 CAL Fluor Red 610  590  610 
 Alexa Fluor 594  590  617 

(continued)
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Table 24.1 (continued)

 Dye name 
 Absorption peak
 wavelength (nm) 

 Emission peak 
wavelength (nm) 

 Texas Red  597  616 
 CAL Fluor Red 635  618  637 
 LC Red 640  625  640 
 BODIPY 630/650  625  640 
 Alexa Fluor 633  632  647 
 BODIPY 650/665  646  660 
 Cy5  646  669 
 Quasar 670  647  670 
 Alexa Fluor 647  650  665 
 Alexa Fluor 660  663  690 
 Cy5.5  675  694 
 IRDye 800RS  676  786 
 Alexa Fluor 680  679  702 
 LC Red 705  680  710 
 Quasar 705  690  705 
 Alexa Fluor 700  702  723 
 Cy7  743  767 
 Alexa Fluor 750  749  775 

   Table 24.2    Common quenchers for oligonucleotide labeling   

 Dye name 
 Absorption peak 
wavelength (nm) 

 Approximate 
quenching range (nm) 

 DDQ I  430  380–510 
 Dabcyl  453  403–507 
 QSY 35  475  434–509 
 QXL 490  490  410–540 
 BHQ-0  495  425–550 
 QXL 520  520  460–560 
 Eclipse  522  460–590 
 Iowa Black FQ  531  420–620 
 BHQ-1  534  460–595 
 QSY7  560  535–582 
 QSY9  562  535–587 
 QXL 570  570  520–600 
 BHQ-2  579  510–645 
 QXL 610  610  520–660 
 DDQ II  630  550–680 
 Blackberry Quencher 650  650  550–750 
 Iowa Black RQ  656  500–700 
 QSY 21  661  601–695 
 QXL 670  670  600–690 
 BHQ-3  672  575–730 
 QXL 680  680  610–710 
 IRDye QC-1  737  660–870 
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Collisional quenching, when achieved by oligonucleotide hybridization, does not 
necessarily require a quenching label. Instead,  fl uorescence quenching by speci fi c 
nucleotides is well documented and has been used in methods based on collisional 
quenching  [  31  ] .  

   Nucleic Acid Dyes 

 There are dyes that can bind to nucleic acids in a sequence-independent manner 
(without being conjugated to an oligonucleotide), and upon binding, their 
 fl uorescence signal increases signi fi cantly. These dyes are also called nucleic acid 
stains. Nucleic acid dyes can be grouped into three major classes based on the 
mechanism of signal generation: (1) intercalating dyes such as phenanthridine com-
pound (also known ethidium bromide), cyanine dyes (including Sybr Green, 
Picogreen, etc.), and propidium iodide; (2) minor-groove binders such as DAPI and 
Hoechst dyes; and (3) other miscellaneous dyes that achieve external binding. 
Intercalating dyes are the most commonly used nucleic acid dyes. They contain 
planar structures that insert between stacked bases in the nucleic acids, thereby 
creating a large increase in  fl uorescence signal relative to the free dye in solution. 
The signal increase is a proportional response to the amount of nucleic acids. This 
property allows the dyes to be used in either direct quanti fi cation of nucleic acid 
samples or real-time ampli fi cation-based detection and quanti fi cation. SYBR Green 
I is one of the intercalating dyes that generate signals by inserting into double 
stranded DNA. It has been the most widely used nucleic acid dye in real-time PCR 
method due to high-level sensitivity for DNA detection and relatively cheap price. 
In addition to methods using only nucleic acid dyes to achieve non-sequence-
speci fi c detection, some methods have also been designed where nucleic acid dyes 
are covalently attached to an oligomer and provide increased  fl uorescent signal 
upon sequence-speci fi c hybridization. Refer to Table  24.3  for a list of nucleic acid 
dyes that have been used in real-time assays  [  34–  43  ] .    

   Detection of Ampli fi cation Products 

 Real-time assay design starts with selection of target region and primer sequences 
as well as optimization of ampli fi cation ef fi ciency (reagent composition, concen-
tration, and cycling conditions). To monitor a real-time assay, signals have to be 
generated for the target being ampli fi ed. Target detection and signal generation 
can be achieved either in a sequence-speci fi c manner by using oligomers consist-
ing of nucleotides or their analogs, or in a sequence-nonspeci fi c manner by using 
nucleic acid dyes. Multiple factors have to be considered when designing target 
detection/signal generation systems: (1) optimizing sensitivity for detection of 
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low-level targets, (2) maximizing mismatch tolerance or discrimination depending 
on the goal of assay design, (3) optimizing speci fi city to achieve minimal signals 
when background or nonspeci fi c targets are present, and (4) lowering pre-
ampli fi cation background signals and improving signal-to-noise ratio. 

 Nucleic acid dyes have been used in highly sensitive real-time assays. Nucleic 
acid dyes detect double-stranded DNA targets and generate  fl uorescent signal while 
doing so. The limitation is that the speci fi city of the method solely depends on the 
speci fi city of the ampli fi cation reaction, i.e., primer design. A potential concern with 
the use of nucleic acid dyes is that high level of genomic background will increase 
the pre-ampli fi cation background signal. In addition, any unintended nonspeci fi c 
ampli fi cation such as primer dimer formation can generate signals that lead to false-
positive results. Therefore, care needs to be taken during primer design to eliminate 
potential nonspeci fi c signals or reduce them to an acceptable level. One way to 
ascertain the speci fi city of the nucleic acid dye-based real-time signals is to perform 
melting experiment after ampli fi cation to determine the presence of intended targets 
and absence of unintended targets through characteristic melting temperatures. 

 The discussion here will focus instead on various sequence-speci fi c detection 
technologies (namely primers and probes) that generate signals based on energy 
transfer,  fl uorescence quenching, or  fl uorescence enhancement (for certain probes 
labeled with intercalating dyes). Signals generation as a result of target detection are 
achieved either directly via signal components labeled on the primers or probes, or 
indirectly via mechanisms initiated by target detection (one example would be 
enzymatic cleavage as the result of Invader probe binding). Probes and primers 
consist of oligonucleotides or analogs; therefore, by nature they only bind to the 
target sequences with suf fi cient complementarity via speci fi c biophysical interactions 

   Table 24.3    Nucleic acid dyes used in real-time PCR   

 Dye name 
 Absorption peak 
wavelength (nm) 

 Emission peak 
wavelength (nm) 

 LC Green  440–470  470–520 
 ResoLight  450–500  487 
 BO-PRO-1  462  481 
 BEBO  467  492 
 SYTO 9  485  498 
 SYTO 13  488  509 
 SYTO 16  488  518 
 YO-PRO-1  491  509 
 SYBR Green I  497  520 
 EvaGreen  500  530 
 TO-PRO-1  515  531 
 BOXTO  515  552 
 SYTO 82  541  560 
 SYTOX Orange  546  570 
 SYTO 64  598  620 
 TO-PRO-3  649  655 
 SYTO 62  649  680 
 SYTO 60  652  678 
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between base pairs. Depending upon the purpose of a real-time assay, probe or primer 
design for the target of interest often needs to be speci fi cally tailored either to toler-
ate sequence variations for detection of diverse DNA or RNA sequences or to dif-
ferentiate between sequence polymorphisms. It is also important to point out that it 
is by using sequence-speci fi c target detection mechanisms and optically distinct 
 fl uorescence dyes that real-time assays can be designed with multiplex capability, 
i.e., concurrent detection and differentiation between multiple analytes within one 
reaction. 

 There is a wide range of oligomer designs suitable for real-time target detection. 
They vary greatly in physical characteristics such as base type (DNA, RNA, or other 
analogs), length, and multiplicity of the components, direct or indirect signal gen-
eration (mentioned above), biochemical/biophysical mechanisms enabling signal 
generation by energy transfer or  fl uorescence quenching/enhancement (e.g., hybrid-
ization, conformational change, and enzymatic cleavage), and presence or absence 
of signal ampli fi cation in addition to target detection, etc. Needless to say, each 
design has its advantages and disadvantages, and though every design has its 
 fl exibility, certain designs may  fi t speci fi c needs better than others. The section 
below will include discussions on some representative designs as found in pub-
lished literatures, which is not intended to be a complete list. Only design principles 
and basic performance characteristics will be described. The discussion will not be 
focused on the  fi ndings or conclusions related to advantage or disadvantages of 
certain designs based on empirical experience from speci fi c studies, with the notion 
in mind that each design can be optimized and each design may  fi t one utility better 
than others within speci fi c contexts. To facilitate discussions, sequence-speci fi c tar-
get detection technologies are roughly categorized in four groups depending upon 
the components enabling signal generation. The  fi rst group relies on design of oli-
gonucleotide probes to recognize the ampli fi ed target sequences and generate sig-
nals; the second group relies on design of primers beyond their target ampli fi cation 
function to generate signals upon extension of the template; the third group requires 
both probe and primer in order to generate signals; and the fourth group requires 
 fl uorophore-labeled nucleobases. One important difference between groups one and 
three and groups two and four is that the former designs take advantage of both 
primer and probe sequences to ensure target speci fi city of the reaction, whereas the 
latter designs depend solely on target speci fi city provided by primer sequences. As 
a result, designs belonging to groups two and four are theoretically more prone to 
nonspeci fi c signals due to nonspeci fi c ampli fi cation such as primer dimers. 

 When multiple designs exist within each group, they are described sequentially 
without further subgrouping, due to the complexity and  fl exibility in design princi-
ples. Related designs viewed as derivatives or extensions of the same design prin-
ciple are discussed together rather than being treated as separate designs. In addition, 
it is understood that hybridization between oligonucleotides and their target 
sequences can be enhanced by incorporating certain types of nucleotide analogs 
(e.g., LNA and PNA) in the oligonucleotides or by speci fi c types of labeling (e.g., 
MGB). As a result, such design features alone are not treated as independent designs. 
Detailed discussions on these hybridization enhancements are not included in the 
discussion here and can be easily found in existing literature. 
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   Probe Designs for Target Detection and Signal Generation 

   5 ¢ -to-3 ¢  Exonuclease Assay 

 Many real-time assays are designed based on the 5 ¢ -to-3 ¢  exonuclease activity of the 
polymerase that ampli fi es target sequences  [  44  ] . Probes used in such assays are often 
dual-labeled linear oligonucleotides containing one label at the 5 ¢ -end and the other 
label either at a location internal to the 5 ¢ -end or at the 3 ¢ -end. During the primer 
extension step, both the primers and the probe are hybridized to the target strand. 
When primer extension reaches the probe, the polymerase will cleave the 5 ¢  label off 
of the probe via its 5 ¢ -to-3 ¢  exonuclease activity. As a result, the  fl uorescence signal 
of one or both labels are modi fi ed due to the removal of the energy transfer or 
quenching effect between the labels. The  fl uorescence signal as measured during a 
real-time assay is proportional to the amount of cleaved probes as well as the accu-
mulated amount of the ampli fi cation product (i.e., one cleaved probe per new copy 
of ampli fi ed product). In real-time PCR, the signal doubles after each cycle because 
the amounts of cleaved probes and ampli fi ed targets double as the result of primer 
extension. Since the 5 ¢ -to-3 ¢  exonuclease activity has also been referred to as TaqMan 
activity, the probes are often called TaqMan probe. Similar to many other technolo-
gies in later discussions, assays can be designed to achieve multiplex detection by 
using multiple TaqMan probes labeled with spectrally distinct  fl uorescence labels. 
Due to its relative simplicity, TaqMan probe has been widely adopted. As a potential 
limitation, probe length needs to be suf fi ciently long to enable hybridization to the 
target at the relatively high polymerase extension temperature (approximately 
65 °C). As a result, background signals in the absence of ampli fi ed target may be 
high, and the capability of relatively long TaqMan probe in detecting single nucle-
otide polymorphism (SNP) mutations may be limited. One new approach in 5 ¢ -to-3 ¢  
exonuclease assay  [  45,   46  ] , called Snake, utilizes a primer with a 5 ¢ - fl ap containing 
an amplicon complementary sequence that results in the formation of a stem-loop struc-
ture of the PCR amplicon. A dual-labeled probe, together with this stem-loop 
structure, serves as an optimal substrate for the exonuclease activity of Taq poly-
merase. Unlike TaqMan probe, the Snake system prefers short probes, therefore may 
be more ef fi cient in detecting SNPs. However, the design of the 5 ¢ - fl ap can be tricky, 
where the overstabilization of the secondary structure inhibits PCR ef fi ciency.  

   Adjacent Probes 

 In this design, two probes bind to adjacent locations on the target sequence  [  47, 
  48  ] . The 3 ¢ -end of the upstream probe and the 5 ¢ -end of the downstream probe are 
labeled with two  fl uorescence moieties capable of energy transfer or quenching. 
When target sequences accumulate during ampli fi cation, these two probes will 
bind and the  fl uorescence signal modi fi cation (either signal increase for the 
 fl uorescence acceptor or signal decrease for the donor) can be monitored in real 
time. Real-time assays using adjacent probes often can be followed with melting 
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analysis for identi fi cation of mutations. It is to note, however, that the signal is 
generated with a tertiary structure involving two probes and the target, thus optimi-
zation in assay designs and conditions can be relatively complicated. Due to the 
requirement of two probe-binding regions and their proximity, a long contiguous 
sequence has to be evaluated for  fi tness as the probe-binding region regarding 
sequence context and mutations. In addition, when accumulated target level exceeds 
that of the probe concentration, probes will more likely bind to different target 
strands than to a single strand. This will lead to a decrease in real-time PCR signal 
complicating data analysis. A variation of the adjacent probe design has also been 
reported where probes bind to double-stranded DNA target (rather than single-
stranded target) each forming a triplex structure  [  49  ] . 

 A modi fi cation of adjacent probes is C-probe design  [  50  ] . C-probe is a single 
oligonucleotide probe dual-labeled with  fl uorophore/quencher at both ends containing 
two terminal regions that can bind to adjacent target sequences. As a result of the 
binding, the two labels are brought together enabling  fl uorescence modi fi cation. In 
another related C-probe design, the two target-binding regions are in two different 
probe sequences that associate with each other via a double-stranded stem  [  50  ] .  

   Molecular Beacon Probe 

 Molecular beacon probe is a single-stranded oligonucleotide containing comple-
mentary sequences at or near its termini that can form an intramolecular helical 
stem as well as a loop sequence connecting the two stem sequences  [  51,   52  ] . The 
loop and sometimes part or all of the stems are designed to constitute the comple-
mentary sequence to the target. Molecular beacons are usually labeled with two 
 fl uorescent/quenching moieties each in the vicinity of either stem. Whether signal 
generation mechanism is based on energy transfer or collisional quenching depends 
on the stagger positions of the two labels  [  20  ] . It is conceivable that some designs 
may require only one label by using the natural quenching property of certain nucle-
otides. It is also conceivable that more than one  fl uorescent label can be used in 
order to generate more signals or to achieve wavelength shifting via energy transfer. 
In the absence of target, molecular beacon possesses the closed stem-loop structure 
due to the ef fi cient intramolecular stem formation, resulting in energy transfer or 
collisional quenching. When target accumulates in a real-time assay, molecular bea-
con probes hybridize to the target via the target complementary sequence forming 
the double-stranded probe–target hybrid. As a result, the probe’s stem-loop struc-
ture opens up thereby separating the two labels and causing the modi fi cation in 
 fl uorescence signals due to the loss of energy transfer or quenching effect. The ther-
modynamic balance between the open and closed states of the probe can be effec-
tively modulated by adjusting the sequence and length of either the stem or the 
target binding/loop sequence. The opening and closing are synergistically affected 
by both the loop and stem sequences. Molecular beacon probes with a strong stem 
and relatively short loop have often been used effectively to detect SNP mutations. 
In fact, SNP detection is perceived to be a predominant advantage of molecular 
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beacon due to ef fi cient closing of the stem-loop structure. However, assay sensitivity 
in such cases may be negatively impacted due to the stabilized closed state. 
A variation in the molecular beacon design  [  53  ] , i.e., tentacle probe, was developed, 
which contains a capture probe in addition to the stem-loop structure. The capture 
probe can be designed to enhance the hybridization stability and rate while main-
taining the sequence speci fi city of the typical molecular beacon. Molecular beacon 
can also be designed with long loop sequence and relatively short stem to detect 
heterogeneous sequences in a mutation tolerant manner, though the background 
signal will be higher. Another variation in molecular beacon is the “wavelength 
shifted” design, where a “harvester” dye is introduced at a position 5–18 bases away 
from the  fl uorophore  [  54  ] . The harvester dye has an emission spectrum that over-
laps well with the excitation wavelengths of multiple  fl uorophore, which can pre-
sumably facilitate multiplex detection on instrument where only one excitation 
wavelength is available. Besides these above-mentioned designs, there are also 
other probe designs that use similar fundamental principles as the original molecu-
lar beacons, i.e., signal generation resulted from molecular conformational changes 
driven by target binding. These probe designs include bimolecular beacon  [  55  ] , 
tripartite molecular beacon  [  56  ] , molecular torches  [  57  ] , dumbbell molecular bea-
con  [  58  ] , and cyclicon probe  [  59  ] .  

   Complementary Probes 

 Complementary probes, i.e., double-stranded probes, consist of two strands of oli-
gonucleotides with complementary sequences  [  60–  62  ] . The 5 ¢ -end of one strand 
and the 3 ¢ -end of the other strand are each labeled with a  fl uorescent or quenching 
moiety. Similar to molecular beacons, signal generation mechanism (energy trans-
fer or quenching) depends on the positions of the labels; and in a preferred design 
there may be variations in the number of labels. In the absence of targets, due to the 
formation of double helix consisting of the two probe strands, the two labels are 
brought into the vicinity of each other. In the presence of targets, the probe strands 
hybridize to their corresponding complementary target sequence, thereby separat-
ing the two labels. To achieve desired assay performance (i.e., sensitivity, mismatch 
tolerance versus differentiation), the thermodynamic balance between probe bind-
ing and target binding can be modulated by multiple factors such as the lengths and 
sequences of both probe strands and their respective concentrations and molar ratio. 
The ability to modulate the molar ratio between the two strands is an advantage of 
the complementary probes over the single-strand probes (such as TaqMan probe and 
molecular beacon) for which sequence variation remains the only source of design 
 fl exibility. Multiple types of complementary probe designs (categorized by length 
symmetry) have been introduced, including partially double-stranded probes with 
differential lengths  [  60  ] , and symmetric or near-symmetric probes with equal or 
near-equal lengths between the two strands  [  61,   62  ] . While symmetric or near- 
symmetric probes should work effectively to distinguish mutations, this is accom-
plished at the expense of slower binding kinetics and potentially lower sensitivity 
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due to competition of the equal length complementary probe with the target. The 
partially double-stranded probe can be designed either to achieve mismatch toler-
ance or mismatch discrimination. One signi fi cant advantage of partially double-
stranded probe is that the design features (i.e., lengths of both probe strands, their 
molar ratio, and read temperature) can be thermodynamically modulated with 
considerable independence so that multiple performance requirements such as sen-
sitivity and mismatch tolerance or differentiation can be achieved simultaneously. 
Partially double-stranded probes with two labeled oligonucleotides overlapping at 
the complementary region and containing noncomplementary single-stranded 
regions on both ends have also been described  [  63  ] .  

   Single-Stranded Dual Label Hybridization Probes 

 Eclipse probes are singled-stranded probes labeled with a 5 ¢  quencher and a 3 ¢  
 fl uorophore  [  64  ] . In addition, a minor groove binder (MGB) moiety that signi fi cantly 
stabilizes the double-stranded probe–target complex is also conjugated to the 5 ¢  end. 
When not hybridized to the target, the  fl uorescence of the MGB Eclipse probe is 
ef fi ciently quenched by the interaction between the  fl uorophore and quencher moieties. 
Upon hybridization, the probe is stabilized in the double-stranded structure, allowing 
 fl uorescence to be emitted. The mechanism of signal generation is independent from 
the 5 ¢ -to-3 ¢  exonuclease activity because the 5 ¢  MGB blocks such an activity. 

 Similar to the Eclipse probes, Pleiades probes are also hybridization probes 
labeled with a  fl uorophore, quencher, and a 5 ¢  MGB  [  65  ] . The difference is that the 
 fl uorophore is labeled at the 5 ¢  end and the quencher at the 3 ¢  end. As a result, 
Pleiades probes may have lower background signal when probes are not hybridized 
and higher signal gain upon probe hybridization to the target.  

   Light-Up and FIT Probes 

 Light-up probe and FIT (forced intercalation) probe are short peptide nucleic acid 
(PNA) oligomer labeled with asymmetric cyanine dye thiazole orange (TO). 
Light-up probe is labeled with TO at the N-terminus of PNA  [  66  ] , whereas FIT is 
labeled with a quinoline-linked TO as the substitution of an internal nucleobase  [  67  ] . 
TO is an intercalating dye that upon binding to DNA target exhibits large enhance-
ment in  fl uorescence intensity relative to the free dye. Both Light-up and FIT probes 
take advantage of PNA to achieve sequence-speci fi c hybridization. The extent of 
signal enhancement upon binding is much greater when complementary sequences 
are present compared to when noncomplementary sequences are present. The back-
ground signal in the absence of targets comes from the TO-labeled PNA probe and 
is highly dependent on the probe sequence. The use of PNA instead of nominal DNA 
bases eliminates the binding of TO to probe bases thus reducing the amount of back-
ground signal. Both Light-up and FIT probes can be designed very short (e.g., 10 
base long) while maintaining suf fi cient hybridization stability due to the use of 
PNA. As a result of the short length, Light-up and FIT probes are highly sequence 
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speci fi c with one mismatch causing clear differentiation between perfect-matched 
and mismatched targets. These short probes can be used to detect/quantify highly 
diverse microbial strains because it is relatively easy to  fi nd short conserved 
sequences within which to design probes  [  68  ] . The probes can also be designed to 
straddle the mismatches to detect/identify SNP mutations. It is interesting to note 
that the internally labeled TO in an FIT probe behaves as a universal base and can 
be designed at a position complementary to a mutation to achieve tolerance to such 
a mutation. Importantly, the similarities in both excitation and emission wavelengths 
between TO and  fl uorescein mean that these probe designs are compatible with the 
majority of the existing real-time PCR instruments. The utilities of Light-up and FIT 
probes have been demonstrated in qualitative or quantitative clinical diagnostic test-
ing based on real-time PCR or isothermal ampli fi cation real-time assays  [  68,   69  ] .  

   Hybridization-Induced Quenching or Dequenching 
of Fluorescein-Labeled Oligonucleotides 

 Fluorescence can be quenched by nucleobases due to photoinduced electron trans-
fer, as well as possibly coupled electron/proton transfer and hydrophobic effects. 
Due to their electron-donating properties, guanine derivatives have been found to be 
strong quenchers of  fl uorescence. As a result, labeling of  fl uorophores close to a G 
base has been recommended against in probe designs. Interestingly, it has been 
found that a probe labeled with G-quenched  fl uorescence (HyBeacon) can be 
dequenched upon hybridization to the complementary target strand, which leads to 
an increase in  fl uorescence signal  [  70  ] . Besides guanine, the quenching effect of 
intercalating dye has also been utilized to design a probe for which the quenching 
of  fl uorescence signals is reduced upon dye’s intercalation with probe–target dou-
ble-stranded complex  [  71  ] . As a result, the  fl uorescence is generated when targets 
accumulate. In addition to the quenching effect based on primary sequence adja-
cency, the quenching effect from G bases brought in close vicinity of the  fl uorophore 
via stem-loop formation has also been explored for the design of “Smart” probe. 
Like molecular beacon, the stem-loop structure opens up upon binding to the target, 
thereby generating signals due to reduced quenching  [  72  ] . All these above- 
mentioned phenomena of hybridization-induced  fl uorescence dequenching have 
been or can be used to design probes for real-time assay-based nucleic acid detec-
tion and genotyping. 

 In addition to dequenching, the G-associated quenching phenomenon has been 
utilized to design assays based on hybridization-induced quenching  [  73,   74  ] . 
Speci fi cally, a  fl uorophore-labeled probe is designed with such a sequence that upon 
binding the  fl uorophore will be in the vicinity of a G on the complementary target 
sequence. The extent of the quenching effect depends on the number and positions 
of the adjacent G bases on the complementary target strand. As target sequences 
accumulate in a real-time assay, the amount of quenched  fl uorescence can be mea-
sured that correlates with the amount of accumulated targets, much in the same way 
that an increased  fl uorescence signal is measured in a typical real-time assay.  
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   Internally Cleavable Fluorescence Probe 

 BDProbeTecET is a single-stranded DNA probe consisting of a stem-loop structure 
where  fl uorescein and rhodamine labels are positioned on two opposite sides of the 
loop and a recognition sequence for the  Bso BI enzyme is placed within the loop 
sequence  [  75  ] . This probe has been designed to achieve real-time detection of the 
nucleic acid targets generated with SDA, based on the FRET principle. Before tar-
get ampli fi cation by SDA, there is very little signal from  fl uorescein due to energy 
transfer to rhodamine. During SDA, the probes bind to the displaced single-stranded 
target sequences generated from the ampli fi cation reaction and are converted to 
double-stranded DNA as the result of extension by  Bst  DNA polymerase. This dou-
ble-stranded product is then cleaved by the  Bso BI restriction enzyme due to the 
presence of the restrictive site engineered in the probe sequence. This cleavage 
causes the physical separation of the  fl uorescein and rhodamine labels, and loss of 
energy transfer which in turn leads to increase in  fl uorescein signals. There have 
also been similar designs where the donor and acceptor are separated only by a 
restrictive enzyme site without a stem-loop structure. 

 Besides the above examples where each copy of ampli fi ed target supports one 
signal generation event, signals ampli fi cation can be achieved by using a cleavable 
 fl uorescence probe where one copy of ampli fi ed target supports multiple signal gen-
eration events. CataCleave probe (catalytically cleavable  fl uorescence probe) is one 
example  [  76  ] . CataCleave probe has a chimeric DNA-RNA-DNA sequence with 
four contiguous internal purine ribonucleotides. Upon binding to the DNA target, 
the RNA portion of the DNA:RNA hybrid is cleaved by RNase H. The cleaved 
products dissociate from the target DNA allowing further rounds of probe hybrid-
ization and cleavage. As such, each target DNA generates many cleaved probes that 
can accumulate over several orders of magnitude. Because the probe is labeled with 
 fl uorophore/quencher labels adjacent to both DNA/RNA sequence boundaries, 
probe cleavage results in  fl uorescence signal modi fi cation. Application of CataCleave 
probe has been demonstrated in real-time assays including both isothermal 
ampli fi cation and PCR.  

   Invader Chemistry 

 Invader chemistry detects target with probe-mediated sequence-speci fi c hybridiza-
tion and achieves signal ampli fi cation with probe cycling and structure-speci fi c 
cleavage by Cleavase enzyme  [  27  ] . Invader chemistry involves two isothermal 
reactions. In the  fi rst reaction, an Invader oligonucleotide and a downstream probe 
bind to the single-stranded target and form a substrate structure for the Cleavase, 
which contains a one-base overlap at the 3 ¢  end of the Invader oligonucleotide and 
5 ¢  end of the probe’s target binding region. In addition to the target binding region, 
the probe is designed with an un-complementary arm ( fl ap) 5 ¢  to the target binding 
region. Cleavase enzyme cleaves the probe at the overlap position and generates 
the  fl ap plus one nucleotide. The reaction temperature is set close to the melting 
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temperature of the probe therefore allowing probe to cycle on and off rapidly. As a 
result, cleaved probes are continuously being generated as reaction proceeds. In the 
second reaction, the  fl ap released by the  fi rst reaction acts as an Invader oligo and 
binds to a synthetic hairpin structure that is labeled with a FRET dye–quencher pair 
(FRET cassette). The complex can again be cleaved by the Cleavase enzyme and as 
a result the FRET pair is separated allowing  fl uorescence signal to be detected. This 
second reaction involves rapid isothermal cycling of the  fl ap on and off the FRET 
cassette, similar to the  fi rst reaction. As a result, Invader chemistry can generate 
signi fi cant signal ampli fi cation in a sequence-speci fi c manner. Invader chemistry 
has been used in a wide range of application including genotyping, target 
quanti fi cation, and copy number variation. This signal ampli fi cation technology has 
also recently been combined with real-time PCR ampli fi cation to achieve multiplex 
quanti fi cation of viral genomes  [  77–  79  ] .   

   Primer Designs for Target Detection and Signal Generation 

   Stem-Loop Primers 

 Three types of primers containing a stem-loop structure have been described in real-
time PCR assays: AmliFluor primer (also called Sunrise primer)  [  80  ] , LUX primer 
( L ight  U pon e X tension)  [  81  ] , and Scorpion primer  [  82  ] . Besides the stem-loop 
structure, the common features between these primer types are that (1) they are 
labeled with at least one  fl uorophore and generate signals upon opening of the stem-
loop structure (probes are not needed to generate signals), and (2) the 3 ¢  end of the 
primer sequence can bind to the complementary target sequence and be extended by 
the DNA polymerase. AmpliFluor primers are labeled with  fl uorophore/quencher 
pair at the two ends of the stem-loop structure, so that no  fl uorescence is generated 
due to ef fi cient quenching. When PCR ampli fi cation on the complementary strand 
extends through the AmpliFluor primer region, the primer adopts an extended con-
formation due to formation of double-stranded DNA separating the two labels. As a 
result, energy transfer or quenching effect reduces, resulting in increase in 
 fl uorescence signal. LUX primer is singly labeled with a  fl uorophore at the C-5 
position of the thymidine close to the 3 ¢ -end. In addition, the primer needs to have 
G or C base around the 3 ¢ -end so that the  fl uorescence is ef fi ciently quenched due to 
the nucleobase-dependent quenching. Similar to AmpliFluor, LUX primer will 
 fl uoresce when its complementary sequence is extended during PCR causing the 
stem-loop structure to open. It is to note that only those  fl uorophores that can be 
ef fi ciently quenched by nearby dG-dC and dC-dG basepairs such as  fl uorescein, 
JOE, HEX, TET, ROX, and TAMRA can be used in the LUX design, whereas certain 
other dyes such as Texas Red, Cy3, and Cy5 cannot be used in LUX primers. The loop 
in both AmpliFluor and LUX primers simply serves as a connector between the two 
stem-forming sequences so that a stable stem-loop structure can be formed. In contrast, 
Scorpion primer contains a loop sequence that is complementary to the extended 
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target sequence downstream of the primer. When the new region is synthesized in 
the PCR, the loop will hybridize to the newly synthesized region on the same DNA 
strand and form a large stem-loop structure. As a result, the original stem-loop 
structure in the primer opens up leading to signal generation. It should be noted that 
a blocker moiety is inserted in the primer between the stem-loop sequence and tar-
get complementary sequence so that the extension of the reverse strand will not 
open up the primer. These above primer systems can be designed to tolerate or dis-
criminate mutation dependent upon the 3 ¢  end of the primer sequences.  

   Duplex Primer 

 Several duplex primer designs have been introduced. The common features between 
these duplex primer designs include the following: (1) two complementary strands 
are used including a primer strand that is extendable from the 3 ¢  end, and (2) both 
strands are labeled, the primer strand with a  fl uorescence donor and the other with 
a  fl uorescence acceptor or quencher. In one such design, PCR extension of the 
region complementary to the primer strand displaces the other strand labeled with a 
quencher and thus allowing signal generation  [  83  ] . Another design is called duplex 
scorpion primer  [  84  ] , which is a derivative to the original scorpion primer design 
described above. Instead of having a stem as part of the stem-loop structure, the 
stem for the duplex scorpion primer is formed by two separate oligonucleotides. 
The stem sequence in the primer strand is complementary to the PCR-extended 
target sequence downstream of the primer. Therefore, PCR ampli fi cation causes the 
stem on the primer strand to bind to the extended target region, displacing the other 
stem bearing the quencher, and thus resulting in signal generation.  

   DzyNA-PCR 

 DzyNA-PCR involves in vitro ampli fi cation of target sequences using a DzyNA 
primer that contains the complementary sequence of a DNAzyme  [  85,   86  ] . Upon 
ampli fi cation of the target, the reverse strand is generated that contains the active 
DNAzyme sequence. DNAzyme sequence consists of a catalytic domain of 15 
nucleotides  fl anked by two substrate recognition domains and it can cleave nucleic 
acid substrate at speci fi c RNA phosphodiester bonds (between an unpaired purine 
and a paired pyrimidine). A chimeric oligonucleotide that contains RNA substrate 
sequence  fl anked by DNA-binding sequences and is labeled with FRET donor/
acceptor pair is included as the reporter substrate. During PCR, the reporter sub-
strate will transiently associate with DNAzyme through Watson–Crick pairing 
yielding multiple cleavage product and signal ampli fi cation. This method obviously 
requires that the reaction conditions support both the target ampli fi cation and enzy-
matic reaction. In addition, the design of substrate recognition domains in the 
DNAzyme sequence needs to ensure suf fi cient hybridization at assay conditions 
and thus ef fi cient cleavage. 
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 Similar to DzyNA-PCR, methods have been described that utilize the hammerhead 
ribozyme sequence either existing in a target sequence or introduced as a primer tag 
to achieve real-time target detection and signal ampli fi cation in an isothermal 
ampli fi cation reaction such as NASBA or 3SR  [  87  ] . It is to note that, similar to any 
assay solely relying on primer for target recognition, nonspeci fi c primer ampli fi cation 
such as false priming or primer dimer may generate nonspeci fi c signals.  

   Primer Labeled with Unnatural DNA Bases 

 A real-time PCR method has been developed that uses a primer containing a 5-meth-
ylisocytosine nucleotide base (isoC) labeled with a  fl uorophore and an unlabeled 
primer in the reverse direction  [  88  ] . PCR ampli fi cation is performed in the presence 
of diGTP (isoG) labeled with a dabcyl quencher. Incorporation of the quencher 
through isoc:isoG paring leads to quenching of the  fl uorescence. Fluorescence 
 signal decreases along the course of reaction, which is similar to a typical real-time 
PCR method, albeit with signal change in the opposite direction.   

   Energy Transfer Between Primers or Between Primer and Probe 

 Several methods have been described that involve energy transfer between primer 
and probe each labeled with a  fl uorescence donor or acceptor  [  89,   90  ] . The primer 
is labeled either at the 5 ¢  end or at an internal position, while the probe is labeled at 
the 3 ¢  end. After primer extension generates the probe-binding sequence, the probe 
will hybridize to the extended region bringing two labels within a short distance. As 
a result, energy transfer can occur and  fl uorescence signal change can be measured. 
One publication also described a method involving energy transfer between forward 
and reverse primers each labeled with donor and acceptor/quencher  [  91  ] . The labels 
are located at such positions in the primers that once the double-stranded amplicon 
is formed as the result of primer extension, energy can be ef fi ciently transferred 
from the donor to acceptor or quencher.  

   FRET Mediated Through Acceptor-Labeled Nucleobases 
Incorporated in the Ampli fi ed Product 

 Several methods are designed based on acceptor  fl uorophore-labeled nucleobases. 
These nucleobases are incorporated in the ampli fi ed products via primer extension. 
Upon target binding of certain nucleic acid dyes or cationic conjugated polymers that 
can act as  fl uorescence donors, acceptor  fl uorescence will increase due to FRET  [  92, 
  93  ] . In an alternative design called template-directed dye-terminator incorporation, 
the primer is labeled with  fl uorescence donor  [  94  ] . As a result, incorporation of the 
next acceptor-labeled nucleobase leads to change in  fl uorescence signal.   
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   Instruments for Real-Time Ampli fi cation and Detection 

 Instrument systems supporting automated real-time ampli fi cation and detection are 
becoming increasingly available in both research and clinical diagnostic spaces. 
Real-time PCR is the main target ampli fi cation and detection technology that under-
lies the core capability of the majority of systems, while real-time isothermal 
ampli fi cation and detection is also represented in a small number of systems. This 
discussion will not include instrumentation required for sample management or 
nucleic acid extraction/puri fi cation. 

 Each instrument supporting real-time assay and  fl uorescence detection has three 
basic technical functionalities: (1) supply excitation energy, (2) detect emission 
energy, (3) control and/or cycle temperature. There are currently three main types of 
excitation energy supply, namely, lamp, light-emitting diode (LED), and laser. Lamp 
provides relatively broad spectrum of lights while LED and laser provide narrow 
wavelengths. Detection of the emission light is achieved with three main types of 
devices, namely, charge-coupled device (CCD) camera, photomultiplier tube, and 
other types of photodetectors. It is to note that multiplex detection is achieved by 
using multiple discrete  fi lters or channels at the emission detection as well as some-
times the excitation end of the instrument. It is more dif fi cult to achieve multiplex 
performance when there is only one excitation spectrum with a narrow wavelength 
range. For multiplex detection,  fi lter or channel-speci fi c signals often have to be 
determined through mathematical decomposition to determine the analyte-speci fi c 
signals due to the often overlapping spectrums of  fl uorescence dyes. Requirements 
of thermal control are different for real-time PCR and isothermal ampli fi cation. 
While any thermal device capable of maintaining speci fi c temperatures suf fi ces for 
the isothermal ampli fi cation, real-time PCR requires a device that can cycle tem-
perature with speed, accuracy, and uniformity. Common types of thermal cycling 
devices include heating block (e.g., Peltier based) and heated air (for either tube or 
capillary-based reaction vessels). It is obvious that the performance of real-time 
assays depends on factors in assay chemistry (ampli fi cation and signal generation), 
instrument performance (optical and thermal), and the intricate interactions between 
assay and instrument factors. Critical assay performance characteristics include 
detection sensitivity, speci fi city, and reproducibility (e.g., sample-to-sample, run-
to-run, reagent lot-to-lot, and instrument-to-instrument). For example, the sample-
to-sample reproducibility is highly dependent upon the instrument’s robustness 
against variables including sample positions and plate setup, which would be deter-
mined by the optical and thermal uniformity. 

 Design features, functionalities, and technical capabilities of an instrument sys-
tem are complex and multifaceted. Institutional adoption of a system typically 
involves comparison and consideration in various areas including: instrument cost, 
physical dimension and other facility requirements, test menu/performance and 
regulatory status, open application capability, assay throughput and labor burden, 
service and support capability of the manufacturer, user interface, and laboratory 
information systems. The central consideration among all these factors has to be 
performance of the test and instrument. Interested readers are encouraged to review 
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a comprehensive review by Espy et al.  [  21  ]  and a recent summary of automated 
molecular platforms for additional information  [  95  ] . The assessment of instrument 
systems for the purpose of assay or instrument development are typically focused 
on the technical design features and capabilities, such as excitation and detection 
systems, multiplex capability, reaction volume, throughput, thermal control, etc. It 
is understood that when designing an instrument, logistical, infrastructural, and 
other nontechnical aspects of the total system offering as stated previously have to 
be comprehended and optimized for the end-use laboratories and personnel. The 
technical features of the main instrument systems currently available in the com-
mercial clinical diagnostic  fi eld are summarized in Table  24.4 .  

 The future in molecular diagnostic instrumentation lies in areas such as higher 
degree of process integration, menu access  fl exibility (random access), sample pro-
cessing  fl exibility (continuous access and STAT testing), testing throughput, quicker 
turnaround time, and less hands-on time. In addition, an area of increasing impor-
tance and growing needs is robust point-of-care (POC) systems, especially for the 
resource-limited areas. Such POC systems need to possess these following capabili-
ties: full integration of assay process (sample in and result out), error-proof opera-
tion, environmental robustness, and minimal logistic requirements (e.g., power, 
water, reagent ambient storage, and waste containment).  

   Data Analysis and Result Reporting 

 Data analysis and result reporting are a critical and  fi nal process of the diagnostic 
testing. This process typically involves the following steps: (1) recording of optical 
measurements, (2) determining dye responses (analyte signals), (3) data normaliza-
tion and ampli fi cation curve analysis, (4) baseline setting, (5) determining cycle 
number (for PCR) or time to positivity (for isothermal ampli fi cation), (6) determin-
ing qualitative and/or quantitative results based on outputs from step 5 as well as 
signal intensity, and (7) reporting results. 

 The automation in data analysis and the ease of use for reported results (i.e., 
objectivity without human intervention) are among the hallmarks of modern com-
mercial clinical diagnostic systems. The objectivity of reported results is the out-
come of both robust data analysis algorithms and sophisticated data validity criteria. 
Validity criteria include checks on multiple aspects of the assay data, including 
ampli fi cation curve, dye intensity, signal/noise abnormality, cycle number (or time 
to positivity) abnormality, as well as, depending on control and calibration strate-
gies, various performance characteristics of controls and calibrators. 

 The output of data analysis is the generation of some sorts of actionable values 
from which to determine assay results. These actionable values may include cycle 
number (or time to positivity) or signal intensity. The algorithms in formulating 
assay results from these actionable values vary depending upon the diagnostic utili-
ties that assay results are expected to ful fi ll. For a quantitative or semi-quantitative 
assay, analyte quantities may be calculated by comparing the cycle number (or time 
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to positivity) of the analyte against external calibrator(s) or internal quantitative 
standard(s). Similarly, relative quanti fi cation may be calculated by comparing the  D  
cycle time (or  D  time to positivity) between the analyte and the endogenous control 
against calibrators/standards. For a qualitative assay, the positive or negative assay 
result may be determined by comparing the cycle number (or time to positivity) 
and/or signal intensity with respective cutoff values. For a genotyping assay, quali-
tative results from one or multiple analytes may be combined to determine the geno-
type pro fi le of the sample.  

   Conclusions 

 Several main topics regarding  fl uorescence-based detection of real-time ampli fi cation 
and detection assays have been discussed in this chapter, including  fl uorescence 
principles, target detection/signal generation technologies, real-time instrument 
systems, and data analysis and result reporting. While existing real-time assays are 
playing an important role in clinical microbiology, new technology platforms and 
instrument systems for ampli fi cation and detection as well as sample management 
and preparation will continue to emerge. These new technologies hold great prom-
ises in further improving established clinical utilities as well as addressing emerging 
clinical needs or new microbiological agents. It is therefore imperative for the diag-
nostic community, including researchers, laboratories, clinicians, and device manu-
facturers, to make concerted and continued effort to develop, commercialize, and 
utilize more sophisticated and accurate diagnostic tools to  fi ght against increasing 
burden of diseases and infections.      
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         Introduction 

 Pathogen detection and characterization have traditionally been accomplished 
through time-consuming, complex and expensive culture-based methods. These 
methods are reasonably inclusive within the limits of their design, but can only 
detect inherently cultureable agents that have not been rendered nonviable through 
preemptive antibiotic treatment, immune system challenge, or other processes. 
Although culture methods can be used retrospectively to provide an explanation for 
disease, these assays are often too slow to effectively inform treatment decisions or 
public health responses. For these reasons, many clinical laboratories have begun to 
rely on rapid molecular tests such as PCR and rapid antigen strip tests. 

 Most rapid molecular detection methods are designed to detect speci fi c agents—
that is, to answer the question “Is a certain pathogen in my sample?”  [  1  ]  The tech-
nology discussed in this chapter, which couples PCR ampli fi cation to mass 
spectroscopy detection (PCR/ESI-MS (electrospray ionization-mass spectrome-
try)), is designed to answer a far more universal question—“What infectious 
organism(s) are in my sample?”  [  1  ]  The PCR/ESI-MS technology offers the broad 
capture potential of culture methods enhanced by the detection of unculturable or 
nonviable organisms and returns high-resolution identi fi cations with the speed 
offered by modern molecular genetic methods and process automation. 

 The motivation to design biological detection technologies based on PCR/ESI-MS 
derived from the recognition that bacterial and viral infections are caused by extremely 
diverse agents. More than 1,400 species of microorganism have been associated with 
human disease  [  2  ] , and others are being identi fi ed at a rapid rate, in part thanks to 
broad-spectrum molecular methods such as 16S ribosomal sequencing  [  3  ] . It is clear 
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that many infections and contaminations go undiagnosed if frontline testing methods 
are limited to speci fi c targets. This can result in delays in appropriate treatment, mis-
use (and overuse) of antibiotics and antivirals, and other suboptimal but unavoidable 
medical responses. Furthermore, from a public health and biosecurity perspective, 
opportunities to detect and respond to cases involving emerging, rare, or variant 
agents are lost in the current system. The vast majority of samples that do not imme-
diately yield a diagnosis using available speci fi c molecular tests are discarded. Those 
that are not discarded are stored, shipped, and only much later tested broadly by pub-
lic health agencies for agents that, while rare, actually represent the greatest health 
risk to the general public. These include emerging pandemic viruses and potential 
agents of biowarfare attacks. Recent efforts to model events resulting from the 
appearance of pandemic agents suggest that prophylaxis and quarantine efforts are 
only effective if the initial emergence of transmissible agents is detected, and the 
response initiated, within 1 or 2 days  [  4,   5  ] . Similarly, the literature suggests that 
delays in effective diagnosis of critical infections such as sepsis, which may be caused 
by an extremely diverse groups of pathogens, represent very signi fi cant risk factors 
for patients. Those risk factors increase on a scale of hours, not days  [  6  ] . 

 All of these issues can (and will) eventually be addressed through the routine 
clinical and environmental use of technologies that can detect and identify bacteria 
and viruses in an inclusive manner, and do so in a timeframe consistent with the 
application of clinical treatment, biosecurity, and public health measures. Although 
the PCR/ESI-MS system described here has not yet been certi fi ed for diagnostic 
use, the technology was designed around these basic goals and has demonstrated 
signi fi cant potential. Detailed explanations of the principles of PCR/ESI-MS opera-
tion have been described elsewhere  [  7,   8  ] . In this chapter, we primarily discuss the 
realized and potential uses, bene fi ts, and limitations of PCR/ESI-MS. 

 The PCR/ESI-MS system is built on the principle of universal detection and 
speci fi c identi fi cation. The technology detects a wide variety of organisms with 
broad-spectrum PCR primers designed to amplify regions that vary in sequence (and 
therefore base pair) composition among the targeted organisms. Mass measurements 
achieved by ESI-MS analysis of the resulting amplicons provide data that is compu-
tationally deconvoluted to generate base pair composition signatures (   Fig.  25.1 )  [  9  ] . 
Identi fi cation is achieved by automated digital matching of species- (or strain-) 
speci fi c base composition signatures to signatures contained in an integrated data-
base. These comparison signatures are derived from either existing sequence data-
bases or from previous empirical testing of well-characterized type strains using 
PCR/ESI-MS  [  9  ] . Each speci fi c PCR/ESI-MS assay is designed to detect and identify 
all organisms within a particular interrelated phylogenetic group. Multiple primer 
pairs are used to amplify multiple genetic loci from most targets, increasing the reso-
lution of identi fi cations to the desired level  [  1  ]  and precluding loss of sensitivity due 
to sequence variations in the primer target sequences  [  10  ] . Any group of related 
organisms that share conserved regions of sequence with suf fi cient homology to sup-
port broad-spectrum priming can be targeted by a universal PCR/ESI-MS detection 
and identi fi cation assay. This includes groups as large as the entire kingdom of bac-
teria, for which 16 primer pairs can provide enough organism-speci fi c data to provide 
genus-speci fi c, and often species-speci fi c, identi fi cation  [  11  ] , and certain families of 
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viruses such as in fl uenza, for which nine primer pairs are able to provide type, sub-
type, and lineage-speci fi c identi fi cation for all recognized strains  [  12  ] . The following 
sections offer two examples of such tests and provide evidence for the functionality 
of the PCR/ESI-MS technology for both identi fi cation of common agents (as might 
be pursued in the future in a clinical setting) and detection and partial characterization 
of unexpected or emergent agents of signi fi cant medical and public health interest.   

   Universal In fl uenza Detection and Characterization 

 The PCR/ESI-MS universal in fl uenza assay uses nine primer pairs to detect and 
discriminate among all previously characterized in fl uenza A, B, and C subtypes. 
This test targets highly conserved regions of the in fl uenza RNA genome and uses 
base composition signatures derived from these segments, in tandem with a data-
base that includes all complete in fl uenza genome sequences currently available, to 
identify detected viral strains. This assay can identify and characterize strains from 
both cultured isolates and uncultured patient specimens. The targets of the primers, 
as well as a diverse representation of the in fl uenzas captured by these primers and 
their subtype-speci fi c base composition signatures, are shown in Fig.  25.2 . Notably, 
H and N subtype are inferred from the other segments targeted by the assay primers, 
as the hemagglutinin (HA) and neuraminidase (NA) segments are both signi fi cantly 
more variable than other segments and are hence not appropriate targets for 
 universal ampli fi cation with conserved-site primers (this is discussed later in the 
section on limitations).  

  Fig. 25.1    Identi fi cation and genotyping of microbes by PCR/Electrospray Ionization-Mass 
Spectrometry (PCR/ESI-MS). (Reproduced with permission from Ecker, et al.  [  9  ] )       
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 The automated analysis program integrated into the PCR/ESI-MS platform is 
designed to compare signatures from multiple amplicons to base composition sig-
natures contained in the associated database, such as those shown in Fig.  25.2 . 
These signatures may be derived from existing sequence database entries, such as 
those in GenBank, or they may be generated directly using PCR/ESI-MS through 
the analysis of well-characterized type strains acquired from surveillance agencies 
 [  12  ] . Identical or close matches of multiple base composition signatures to any 
speci fi c strain in the database will result in a reported detection of the appropriate 
subtype (H1N1, H3N2, etc.). The sensitivity, speci fi city, and accuracy of 
identi fi cation of this assay for circulating human in fl uenzas, including in fl uenza 

  Fig. 25.2    Detection and characterization of important human and avian in fl uenza virus subtypes. 
Base composition signatures are shown in A, G, C, T order. Identical base compositions within a 
column are the same color. Base compositions represented only once are shown in white. 
(Reproduced with permission from Sampath, et al.  [  12  ] )       
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AH1N1, in fl uenza AH3N2, and in fl uenza B, in uncultured human specimens, 
including throat swabs, nasal swabs, and nasopharyngeal swabs, have been demon-
strated in multiple studies. PCR/ESI-MS identi fi cations consistently agree with 
accepted methods including both culture and PCR  [  12–  15  ] . These studies suggest 
that the PCR/ESI-MS in fl uenza assay has the potential to provide rapid, high-
throughput, frontline clinical diagnosis, and identi fi cation of common in fl uenza 
viruses given appropriate validation and certi fi cation of the platform. 

 Manual analysis of base composition signatures from well-characterized in fl uenza 
strains, aided by automated matching of individual amplicon signatures to speci fi c 
database entries, allows discrimination of distinct lineages of circulating in fl uenza 
(Fig.  25.3 ). This level of resolution provides an indication of the relatedness of any 
given strain to the strains currently offered in vaccine formulations, offers a way to 
track the evolution of in fl uenza in real time, and, given suf fi cient external data linking 
speci fi c strains to phenotypic characteristics, prediction of antiviral resistance  [  14  ] .  

 The in fl uenza assay is also able to detect and identify all in fl uenza A types known 
to circulate in avian species, swine, horses, and other nonhuman mammals, including 
the well-characterized high pathogenicity strains of H5N1, H7N7, and others known 
to present signi fi cant threats to human and farm animal health  [  12  ] . Thus, the assay 
provides a tool for surveillance of these viruses in animal populations, as well as a 
rapid method of identifying these agents in the rare (but critical) instances in which 
they infect humans. Because the assay provides a similar level of strain resolution 
for all targeted subtypes, it can be used to discriminate lineages or strains of rare 
agents for research or epidemiological purposes. 

 All of the aforementioned capabilities could be matched by highly multiplexed PCR 
platforms. Massively multiplexed assays could provide a large number of simultaneous 
yes/no answers related to the presence or absence of speci fi c well-characterized in fl uenza 
variants. Any such system would be extremely complex insofar as it would require 
individual primer pairs with a unique identi fi er to amplify each targeted variant. The use 
of universal priming strategies in the PCR/ESI-MS assay offers a powerful advantage 
unavailable with type-speci fi c molecular methods. Because sequences are ampli fi ed 
from the full spectrum of recognized in fl uenza viruses using primers for which the tar-
get sites are highly conserved, the PCR/ESI-MS assay is also theoretically capable of 
detecting and, to a signi fi cant degree, characterizing, previously unrecognized or novel 
in fl uenzas such as those that might cause pandemics in human populations. 

 Emergent (pandemic) in fl uenza viruses are often reassortants, with segments 
originating from avian, swine, and/or human in fl uenzas  [  16,   17  ] . These viruses are 
of great public health importance, as they are immunologically distinct from previ-
ously circulating viruses and may be transmitted quickly through universally 
 susceptible human populations with signi fi cantly higher mortality rates than those 
observed with seasonal epidemic in fl uenzas. Modeling efforts suggest that public 
health responses to events involving the emergence of highly contagious pandemic 
agents require recognition of initial cases within 48 h of their occurrence in order to 
effectively contain the pathogen through quarantine or targeted prophylaxis  [  4,   5  ] . 
The only imaginable way to achieve such rapid recognition, especially in cases 
where infection with the emergent agent initially presents with common symptoms, 
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Fig. 25.3 (continued)
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is to piggyback broad-spectrum surveillance capability on routine diagnostic 
 procedures. This in turn can only be achieved with technologies that have universal 
detection and identi fi cation capability paired with sensitive, speci fi c, high-throughput, 
and rapid capabilities to detect and identify common, treatable infections. 

 The theoretical ability of PCR/ESI-MS assays to detect and characterize novel 
in fl uenzas was demonstrated during the emergence of the 2009 pandemic H1N1 
(pH1N1) in fl uenza. The  fi rst recognized case of this strain was detected using a PCR/
ESI-MS in fl uenza assay during screening of “untypeable” in fl uenzas and PCR-
negative specimens in the course of epidemiological research activities at the Naval 
Health Research Center in San Diego  [  13  ] . PCR/ESI-MS generated six amplicons 
from an uncultured patient specimen. As a novel reassortant, the signature of the 
pH1N1 strain was not in the database. However, the detection algorithm reported par-
tial matches of multiple amplicons, in three combinations, to existing, previously char-
acterized in fl uenza strains (Table  25.1 ). Those strains included avian H3N2 and H7N1 
viruses, and H1N2 swine viruses. Subsequent manual analysis of the spectral data 
revealed a single base composition signature derived from each primer pair, clearly 
indicating that the sample contained a single reassortant virus, rather than a coinfec-
tion of multiple avian and swine strains (Fig.  25.4 ). Coinfections result in multiple 
base composition signatures from individual primer pairs that amplify segments from 
multiple component viruses or from primer pairs designed to capture different in fl uenza 
types (such as in fl uenza A and in fl uenza B)  [  12,   13  ] . The principle differences between 
signals obtained from reassortants and coinfections are illustrated in Fig.  25.4  and 
Table  25.2  using pH1N1 as an example of a novel reassortant and FluMist multivalent 
live-attenuated vaccine as an (arti fi cial) example of a coinfection.    

 Following discovery of a previously uncharacterized agent such as pH1N1, the 
captured signatures from the novel strain need only be “named” in the PCR/ESI-MS 
database, and thereby associated with each other and with a speci fi c characterized 
identity, to achieve accurate and unambiguous identi fi cation of further cases  [  13–  15  ] . 
This principle was demonstrated through the analysis of pH1N1 strains following the 
initial emergence of the new reassortant, as shown in Fig.  25.5 . With the existing 
broad primers, such a change does not require new reagent or assay development as 
would be required to produce a real-time PCR test speci fi c to the newly emerging 
virus. Thus, the PCR/ESI-MS system can be rapidly adapted and deployed for use in 

  Fig. 25.3    Clade distribution of H3N2 in fl uenza viruses. Unique base composition types are reported 
using a six-letter code (see text) and are chronologically sorted bottom to top (color boxes, seasons 
1997 to 2006). From year 2000 onwards, seasons were labeled ‘‘ North ’’ and ‘‘ South ’’ to re fl ect the 
northern or southern hemispheric origin of the samples.  Thick vertical  bars represent the persistence 
of main types between consecutive seasons. Within each season, the number of isolates is reported 
between parentheses for types encountered more than once.  Thin horizontal  lines represent the 
spawning of new types through the accumulation of single mutations ( left  to  right ).  Black  font: types 
determined through sequence analysis;  blue  font: experimentally determined base composition 
types;  red  font: experimentally determined base composition types for season 2005–06. Ten rare 
sequence types (<1.5%) were not uniquely discernable by the base composition analysis of the eight 
amplicons used in this analysis, as more than one subtype produced the same BC-type. These 
BC-types are indicated by  asterisks . (Reproduced with permission from Sampath, et al.  [  12  ] )       
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an emerging situation. Continuing evolution of the virus, along with correlations 
between speci fi c strains and clinically relevant phenotypes such as virulence and anti-
viral susceptibility, can be tracked immediately through signature-speci fi c analysis 
of each amplicon, as discussed above for the case of common circulating in fl uenzas.   

   Universal Bacterial Detection and Characterization 

 The broad bacterial test provides perhaps the best example of the potential power 
of PCR/ESI-MS  [  7,   9,   11  ] . This test is capable of detecting and identifying essen-
tially all recognized genera of bacteria. The primers are designed such that multiple 
primer pairs amplify products from any given phylogenetic group of bacteria 
(Fig.  25.6 ). The resulting test is therefore closer to other universal capture/speci fi c 
identi fi cation methods such as 16S ribosomal sequence analysis and multi-locus 
sequence typing than to tests such as real-time PCR, which typically detect a 
speci fi c species of bacteria. The PCR/ESI-MS broad bacterial assay can identify 
virtually all common bacterial species without preliminary culture, detect and 
 characterize bacteria which were not previously associated with speci fi c diseases 
because of a lack of existing speci fi c assays, detect emergent or previously 

   Table 25.1    Best triangulated matches for all ampli fi ed products from the  fi rst characterized sample 
containing 2009 pandemic H1N1 in fl uenza virus (novel  fl u) and FluMist trivalent in fl uenza vac-
cine (Taken with permission from Metzgar et al.  [  13  ] ) a    

 Sample 
[apparent 
component 
strain] b  

 Best matched strain (type/host/identifying 
site/unique sample No./year of isolation 
(subtype)) 

 No. of 
ampli fi ed 
fragments 
matching/total 
No. of tested 
for this type 

 Contributing 
segment (No. of 
mismatches for 
that segment) b  

 Novel  fl u [1]  A/SWINE/
ILLINOIS/100085A/2001(H1N2) 

 3/6  PA [2] NS1 [0] 
NS2 [0] 

 Novel  fl u [1]  A/TURKEY/OHIO/313053/2004(H3N2)  3/6  PA [2] NS1 [0] 
NS2 [0] 

 Novel  fl u [1]  A/MALLARD/ALBERTA/34/2001(H7N1)  2/6  PB1 [0] M [4] 
 FluMist [1]  A/HUMAN/ANN ARBOR/6/1960 (H2N2)  6/6  PB1[0] NP [0] M 

[0] PA [0] NS1 
[0] NS2 [0] 

 FluMist [2]  B/HUMAN/ANN ARBOR/1/1966 ( fl u B)  3/3  PB1 [0] PB2 [0] 
NP [0] 

   a Due to a lack of identically matched signatures in the database for the NP amplicon of Novel  fl u, 
and no triangulated set of signatures with which the NP signature clustered, the Novel  fl u NP 
amplicon was not initially matched to a target. Upon addition of the new signature to the database, 
this segment was identi fi ed as being closely related to recent H1N1 swine in fl uenza isolates 
  b  M  matrix;  NP  nucleoprotein;  NS1  nonstructural protein 1;  NS2  nonstructural protein 2;  PA  poly-
merase;  PB1  polymerase basic protein 1;  PB2  polymerase basic protein 2. Includes only those 
segments that were recognized as having a common close match in the database of recognized 
signatures  
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  Fig. 25.4    Raw spectral data from the  fi rst characterized sample containing 2009 pandemic H1N1 
in fl uenza (H1N1) and FluMist trivalent vaccine. Individually colored peaks (series of  vertical  bars) 
represent multiple charge states of a single amplicon (allele). All peaks are normalized to their 
maxima.  Red  peaks represent internal positive controls (IPCs),  blue  peaks represent primary ampli-
cons, and  green  peaks represent secondary detected amplicons of a different mass.  Red  peaks do not 
always show in tandem with positive ampli fi cations, since the IPC signal may be obscuredby the 
higher titer of the target ampli fi cation. (Reproduced with permission from Metzgar, et al.  [  13  ] )       
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 unrecognized species, and identify biowarfare agents that might initially present as 
an ordinary infection  [  18  ] .  

 The current PCR/ESI-MS broad bacterial assay utilizes 16 primer pairs, includ-
ing many of those whose range is depicted in Fig.  25.6 , to identify bacteria to the 
species level in otherwise sterile samples such as whole blood, cerebrospinal  fl uid 
(CSF), or tissue specimens.  Candida  species (fungi commonly associated with 
bloodstream, CSF, and other sterile-site infections, particularly in immunocompro-
mised hosts) are also targeted and ampli fi ed in the current assay, as are four of the 
most common bacterial antibiotic resistance elements. Two clade-speci fi c primer 
pairs are also included to verify identi fi cation of critical infectious organisms includ-
ing  Staphylococcus aureus . Discussion here is limited to the broad-spectrum bacte-
rial identi fi cation capabilities of the assay. 

 The bacterial assay’s broad-spectrum primers target highly conserved loci such as 
those encoding ribosomal RNA and housekeeping genes (Fig.  25.6 ). These primers 
were chosen to insure priming of multiple loci in every phylogenetic clade of bacteria 
(Fig.  25.7 ). Automated results reporting for the broad bacterial assay is limited to those 
bacterial species for which direct demonstrations of sensitivity and accuracy of detec-
tion could be made. These are species for which sequence data was available to serve 
as a reference signature, or for which cultured specimens could be obtained for direct 
veri fi cation by PCR/ESI-MS. The broad bacterial assay has been validated experimen-
tally with over 100 species of bacteria and is theoretically capable of identifying over 
500. Other bacteria will also yield PCR amplicons and associated base count signa-
tures; these species can be characterized by detailed manual analysis of individual 
primer pair amplicon data (or subsets of these data points) to yield near neighbor infor-
mation as discussed previously in relation to the PCR/ESI-MS in fl uenza assay.  

 The breadth of capture and identi fi cation afforded by the PCR/ESI-MS broad 
bacterial assay’s design allows the identi fi cation of common causes of infection, 
such as  S. aureus ,  Klebsiella pneumonia , and  Enterococcus faecium . It can also 
detect and identify generally rare and unexpected agents capable of causing epi-
demics or locally high rates of endemic disease in speci fi c regions, including 
 Yersinia pestis  (the agent of the plague) and  Bacillus anthracis  (anthrax—both an 
occasional environmental health hazard and a potential biowarfare agent), as dem-
onstrated using a previous prototypical version of the assay  [  11  ] .  

   High-Resolution Strain Analysis for Epidemiological Tracking 

 Bacteria generally evolve slowly, and truly threatening bacterial epidemics or out-
breaks are likely to result from either gene transfer (resulting in the acquisition by one 
strain of new virulence elements or antibiotic resistance factors) or deliberate release of 
bacteria in biowarfare attacks. In such circumstances, the initial need is to identify the 
species causing illness, and the secondary need is to develop and deploy strain-speci fi c 
markers to track emergent strains and de fi ne the sources and the epidemiology of 
 outbreak. The PCR/ESI-MS broad bacterial assay, due the highly conserved nature of 
the loci targeted, can provide universal identi fi cation of bacteria at the genus, and often 
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  Fig. 25.7    Visualization of the diversity of base composition signatures for diverse bacteria. 
Colored cells represent individual base-composition signatures found for the 332 organisms tested 
( rows ) in the nine loci ( columns ) that were used for broad bacterial identi fi cation. Row height 
occasionally varies as two or three distinct base counts may be found within the same locus for 
some organisms. Cells are left blank when no signature was found for the corresponding organism 
and locus. (Reproduced with permission from Ecker, et al.  [  9  ] )       
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species, level, but it cannot provide strain-speci fi c resolution for most bacteria. For 
these purposes, more focused PCR/ESI-MS assays have been developed for bacterial 
species of speci fi c interest, including emerging nosocomial species such as  S. aureus  
 [  19,   20  ]  and  Acinetobacter baumanii   [  7,   21–  23,   27  ] , agents of occasional but signi fi cant 
outbreaks such as  Streptococcus pyogenes   [  24–  26  ] , and biowarfare agents such as  B. 
anthracis   [  28,   29  ] . These assays use primer pairs designed to amplify loci that are con-
served within species, often including “housekeeping” loci used in multilocus sequence 
typing (MLST) and strain-marker loci containing SNP variants and length-variable 
tandem repeats (VNTRs), methods which have been generally validated through 
sequencing or SNP-speci fi c real-time PCR methods. Essentially, the PCR/ESI-MS 
platform offers a multilocus strain-typing methodology capable of returning high infor-
mation content through a rapid, high-throughput, and automated process. 

 Research studies using a PCR/ESI-MS  A. baumanii  strain typing assay on samples 
collected from infected US troops returning from the con fl ict in Iraq, often via hospi-
tals in Europe, demonstrated the capability of the PCR/ESI-MS genotyping assay 
through discrimination and identi fi cation of three species and 16 clonal lineages 
among 75 isolates (Table  25.3 )  [  21  ] . The majority of isolates were members of well-
recognized European clades associated with hospital transmission, suggesting that the 
hospitals at which the patients were initially treated in Europe were the proximal source 
of infection (Fig.  25.8 )  [  21  ] . A follow-up study in similar populations of wounded 
service members conducted 3 years later, using the same PCR/ESI-MS method, 
identi fi ed many of the same clonal lineages, clearly discriminated those lineages from 
nosocomial strains circulating in nonmilitary US hospitals, and was able to track evolv-
ing changes in the  Acinetobacter  populations circulating in military hospitals (Fig.  25.8 ) 
 [  27  ] . Furthermore, direct analysis of antibiotic resistance phenotypes and genetic anal-
ysis of resistance determinants revealed a very close correlation between PCR/ESI-MS 
genotype and resistance phenotype in this sample set (Fig.  25.9 )  [  21,   27  ] . This indicates 
that, given appropriate and contemporary association data based on wet-lab assays, the 
PCR/ESI-MS assay can effectively be used to predict variance in resistance pheno-
types more quickly and ef fi ciently than direct culture and resistance testing. These 
correlations were maintained over the period of 5 years of analysis.    

 A PCR/ESI-MS assay designed to detect and genotype group A streptococci 
(GAS,  S. pyogenes ) was used to conduct high-resolution epidemiology studies of 
GAS among the US military recruits, who suffer a high rate of GAS outbreaks and 
are the subject of active prophylactic antibiotic programs  [  24–  26  ] . Analysis of 387 
samples by PCR/ESI-MS, traditional sequencing methods targeting the primary 
antigen (emm typing), and culture-based antibiotic resistance testing demonstrated 
that PCR/ESI-MS could discriminate 27 GAS genotypes, and that these correlated 
very closely with emm typing methods. Both PCR-ESI/MS and emm typing methods 
offered very signi fi cant predictive power with respect to the most common and 
clinically relevant form of GAS antibiotic resistance (resistance to macrolides such 
as erythromycin) (Tables  25.4  and  25.5 )  [  26  ] . Analysis of 415 additional samples 
allowed the construction of a very informative epidemiological comparison between 
multiple military sites and indicated that strain turnovers result from geographically 
widespread changes in strain dominance (Figs.  25.10  and  25.11 )  [  25  ] . In turn, this 
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  Fig. 25.8    Comparison of the typical distribution of  A. baumannii  types found in 4 American civil-
ian hospitals in 2005–2007 with that of Walter Reed Army Medical Center (WRAMC) in 2002–
2004 and 2006–2007. The width of each segment corresponds to the prevalence of the strain 
indicated. (Reproduced with permission from Wortmann, et al. [ 27 ])       

   Table 25.3    Distribution of  Acinetobacter  sp. PCR/ESI-MS clone types isolated at the Walter 
Reed Army Medical Center (Taken with permission from Hujer et al.  [  21  ] ) a    
 European 
type 

 PCR ESI-MS 
type 

 No. of 
isolates  Hospital location(s)  Time course 

 I  15 b   4  SICU, MICU, ICU 
step-down 

 May 2003–August 
2004 

 I  16  1  ONP  July 2004 
 I  46  2  MICU, ONP  April 2003–May 2003 
 II  1  1  MICU  October 2003 
 II  10  9  SICU, ONP, surgery, 

ICU step-down, 
internal medicine, ER 

 August 2003–February 
2005 

 II  11  15  SICU, MICU, ONP  May 2003–November 
2004 

 II  12 b   4  SICU, MICU, 
internal medicine 

 August 
2004–December 
2004 

 III  14 b   16  SICU, MICU, ONP, 
surgery, ICU step-down 

 May 2003–December 
2004 

 §  3  6  SICU, MICU, ONP  July 2003–February 
2005 

 §  9  1  MICU  October 2004 
 §  24  11  SICU, MICU, ONP  June 2004–February 

2005 
 §  39  1  MICU  September 2003 
 §  47  1  SICU  January 2004 
 §  48  1  SICU  April 2004 
 §   Acinetobacter  

genome sp. 3 
 1  ER  August 2003 

 §   A. johnsonii   1  ER  January 2004 

   a All isolates are  A. baumannii  except  Acinetobacter  genome sp. 3 and  A. johnsonii . §, Isolates not 
related to European strains.  SICU  surgical intensive care unit;  MICU  medical intensive care unit; 
 ONP  orthopedics/neurology/physical medicine and rehabilitation;  ER  emergency room 
  b Exact matches to European reference strains  
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  Fig. 25.9    Drug-resistance pro fi les for the  A. baumannii  isolates identi fi ed at Walter Reed Army 
Medical Center in 2002–2004 and in 2006 –2007. Each column corresponds to a single isolate, and 
cells are colored in  dark gray  (resistant),  medium gray  (intermediately resistant), or  light gray  
(susceptible), in accordance with the level of resistance.  White  cells indicate a missing drug resis-
tance characterization. Isolatecolumns are grouped by strain type ( heavy black  lines). (Reproduced 
with permission from Wortmann, et al. [ 27 ])       

   Table 25.4    Correlations between  emm  groups and  emm  types (Taken with permission from 
Metzgar et al.  [  26  ] )   

  emm  group   emm  type (N) a  

 1  1 (23)   81 (1)  
 2  2 (10) 
 3  3 (66) 
 4  4 (16) 
 6  6 (1) 
 11  11 (13) 
 78  78 (1) 
 87  87 (4) 
 94  94 (2)   81 (1)  
 5/58  5 (58)  58 (6) 
 12/77  12 (15) 
 1/4/9/15/18/39/103/110/119  4 (1)  9 (2)  119 (1) 
 12/77/118  77 (10)  118 (16) 
 17/22/47/84  22 (6) 
 18/81/109  18 (13) 
 22/25/28/75  75 (1) 
 22/28  28 (16) 
 22/61/81/104   6 (1)  
 25/75  75 (33) 
 29/53/91/101  29 (3) 
 36/77/82/85/96/103  85 (1) 
 52/93/101/104/116  101 (4) 
 6/22/50/62/81/104  6 (22) 
 68/75  68 (5)  75 (6) 
 73/81/90  73 (6) 
 75/78/89  89 (7) 
 9/44/61/82  44 (15)  82 (1) 

   a  emm  types (identi fi ed by  emm  gene sequence analysis) associated with each  emm  group (set of 
equally likely  emm  types, as identi fi ed by T-5000 PCR/ESI-MS analysis); contradictory 
identi fi cations are shown in bold. All identities are shown as “identity (number identi fi ed)” for that 
speci fi c associative category  
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suggested that sudden changes in rates of antibiotic resistance observed at some 
sites were not, as previously thought, the result of speci fi c use of erythromycin for 
prophylaxis, but rather the indirect result of temporary increases in dominance of 
a single strain which has long been associated with macrolide resistance  [  25  ] . These 
results show that properly constructed PCR/ESI-MS assays can be used to identify 
and characterize diverse members of any chosen group of related organisms. As 
with sequence comparison methodologies, the more narrowly targeted the assay, the 
greater the phylogenetic resolution of the resulting data.      

   Limitations of Universal PCR-Based Methods 

 Unlike single-target tests, in which individual primer pairs or probes are designed to 
recognize a component of an individual organism, the primers and PCR reactions 
used in universal assays such as PCR/ESI-MS or direct 16S ribosomal sequencing 
are subject to competition between closely related targets. This competition occurs 
at two stages:  fi rst, during the PCR reaction and associated amplicon characteriza-
tion, in which multiple-related analytes will compete directly for ampli fi cation and 
signal acquisition; and second when information processing algorithms are used to 
transform raw signal into speci fi c identi fi cations. Unlike direct sequencing methods, 
signals from multiple amplicons generated by the same primers can be independently 
detected and identi fi ed by ESI-MS analysis, as shown in Fig.  25.4 . However, if 
related organisms targeted by the same primer pairs are present in very different 
concentrations, competition will likely obviate detection of the less concentrated 
component. Furthermore, if many related organisms are present together in the 
same sample then the resulting collections of multiple mass identities for each 
ampli fi ed locus, combined with signature overlaps between components, may 
exceed the computational ability of the analysis platform to properly deconvolute 
the data into individual sets of signatures matched to speci fi c targets. These issues 
limit the use of assays like the universal bacterial assay to sterile or semi-sterile 
samples (such as biopsy samples, blood, CSF, or sputum) or cultured isolates, where 
analysis is not compromised by the presence of complex background microbial 

  Fig. 25.11    Overall  emm  type distribution at ten sites and key to Fig.  25.10 . (Reproduced with 
permission from Metzgar, et al. [ 25 ])       
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ecologies. Throat swabs, nasal swabs, and other nonsterile samples are less likely to 
afford clear, unambiguous detections of pathogens due to the presence of high titers 
of multiple carrier-state bacteria. For the latter purposes, more speci fi c assays tar-
geted towards speci fi c pathogenic groups of bacteria are better suited. 

 Universal tests cannot be effectively targeted to hypervariable sequences and 
maintain the breadth of coverage that gives them their unique advantages. For these 
reasons, the highly variable markers that have long been used to discriminate organ-
isms at high resolution using species-speci fi c methods (like immunochemistry and 
antibody-mediated neutralization methods for serotyping) and sequencing methods 
targeting hypervariable loci (like emm-typing) are not readily targeted by universal 
methods. Existing PCR/ESI-MS methods, for example, do not directly target the 
HA and NA segments of all in fl uenza H/N subtypes, because the HA and NA seg-
ments do not offer regions of suf fi cient conservation to support universal priming 
and ampli fi cation. The current assay includes HA-speci fi c primers to capture drift 
and potential shift in the newly emerged pH1N1 and many other H1 strains, and 
some iterations of the assay have included NA primers capable of capturing multi-
ple subtypes. For most in fl uenza subtypes, the remaining (more highly conserved) 
six segments are analyzed, and associative database matching of signatures is used 
to infer HA and NA subtype. Similarly, the GAS genotyping assay targets several 
conserved housekeeping loci rather than directly targeting the primary antigenic 
determinant generally used to identify serotypes (the emm gene). Translation of 
PCR/ESI-MS data into commonly used identi fi cation schemes therefore requires 
associative data relating the sequence characteristics at targeted loci to the direct 
determinants of previously characterized and named strains, much as inference of 
phenotypic characteristics such as virulence must be determined by secondary 
(culture- or epidemiology-based) methods. The breadth and limits of the inferential 
method used to name detected organisms must be determined and considered in 
analysis of results. This is illustrated by the case of the  fi rst detection of the novel 
reassortant 2009 pandemic H1N1 in fl uenza (Table  25.1 ), when various segments 
were identi fi ed as closely related to strains of varying H/N type, including avian 
H3N2 and H7N1 and swine H1N2 viruses.  

   Notes on Characterization of PCR/ESI-MS Tests 

 Like any assay, the sensitivity, speci fi city, and accuracy of PCR/ESI-MS tests must 
be characterized prior to use. PCR/ESI-MS primers are designed such that multiple 
primer pairs amplify products from a given group of organisms, and thus have an 
essentially in fi nite breadth of detection and identi fi cation within that group. The 
resulting assays are therefore closer to other universal capture/speci fi c identi fi cation 
methods such as 16S ribosomal sequence analysis and multi-locus sequence typing 
than to tests such as real-time PCR. Due to the breadth of detection within the 
targeted group of organisms, targets representing every possible reportable signa-
ture set cannot possibly be tested in the process of characterization. We therefore 



46325 Microbial Identifi cation by PCR/Electrospray...

suggest that PCR/ESI-MS tests be characterized in a general fashion using a 
representative subset of the assay’s possible targets to demonstrate the overall 
performance characteristics. 

 Characterization should begin with a demonstration of basic functionality and 
robustness and then proceed to full analytical testing of a small set of targets (“core 
organisms”) which together exercise all of the primer pairs and biochemical reac-
tions of an assay. This should be done using live target organisms spiked in the same 
matrix for which the test is intended to be used, and should otherwise follow the 
standard protocols for evaluation of molecular biological detection methods. 
Sensitivity should be determined for each of the core organisms, followed by 
traditional testing of parameters including reproducibility, potential interference 
by substances likely to be found in samples, cross-reactivity to organisms outside 
the phylogenetic range targeted by the assay, and any others deemed important in 
the context in which testing will be performed. These characterizations should be 
performed using the core organisms at concentrations near the limit of detection or 
at least in the lower range of concentrations expected in the context of the intended 
studies. These tests will fully characterize the biochemical properties of all test 
reagents and the performance of the device. 

 The second level of characterization involves demonstration of the degree of 
universality through the limit of detection testing using a larger set of diverse 
organisms representing the phylogenetic range of detection of the assay. This stage 
of analysis will demonstrate the variance in sensitivity of the assay to diverse targets 
and the accuracy of identi fi cation of those targets. Observed variance in these 
parameters can then be used to estimate the range and variance in sensitivity of 
detection and accuracy of identi fi cation with respect to all possible targets through 
statistical extrapolation. This characterization is used to test the level of “noise” in the 
system caused by variable matching quality between universally targeted primer 
pairs and the highly conserved (but still heterogeneous) target sequences presented 
by different phylogenetic target groups. These tests should be done in natural matrix, 
thus subjecting them to the same degree of interference from background nucleic 
acids (such as the DNA and RNA of animals from samples are intended to be collected) 
and other potential interfering substances found in the intended sample types. 

 Characterization of probable performance on untested targets should include in 
silico validation of the remaining target organisms for which the assay’s database 
includes signatures. This involves computational analysis of the primer matches and 
melting temperatures for all targets for which sequences are available in public data-
bases, and analysis of the masses of the expected amplicons to ensure that resulting 
signatures will uniquely identify the target organism. For those organisms for which 
the target sequences are unavailable, signatures can be obtained through direct 
physical analysis (using the assay) of representative characterized samples of the 
organisms obtained from existing strain collections. These tiered characterizations 
address the breadth and speci fi city of an assay’s universal primers and demonstrate 
the robustness of the DNA mass determination (detection) and computational 
(identi fi cation) properties of the system.  
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   Summary 

 This chapter describes a high-throughput technology for detection and characteriza-
tion of bacteria and viruses using PCR ampli fi cation and mass spectrometry. Broadly 
targeted PCR reactions are used to generate amplicons from diverse groups of 
phylogenetically related organisms. PCR primers are chosen to amplify internally 
variable regions of sequence, as is done with 16S ribosomal sequencing and MLST. 
Amplicon masses are analyzed using ESI-MS, and the results are translated into 
amplicon base composition signatures. These signatures are matched with known 
signatures from existing sequencing data, providing speci fi c identi fi cation of 
detected organisms. The combined process is called PCR/ESI-MS. The process is 
automated, allowing for rapid characterization of diverse microbes from more than 
200 cultured or uncultured specimens in less than one day. The broad-spectrum 
capture and information-rich output of the technology render it capable of detecting 
and characterizing any organism within the designed phylogenetic breadth of a 
speci fi c assay, including both previously recognized common agents and unique, 
rare, or emerging variants.      
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         Introduction 

 “With great power comes great responsibility.” This popular Spider Man movie 
quote infers the relationship between molecular nucleic acid ampli fi cation methods 
and ampli fi cation product inactivation procedures. The “power” is the ability of 
molecular ampli fi cation methods to produce billions of copies of nucleic acid from 
one template strand. This technique has been modi fi ed and adapted to serve as a 
means to detect viral and bacterial nucleic acids in clinical settings. The use of 
molecular methods is constantly evolving and expanding in its utility in this arena. 
With these methods, it is possible to detect small amounts of herpes simplex virus 
(HSV) in an infant’s cerebrospinal  fl uid (CSF) with suspected meningitis  [  1  ] . With 
the detection of HSV in the CSF, antiviral therapy can be continued with con fi dence 
that the therapy is preventing brain damage that can be caused by HSV  [  2  ] . Before 
the advent of nucleic acid ampli fi cation techniques, there was little to no chance of 
recovering the virus from this sample type with traditional viral laboratory methods 
 [  3  ] . Empiric antiviral therapy was either continued or stopped without objective 
data upon which to base the decision. 

 The “responsibility” that comes with this “power” is making sure the ampli fi cation 
method is free of contaminating nucleic acids from previous ampli fi cation reactions. 
If one copy of the carryover nucleic acid contaminates the HSV reaction described 
above, this could cause a false positive test result. Antiviral therapy would be 
continued unnecessarily, and the infant thus would remain as an inpatient in a 
hospital for several additional days or longer. The therapy regimen can include IV 
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Acyclovir for up to 3–4 weeks in some cases. This not only causes stress and worry 
for the infant’s parents, but also wastes thousands of dollars on inpatient and home 
nursing care. In this chapter, most common causes of false positive ampli fi cation 
methods are discussed as well as methods laboratorians can take to prevent these 
from occurring in their molecular microbiology laboratories  [  4–  6  ] .  

   Causes of False Positive Ampli fi cation Reactions 

 The most common cause of false positive ampli fi cation reactions is carryover of 
previously ampli fi ed product (amplicon) to a new ampli fi cation reaction. The 
ampli fi cation reaction creates billions of copies of nucleic acids. Whenever the 
microcentrifuge tubes that contain these amplicons are opened post-ampli fi cation, 
there is a chance that these amplicons can be spread to future reactions. Even small 
aerosols that are produced when opening the tubes can be enough to eventually 
cause contamination problems in the laboratory  [  7  ] . 

 Another common source of false positive ampli fi cation reactions is carryover of 
nucleic acid from a high titer sample to another sample in close proximity. This 
could occur, for example, if a genital sample that contained high titers of HSV was 
processed next to the infant’s CSF sample described in the introduction example. 
The contamination happens when a small drop of the genital sample  fi nds its way 
on a technologist’s glove. The technologist then opens the CSF sample next and the 
small drop is transferred to this sample causing a false positive result. HSV positive 
genital or oral samples generally have very high titers of virus as compared to other 
sample types  [  8  ] . Unfortunately, the contaminating nucleic acid can also be trans-
ferred on a pipette tip, pipette, pen, vortex, or any other equipment that is used when 
processing and extracting samples. In most cases, the drop is not visible to the 
naked eye which makes this even more dif fi cult to prevent. Besides a high titer 
patient sample, a high titer positive control or real-time PCR standard that utilizes 
plasmid DNA can also serve as a potential carryover sample  [  9  ] . When making 
positive controls for assays, it is important to make them lower titers but not so low 
that they  fl irt with the assay’s limit of detection. If the positive control is of low titer 
but still consistently detectable, it can also serve a dual purpose to indicate reagent 
degradation (if sudden negative reactions occur). 

 Other possible sources of contamination leading to false positive ampli fi cation 
test results have also been described  [  4–  6  ] . Many times it is dif fi cult to determine 
the source of the contamination  [  10  ] . There has been contamination of a collection 
device that is repeatedly used from sample to sample or patient to patient and has 
not been cleansed adequately. The repeated use of an instrument to punch dried 
blood spots for HIV PCR showed that thorough cleaning between uses reduced the 
possibility of carryover contamination between samples  [  7  ] . Commercially sold 
reagents have been contaminated with the target for a particular ampli fi cation test. 
 Coxiella burnetti  was found to contaminate a commercially prepared PCR master 
mix  [  11  ] . 16S rRNA PCR was complicated by bacterial DNA that was found to 
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contaminate ampli fi cation reagents  [  12,   13  ] . Commercially manufactured extraction 
kits were contaminated with  Legionella  DNA  [  14  ] . There was an incident where 
RT-PCR enzymes used in a molecular HIV genotyping assay were contaminated 
with an HIV-based vector manufactured by the same vendor  [  15  ] .  

   Principle Methods for Preventing Carryover Contamination 

 There are two principles that a laboratory can take to help prevent contamination 
events. The  fi rst principle is to physically separate post-ampli fi cation areas from the 
rest of the laboratory. Proper lab design is one of the most important methods for 
preventing false positive ampli fi cation reactions. The post-ampli fi cation area should 
be in a designated room that is separate from the sample processing area. The room 
should be separated by a door and most ideally down a short hallway from the sam-
ple preparation area. The sample preparation (pre-ampli fi cation) area should also be 
in a separate room (with a door). To keep reagents from being contaminated from 
both high titer samples and amplicons, the reagent preparation area should also be in 
a dedicated room (with a door). Each room should have separate set of refrigerators, 
freezers, centrifuges, computer workstations, lab coats, pens, pipettes, etc. These 
items must never migrate from room to room as they can carry nucleic acids. 

 The laboratory technologists must follow a “one-way traf fi c”  fl ow throughout 
the work day. The sample processing and extraction should be preformed in the pre-
ampli fi cation area, then the technologist should move to the post-ampli fi cation area 
to detect the amplicons. The technologist should not return to the pre-ampli fi cation 
area after working in the post-ampli fi cation area in the same shift. Figure  26.1  
shows the ideal con fi guration for a molecular laboratory.  

 When performing a molecular test method, cleaning the work area is of utmost 
importance. Ten percent bleach is the most common cleaning solution used in 
molecular labs  [  16  ] . The bleach oxidizes any nucleic acid present and subsequently 
renders it unsuitable as a template for future ampli fi cation reactions. The technolo-
gist should wipe down the work area including pipettes, pens, and any equipment 
used with 10 % bleach before and after manipulating samples. Bleach can be cor-
rosive to equipment over time so rinsing with 70 % ethanol can remove bleach to 
minimize the damage. Another cleaning agent that is used in molecular labs is DNA 
Away (Molecular BioProducts, San Diego, CA). This is a strong alkaline agent that 
degrades nucleic acids. DNA Away can be used to wipe down work areas. It is 
important to rinse with water after using DNA Away because residues can be inhibi-
tory and cause false-negative reactions if they are not completely removed. Other 
areas of caution when cleaning is to wipe work areas in the extraction box with 
water prior to wiping with 10 % bleach as bleach can combine with guanidinium 
isothiocyanate (reagent commonly used in extraction) to create toxic gas. The use 
of DNA Away in a spray bottle is discouraged. If sprayed, the droplets can remain 
in an aerosolized form to contaminate future ampli fi cation reactions and cause a 
false negative result. 
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 Some labs employ the use of “dead air boxes” within the separate rooms which 
further separate the work areas thus providing even more protection (Fig.  26.2 ). The 
“dead air box” provides just what it is describing, an area of “dead air.” Any aero-
sols that are created are contained inside the unit. Most facilities have heating or 
cooling systems with vents that can blow nucleic acids around the room and increase 
the chances of carryover. The “dead air box” creates an enclosed area that prevents 
these occurrences. Furthermore, they come equipped with an ultraviolet (UV) light 
that can be used to destroy any nucleic acids remaining after cleaning the work area. 
The use of UV light as a method for controlling contamination is discussed in the 
next section.  

 Molecular laboratories should use special pipette tips called “aerosol resistant 
tips” (ART). These pipette tips include a type of  fi lter just below the point where 
the tip  fi ts on the pipette. The  fi lter blocks aerosols, nucleic acids, etc., from collect-
ing on the end of the pipette thus greatly reducing the carryover from one sample 
to the next. 

 There are a variety of automated extraction instruments available that may assist 
the laboratory by providing automation as well as decreasing the chance for carry-
over contamination. These instruments are computer programmed and pipette very 

  Fig. 26.1    Ideal design of a molecular laboratory. The pre-ampli fi cation area is a separated room 
from the post-ampli fi cation area. The reagent preparation area is separated from the remainder of 
the lab. There is a unidirectional work fl ow moving from pre-ampli fi cation to post-ampli fi cation 
with no opposite  fl ow       
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deliberately and precisely. The tubes and pipette tips are designed to be manipulated 
by a machine and are shaped to minimize contamination. Tubes have screw caps 
and are slowly opened to create fewer aerosols. The instruments are enclosed to cut 
down on aerosols entering or escaping the unit. They are usually equipped with a 
UV light that can be turned on at the end of the workday. 

 Recently, several “closed-tube” systems, especially those used in real-time PCR 
formats have diluted the essential need of using the facilities described above. 
Real-time ampli fi cation tests detect amplicons while ampli fi cation is performed; 
therefore, tubes are not required to be opened post-ampli fi cation. Methods that use 
gels (agarose gels or gels for southern or western blotting) or EIA methods for 
detection necessitate opening tubes post-ampli fi cation. Any time a tube is opened 
post-ampli fi cation it increases the risk of contamination  [  17  ] .  

   Commonly Used Methods of Ampli fi cation Product Inactivation 

 Another principle for controlling carryover contamination is to implement chemical 
modi fi cations. The following are common methods being used as routine laboratory 
practices. 

  Fig. 26.2    Molecular laboratory “Dead Air Box.” The dead air box creates an atmosphere that will 
lower chances of contamination in molecular samples. Aerosols are blocked from entering the unit 
from the surrounding environment. Before and after usage, the unit can be wiped down and cleaned. 
Then, the unit can be closed and the UV light can be turned on to further decontaminate the area       
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   Ultraviolet Light 

 UV light has been used pre-ampli fi cation to cut down on amplicon carryover 
 [  18,   19  ] . UV light irradiation produces pyrimidine dimer adducts between adjacent 
pyrimidine bases. These adducts prohibit  Taq  polymerase from processing along the 
amplicons. This renders nucleic acids unsuitable as templates for future reactions. 

 UV lights are included in “dead air” boxes and automated extraction instruments 
as a way to limit contamination. After being cleaned the units can be completely 
closed and the UV light can be turned on to aid in degrading any remaining nucleic 
acid. The units come with transparent shields or windows to protect the technolo-
gist’s eyes from the harmful effects of UV light. 

 A UV light treatment at 254 nm for 10 min seems to be suitable to eliminate 
contaminating amplicons. Obviously, the action of UV light may be effected by the 
percentage of pyrimidines in the amplicons produced and the distance from the UV 
light source. Contaminating DNA was found to be eliminated at a distance of 5 cm 
 [  20  ] . As the distance was increased, UV light was less effective at controlling con-
tamination. It has been found that there is better success if the amplicon is greater 
than 500 bp  [  21  ] .  

   Enzymatic Methods 

   Uracil- N -Glycosylase 

 An enzymatic method that has proven to be an effective means for amplicon inacti-
vation is uracil- N -glycosylase (UNG). This enzyme removes uracil bases from 
DNA by cleaving the uracil glycosidic bond between the base and the sugar phos-
phate backbone. Amplicons containing uracil are cleaved at these sites by UNG 
yielding them unsuitable as a template for ampli fi cation. UNG has no action on 
RNA and is only functional on single- or double-stranded DNA. Figure  26.3  shows 
the biochemistry of the UNG inactivation method.  

 Using UNG requires some changes in master mix recipe and in thermal cycling 
conditions. Master mix must contain UNG and there needs to be at least some, if not 
all, substitution of dTTP with dUTP. The optimal temperature of UNG activity is 
55 °C. The enzyme is inactivated at 95 °C for 10 min. The thermal cycling pro fi le 
needs to include two temperature holds before ampli fi cation, the  fi rst hold is 55 °C 
2 for 10 min and the second is 95 °C for 10 min. After these two holds, thermal 
cycling can proceed although it is best if annealing temperatures remain above 
55 °C.  [  22  ] . After cycling, it is advantageous to hold reactions at 72 °C (above 
55 °C) or 4 °C to limit any residual UNG activity  [  23  ]  (Fig.  26.4 ).  

 The success of UNG activity depends on the amount of uracil incorporated in the 
product, so products that are A + T rich will give better results with this method. The 
UNG protocol was not found to work well with small amplicons (<100 bp) 
 [  24  ] . Also, if it is desired to add UNG to an existing protocol, it may take some time 
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  Fig. 26.3    Biochemistry of UNG. UNG and dUTP are included in the polymerase chain reaction 
(PCR) master mix. During ampli fi cation, dUTP is included in the amplicon. If contamination of a 
new PCR reaction occurs with this amplicon, UNG will cleave the apyrimidinic sites and the 
amplicon is not suitable as a template for further ampli fi cation       

  Fig. 26.4    Steps used in UNG ampli fi cation product inactivation protocol. The master mix has 
been formulated to contain UNG and dUTP (as opposed to dTTP). The master mix is allowed to 
incubate for 10 min to allow for UNG activity. Then, the mixture is warmed to 95 °C for 10 min to 
inactivate UNG. The ampli fi cation and detection are allowed to proceed as normal       

to adjust master mix and thermal cycling programs to come to an optimal mean 
between good product yield and good UNG activity. The UNG method has been 
shown to inhibit up to 3 × 10 9  copies of contaminating DNA  [  25  ] . 
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 In most experiments, a 1  m L of 1 U/ m L UNG is included in a 100  m L reaction 
volume  [  25  ] . A heat-labile UNG is also available that has proven to be more effec-
tive in some experiments when RNA is targeted. The heat-labile forms of UNG 
operate at lower temperatures than heat-stable versions. They are degraded at tem-
peratures lower than 50 °C that is commonly used for the reverse transcriptase step 
 [  26,   27  ]  in RT-PCR protocols. Sodium hydroxide used to denature DNA also has a 
dual purpose in helping to halt UNG activity more completely than just heat alone 
 [  28  ] . Concentrations of UNG higher than 0.1 U per reaction have been shown to 
inhibit ampli fi cation with some targets  [  29  ] . 

 PCR protocols using UNG have been developed for a variety of targets including 
enterovirus  [  26,   29,   30  ] , tuberculosis  [  31  ] ,  Toxoplasma gondii   [  28  ] , human herpes-
virus 6 (HHV-6)  [  32  ] ,  Histoplasma   [  33  ] ,  Bartonella henselae ,  Bartonella quintana , 
and  C. burnetti   [  34  ] , HSV  [  1  ] , CMV  [  35  ] , and many others. The UNG procedure 
has been modi fi ed slightly to be compatible with DNA methylation experiments 
 [  36  ] . In fact, most commercial manufacturers have included UNG if they provide 
reagents in a kit format  [  35,   37  ] . 

 UNG protocols have no effect on gel mobility, ethidium bromide staining, and 
hybridization reactions used in PCR product detection  [  23  ] . Although there have 
been reports of UNG changing melting temperatures for assays using them as part 
of their endpoint analysis  [  38  ] . RNA degradation has been reported when using 
heat-labile UNG  [  25  ]  (Table  26.1 ).    

   Other Enzymatic Methods 

 Double-stranded DNase (dsDNase) is another enzymatic method of contamination 
control. These enzymes speci fi cally target double-stranded DNA and have no activ-
ity with single-stranded DNA or RNA. Approximately 0.1–0.5 U of dsDNase can be 
added to the PCR master mix pre-ampli fi cation. This reaction mixture should be 
incubated at 42 °C for 15 min for DNA decontamination (and reverse transcription 
if RNA is the target). Then, the mixture is heated to 95 °C for 5 min to inactivate the 
enzyme. PCR thermal cycling can occur as normal after inactivation. Heat-labile 
forms of this enzyme are available that can be inactivated at 55 °C. The heat-labile 
enzyme is added to PCR master mix before template addition and is allowed to 
incubate at 37 °C for 10 min. Then, the enzyme is inactivated at 55 °C for 15 min. 
The template can be added after this step and thermal cycling proceeds as normal. 
An algorithm was created by Champlot et al. where Taq polymerase, dNTPs and 
primers were treated pre-ampli fi cation with heat-labile dsDNAse to rid these 
reagents of possible contaminants prior to PCR master mix formulation. Chemical 
means of decontaminating other components of PCR master mix (water, buffers, 
glycerol, etc.) were shown to work well. UV irradiation was not consistent at decon-
taminating or had negative effects on PCR ef fi ciency when used on polymerase, 
dNTPs or primers thus heat-labile dsDNase was used  [  39  ] . 



47526 Ampli fi cation Product Inactivation

   Ta
bl

e 
26

.1
  

  C
om

pa
ri

so
n 

of
 in

ac
tiv

at
io

n 
pr

ot
oc

ol
s 

us
ed

 in
 n

uc
le

ic
 a

ci
d 

te
st

s   

 M
et

ho
d 

 A
pp

lic
at

io
n 

 C
on

di
tio

ns
 

 A
dv

an
ta

ge
s 

 D
is

ad
va

nt
ag

es
 

 R
ef

er
en

ce
s 

 U
V

 li
gh

t 
ir

ra
di

at
io

n 
 Pr

e-
am

pl
i fi

 ca
tio

n 
 L

ow
er

 G
 +

 C
 c

on
te

nt
, 

>
50

0 
bp

 a
m

pl
ic

on
 

 In
ex

pe
ns

iv
e 

 E
f fi

 ca
cy

 v
ar

ie
s 

  [  1
8,

   2
0,

   2
1  ]

  
 Si

m
pl

e 
pr

oc
ed

ur
e 

 N
o 

ch
an

ge
s 

to
 p

ro
to

co
l 

 U
N

G
 

 Pr
e-

am
pl

i fi
 ca

tio
n 

 L
ow

er
 G

 +
 C

 c
on

te
nt

, 
>

10
0 

bp
 a

m
pl

ic
on

 
 Si

m
pl

e 
pr

oc
ed

ur
e 

 C
ha

ng
es

 n
ec

es
sa

ry
 in

 a
m

pl
i fi

 ca
tio

n 
cy

cl
in

g 
an

d 
m

as
te

r 
m

ix
 

  [  2
3,

   2
4  ]

  

 M
or

e 
ex

pe
ns

iv
e 

th
an

 o
th

er
 m

et
ho

ds
 

 Ph
ot

oc
he

m
ic

al
 

cr
os

s-
lin

ke
rs

 
 Po

st
-a

m
pl

i fi
 ca

tio
n 

 L
ow

er
 G

 +
 C

 c
on

te
nt

, 
>

10
0 

bp
 a

m
pl

ic
on

 
 Si

m
pl

e 
pr

oc
ed

ur
e 

 A
dd

iti
on

al
 in

st
ru

m
en

ts
 r

eq
ui

re
d 

  [  2
3,

   2
4,

   4
2  ]

  
 C

an
 c

ha
ng

e 
m

ol
ec

ul
ar

 m
as

s 
of

 p
ro

du
ct

s 
w

hi
ch

 e
ff

ec
ts

 
el

ec
tr

op
ho

re
si

s 
 Pr

im
er

 h
yd

ro
ly

si
s 

 Po
st

-a
m

pl
i fi

 ca
tio

n 
 N

o 
sp

ec
i fi

 c 
re

qu
ir

em
en

ts
 

 N
o 

ef
fe

ct
 o

n 
am

pl
ic

on
 

an
al

ys
is

 
 N

ec
es

sa
ry

 f
or

 r
ea

ge
nt

 a
dd

iti
on

 
po

st
-a

m
pl

i fi
 ca

tio
n 

  [  2
3  ]

  

 E
f fi

 ca
cy

 v
ar

ie
s 

 H
yd

ro
xy

la
m

in
e 

tr
ea

tm
en

t 
 Po

st
-a

m
pl

i fi
 ca

tio
n 

 H
ig

he
r 

G
 +

 C
 c

on
te

nt
, 

>
10

0 
bp

 a
m

pl
ic

on
 

 E
ff

ec
tiv

e 
on

 s
om

e 
am

pl
ic

on
s 

 N
ec

es
sa

ry
 f

or
 r

ea
ge

nt
 a

dd
iti

on
 

po
st

-a
m

pl
i fi

 ca
tio

n 
  [  4

3  ]
  

 So
m

e 
am

pl
ic

on
 c

ha
ng

es
 m

ay
 

ef
fe

ct
 a

na
ly

si
s 

 H
yd

ro
xy

la
m

in
e 

is
 a

 m
ut

ag
en

ic
 a

ge
nt

 
 R

es
tr

ic
tio

n 
en

do
nu

cl
ea

se
 

 Pr
e-

am
pl

i fi
 ca

tio
n 

 N
o 

sp
ec

i fi
 c 

re
qu

ir
em

en
ts

 
 E

ff
ec

tiv
e 

on
 s

om
e 

am
pl

ic
on

s 
 M

ay
 le

ng
th

en
 p

ro
ce

ss
in

g 
tim

e 
  [  4

0  ]
  



476 S. Sefers et al.

 One more enzymatic option for pre-ampli fi cation product inactivation is the 
treatment with restriction endonucleases (RE). RE are added to master mix prior to 
ampli fi cation to chew up any contaminating nucleic acid. The RE incubates with the 
reaction mixture for a speci fi ed amount of time. Then, primers, template, and poly-
merase are added and ampli fi cation can proceed. The problems with this method are 
that more than one RE may be needed to ef fi ciently inactivate amplicons, incuba-
tion times for RE action may be lengthy and there may need to be some experimen-
tation to  fi nd which RE(s) work best for inactivating the amplicon  [  40  ] . 

   Photolinkers 

 A vast majority of PCR protocols use UNG as the means of contamination control. 
In the early days of ampli fi ed molecular methods, several other options were inves-
tigated but most of these are not used in recent protocols. They are mentioned brie fl y 
here as then can be used if UNG is not an option in a particular situation and 
contamination control is desired other than stringent cleaning. 

 The use of psoralens is a method that can be used post-ampli fi cation. Two 
psoralens, isopsoralen, and methoxypsoralen have been used with molecular 
ampli fi cation methods. Isopsoralens are added to the master mix along with DNA 
template. After ampli fi cation, the tube must be exposed to UV light for 15 min 
 [  23,   41  ] . The activated isopsoralen forms adducts between pyrimidine residues 
blocking  Taq  polymerase from extending  [  42  ] . This method was shown to function 
as well as UNG in inactivating up to 3 × 10 9  copies of contaminating DNA  [  23  ] . 
Drawbacks to this method include some alteration to migration on gels  [  24  ]  and 
additional cost in the need for a UV box.   

   Other Methods 

 Addition of hydroxylamine hydrochloride post-ampli fi cation is another method of 
ampli fi cation product inactivation. Hydroxylamine reacts with cytosine residues 
and blocks it from pairing with guanine. The modi fi ed base can bind with adenine 
and causes replacement with thymine if ampli fi cation occurs after treatment. The 
 fl aw with this system of ampli fi cation product control is the requirement to open 
tubes to add reagent post-ampli fi cation. Aerosols produced upon opening can spread 
amplicon  [  43  ] . 

 Primer hydrolysis is another option for amplicon inactivation. Primers are 
designed to have ribose residues at or near the 3 ¢  end. NaOH is added to the tube 
post-ampli fi cation which results in the primers being cleaved. The resulting nucleic 
acids are not suitable for ampli fi cation in future reactions. This procedure requires 
manipulation of products post-ampli fi cation which can spread amplicons before 
they have been inactivated  [  23  ] .   
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   Root Cause Analysis 

 Whenever a false-positive result occurs in a setting in which molecular testing is 
being used, a root cause analysis should be performed. The root cause analysis is 
key for uncovering the source of contamination. First, there is a detailed examina-
tion of the false-positive occurrence. Details to review are the test method per-
formed, sample(s) tested, instrumentation used and staff involved. An investigation 
to  fi nd the source contamination should be completed. It is helpful to retest the 
original sample from start to  fi nish, re-amplify extracted nucleic acid from the 
original test run and repeat detection of PCR amplicons from the original test run. 
This analysis will reveal the step where contamination occurred. When the step is 
identi fi ed, all equipment should be decontaminated. Reagents should be discarded 
and replenished with new, fresh reagents. Also, it is best to observe staff for possible 
technique errors leading to contamination. When the investigation is completed, all 
investigations and procedure changes should be documented in a written format for 
all staff to review. This document should include sections entitled (1) De fi nition of 
Problem, (2) Investigation, (3) Analysis of Cause-and-Effect Relationships, (4) 
Potential Changes in Procedure and any other sections that seem appropriate from 
the investigation  fi ndings. The root cause analysis will effectively uncover the 
underlying problems causing the false-positive result and aid in preventing these 
occurrences in the future  [  44  ] .  

   Concluding Remarks 

 This chapter summarizes many ways for a laboratory to take “responsibility” for 
eliminating contamination and false-positive results in their ampli fi ed assays. 
Strict adherence to cleaning procedures and physical separation of pre- and post-
ampli fi cation areas provide a  fi rst line of defense. UV light and addition of UNG 
protocols will maintain the clean environment. Adoption of these procedures will 
make the molecular laboratory very “powerful” with providing high quality 
results.      
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         Introduction 

 Accurate identi fi cation of bacterial isolates is one of the fundamental tasks in clinical 
microbiology laboratories. This is critical in providing a microbiological diagnosis 
to an infectious disease and guiding appropriate antibiotic treatment as well as 
infection control measures. On the population scale, accurate bacterial identi fi cation 
is important for de fi ning epidemiology of infectious diseases. Traditionally, 
identi fi cation of bacteria in clinical microbiology laboratories is performed using 
conventional phenotypic tests, including Gram smear, cultural requirements, growth 
characteristics, and biochemical tests. These tests are relatively inexpensive and 
accurate for most commonly encountered bacteria in clinical laboratories. However, 
in certain circumstances, these phenotypic tests may fail to work and more sophis-
ticated methods may be required. For example, accurate identi fi cation of anaerobic 
bacteria and mycobacteria may require special equipment and expertise such as gas 
chromatography–mass spectrometry. Moreover, phenotypic methods often fail to 
identify rare bacteria or bacteria which exhibit variable expression of certain traits, 
and are associated with ambiguity in determining end point reactions. As phenotypic 
methods rely on the availability of pure culture for the study of growth characteris-
tics and biochemical pro fi les, it also takes considerable time for slow-growing 
bacteria to be identi fi ed. Furthermore, these methods are not applicable for nonculti-
vable bacteria and in culture-negative infections. 
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 As a result of the widespread use of PCR and DNA sequencing in the last 2 
decades, ampli fi cation and sequencing of universal gene targets represents an 
advanced technology that theoretically provides solutions to these problems, yielding 
reproducible and unambiguous results even for rare or slow-growing bacteria within 
1 or 2 days. Among the various studied gene targets, 16S rDNA gene has been the 
most widely used, having played a pivotal role in rapid identi fi cation of bacteria in 
clinical microbiology laboratories. PCR and sequencing of 16S rDNA gene has 
been shown to be especially useful for identi fi cation of bacteria with unusual 
phenotypic pro fi les, rare bacteria, slow-growing bacteria, uncultivable bacteria, and 
culture-negative infections. Application of this advanced technique in diagnostic 
microbiology has not only provided etiological diagnosis to infectious diseases but 
also assisted the choice and duration of antibiotics and deployment of appropriate 
infection control procedures. In addition, it has also enabled better understanding 
of the epidemiology and pathogenicity of rarely encountered bacteria or those that 
are “unidenti fi able” by conventional phenotypic tests, which has not been possible 
in the past. 

 Apart from bacterial identi fi cation, the use of 16S rDNA gene sequencing has 
also led to the discovery of a large diversity of previously undescribed, novel bacte-
rial species. More than 200 novel bacterial species have been discovered from 
human specimens in the past decade  [  1  ] . The highest numbers of novel species 
discovered were of the genera  Mycobacterium  and  Nocardia , whereas the oral cav-
ity/dental-related specimens and the gastrointestinal tract were the most important 
sites for discovery and/or reservoirs of novel species  [  1  ] . Among the novel species, 
 Streptococcus sinensis ,  Laribacter hongkongensis ,  Clostridium hathewayi , and 
 Borrelia spielmanii  have been more thoroughly characterized, with the reservoirs 
and routes of transmission documented, and  S. sinensis ,  L. hongkongensis , and 
 C. hathewayi  have been found globally  [  2–  20  ] , although most  Nocardia  and 
 Mycobacterium  species were probably from the environment and most anaerobes 
were probably from the oral cavity and/or gastrointestinal tract. However, the focus 
of the current chapter is on bacterial identi fi cation, and the discovery of novel bacterial 
species by 16S rDNA gene sequencing is not discussed in detail. 

 One of the limiting factors in putting 16S rDNA gene sequencing to routine use 
in diagnostic microbiology is the lack of full automation of the technology. Moreover, 
analysis and interpretation of 16S rDNA gene sequences is by no means a straight-
forward task to general technicians working in routine clinical microbiology labo-
ratories. To solve the latter obstacle, several software packages with individualized 
databases have been developed to achieve automation of 16S rDNA gene sequence 
analysis for bacterial identi fi cation, which may make interpretation of results easier 
to users. Despite the well-recognized utility of 16S rDNA gene sequence in bacterial 
identi fi cation, there are limitations in using 16S rDNA gene sequence analysis for 
identi fi cation of certain groups of bacteria. In these situations, additional phenotypic 
or genotypic tests may be required for more accurate species identi fi cation. In this 
regard, a number of alternative gene targets have been explored for bacterial 
identi fi cation, especially those that cannot be readily identi fi ed to species level by 
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16S rDNA gene sequence analysis. New high-throughput technologies and availability 
of more complete bacterial genome sequences may allow the invention of improved 
methods for bacterial identi fi cation in diagnostic microbiology.  

   16S rDNA Gene Sequencing for Bacterial Identi fi cation 

 The discovery of conserved small rDNA gene sequences in the 1970s by Carl Woese 
and others has marked the beginning of new era for the study of evolution and 
classi fi cation of living organisms  [  21,   22  ] . These rDNA gene sequences are, in 
general, highly conserved within living organisms of the same genus and species, 
but different in organisms of different genera and species. Phylogenetic studies 
using these rDNA gene sequences have also “rediscovered” three domains of life: 
 Archaea ,  Bacteria , and  Eukarya , in contrast to the traditional dogma of classifying 
living organisms into prokaryotes and eukaryotes only  [  23  ] . With the subsequent 
invention of PCR and automated DNA sequencing technology in the 1990s, 16S 
rDNA gene sequences have been widely used for phylogenetic studies and considered 
a new standard for bacterial classi fi cation and identi fi cation. As a result, a large 
amount of bacterial 16S rDNA gene sequence data has been generated. Numerous 
bacterial genera and species have been reclassi fi ed and renamed, and many novel 
bacterial genera and species have been discovered. Moreover, classi fi cation of 
uncultivable bacteria has been made possible. In the last decade, bacterial genome 
sequencing projects have allowed study of bacterial phylogeny using various genes 
and genomes, which con fi rmed the representativeness of 16S rDNA gene in 
comparison to complete genome  [  24  ] . With the increasing availability of PCR and 
DNA sequencing facilities, the use of 16S rDNA gene sequencing has not been 
limited to research purposes, but also exploited in clinical microbiology laboratories 
for bacterial identi fi cation as well as other purposes such as direct identi fi cation of 
bacteria from clinical specimens or positive blood cultures  [  25–  27  ] . 

 The most common situations where 16S rDNA gene sequencing is employed for 
bacterial identi fi cation in the clinical laboratories are when a bacterium is 
“unidenti fi ed” by conventional phenotypic tests or commercial bacterial identi fi cation 
systems or the con fi dence level of identi fi cation by these methods is considered low; 
when the expected phenotypic pro fi les of a bacterium does not match its species 
identity; or when a rare bacterial species was encountered and technicians are uncer-
tain about the accuracy of phenotypic identi fi cation. In these situations, 16S rDNA 
gene sequencing can be performed with the usual techniques for PCR and DNA 
sequencing. A pure bacterial culture will be used for DNA extraction and PCR is 
usually performed using universal or degenerate primers which target the conserved 
regions of bacterial 16S rDNA genes. While single universal or degenerate primer 
sets for all bacterial species are available from automated systems such as the 
MicroSeq systems, “less” degenerate primers for speci fi c groups of bacteria are 
often used, which may help minimize the risk of PCR contamination and false 
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positive reactions. Once a PCR product is obtained and puri fi ed, it can be subject to 
DNA sequencing and sequence analysis by comparison to other 16S rDNA sequences 
from various sequence databases. To achieve maximum accuracy in identi fi cation, 
such sequence analysis results are best interpreted in light of conventional pheno-
typic test results. 

   Routine Bacterial Identi fi cation in Clinical Laboratories 

 Since conventional phenotypic tests are usually capable of accurately identifying 
commonly encountered bacteria, “routine” use of 16S rDNA gene sequencing in 
clinical microbiology laboratories has been largely limited to situations where 
bacterial isolates are dif fi cult to identify by phenotypic tests. Nevertheless, various 
studies have been conducted to evaluate the usefulness of 16S rDNA gene sequenc-
ing for identi fi cation of various medically important bacteria in comparison to 
conventional or commercial methods. Depending on the group of bacteria studied 
and the criteria used for species de fi nition, the success rate of species identi fi cation 
by 16S rDNA gene sequencing ranged from 62–92 %  [  28–  34  ] . 

 16S rDNA gene sequencing has been found to be particularly useful for identify-
ing certain groups of bacteria. One notable example is anaerobic gram-positive rods 
which are notoriously dif fi cult to identify by conventional methods even to genus 
level. Using 16S rDNA gene sequencing, many previously undescribed or “rarely 
encountered” anaerobic gram-positive rods have been characterized and found to 
contribute to cases of bacteremia  [  35–  39  ] . Thus, the prevalence and pathogenicity 
of these often ignored anaerobes can be better de fi ned. For example, the genus 
 Eggerthella  was found to contribute to an unexpectedly high proportion of clini-
cally signi fi cant bacteremia due to anaerobic, nonsporulating, gram-positive rod, 
suggesting that this genus may be of high pathogenicity among this group of bacte-
ria  [  35,   36  ] . Two novel  Eggerthella  species, now reclassi fi ed under the genus 
 Paraeggerthella , were also discovered and may contribute to half of the cases of 
 Eggerthella  bacteremia  [  35,   40  ] . Using 16S rDNA gene sequencing, it was also 
found that patients with clinically signi fi cant clostridium bacteremia were associ-
ated with diseases in the gastrointestinal or hepatobiliary tract, which are also 
predictors of mortality  [  38  ] . 16S rDNA gene sequencing has been particularly useful 
in differentiating between  Actinomyces  and non- Actinomyces  anaerobic gram-
positive bacilli, which may not be easily achieved by conventional phenotypic tests 
 [  41–  43  ] . A de fi nitive diagnosis or exclusion of actinomycosis is considered clini-
cally important, because prolonged antibiotic treatment, in terms of weeks to 
months, is often recommended in actinomycosis to prevent relapse. 

 Another group of bacteria that are readily identi fi ed by 16S rDNA gene 
sequencing are the catalase-negative gram-positive cocci. Application of this 
advanced technique has contributed to knowledge on the epidemiology and patho-
genicity of the different  Streptococcus  and related bacterial species. For example, in 
the past, little was known about the relative importance of the four species of 
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Lance fi eld group G beta-hemolytic streptococci in causing bacteremia. Using 16S 
rDNA gene sequencing, these cases were found to be almost exclusively caused by 
 S. dysgalactiae  subsp.  equisimilis  by 16S rDNA gene sequencing, except in dog 
owners where  S. canis  infections may be rarely reported  [  44,   45  ] . As for  a -hemolytic 
streptococci, the relative importance of the 3 species of the “ Streptococcus milleri  
group” in infective endocarditis was previously largely unknown. Using 16S rDNA 
gene sequencing, all six cases of  S. milleri  endocarditis in one study were found to 
caused by  S. anginosus , suggesting that this species may have the highest propen-
sity to cause infective endocarditis among the three species of the “ S. milleri  group” 
 [  46  ] . The use of 16S rDNA gene sequencing in these clinically “unidenti fi able” 
bacteria could be of clinical signi fi cance and carry treatment implications. For 
example, differentiation of  Enterococcus cecorum  from other  Enterococcus  species 
has allowed continuation of cefotaxime as treatment, as the organism is known to be 
susceptible to cefotaxime and ceftriaxone, unlike other  Enterococcus  species which 
are known to be resistant to cephalosporins. It was also found that the cephalosporin 
susceptibility of  E. cecorum  could well be explained by its unique phylogenetic 
position by 16S rDNA gene sequence, as it appeared to be the ancestor of other 
 Enterococcus  species and more closely related to  Streptococcus  species  [  47  ] . 

 16S rDNA gene sequencing was also useful for identi fi cation of various gram-
negative bacteria. Although  Haemophilus  species are commonly isolated in the 
clinical laboratories, these organisms are often fastidious and may not be readily 
identi fi ed by conventional phenotypic tests. It has been shown that 16S rDNA gene 
sequencing can accurately identi fi ed the various  Haemophilus  species isolated from 
clinical specimens  [  48–  51  ] . Using this technique, it was also found that  Haemophilus 
segnis  is an important cause of non- Haemophilus in fl uenzae  bacteremia  [  48–  50  ] . 
Examples of other commonly encountered gram-negative bacteria which are some-
times “unidenti fi able” by phenotypic tests but may bene fi t from 16S rDNA gene 
sequencing include the  Enterobacteriaceae ,  Acinetobacter , and  Campylobacter  
species  [  52–  56  ] . Apart from establishing the correct microbiological diagnosis and 
guiding antibiotic treatment, accurate species identi fi cation could have important 
management and public health signi fi cance. For example, differentiating  Salmonella 
enterica  serotype Typhi from other members of the  Enterobacteriaceae  family is 
important to determine if cholecystectomy and eradication of carrier state is 
indicated  [  54–  56  ] .  

   Identi fi cation of Rare Bacteria and Bacteria with Unusual 
Phenotypic Pro fi les 

 While microbiologists are usually facing common medically important bacteria 
most of the time in clinical laboratories, bacterial isolates that are rare or pheno-
typically aberrant are also encountered from time to time. These are the times 
where mistakes in identi fi cation often occur. 16S rDNA gene sequencing is most 
useful when these bacteria are suspected in clinical microbiology laboratories. 
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The biochemical pro fi les of rarely encountered bacteria are often poorly studied 
or not included in the commercial biochemical identi fi cation system databases. 
There are times where a rare bacterium may be misidenti fi ed as a more commonly 
encountered bacterium. For example,  Francisella tularensis  subsp.  novicida  has 
been consistently misidenti fi ed twice by phenotypic methods as  Neisseria menin-
gitidis  or  Actinobacillus actinomycetemcomitans   [  57  ] . As for a bacterium with an 
unusual or atypical phenotypic pro fi le, the conventional tests are bound to fail. 
Unlike phenotypic characteristics which can be affected by deletion or mutation 
of various genes especially those encoding enzymes, 16S rDNA gene sequencing 
provides unambiguous identi fi cation of bacteria with atypical phenotypic charac-
teristics. Therefore, in these situations, 16S rDNA gene sequencing is often the 
ultimate solution to diagnosing infections caused by these bacteria and guiding 
appropriate treatment  [  48,   58–  68  ] . 

 16S rDNA gene sequencing has been found to provide genus identi fi cation in 
>90 % and species identi fi cation in 65–83 % of these circumstances  [  69,   70  ] . 
Using the MicroSeq 500 16S rDNA-based identi fi cation system, 81 % of clini-
cally signi fi cant bacterial isolates with ambiguous biochemical pro fi les and 
89.2 % of unusual aerobic gram-negative bacilli have been identi fi ed to the 
species level  [  52,   71  ] . The use of 16S rDNA gene sequencing on rare or unusual 
bacteria has led to better understand of the epidemiology and pathogenic role of 
these bacteria. For example, cases of invasive  Streptococcus iniae  infections in 
Asia have been diagnosed by 16S rDNA gene sequencing  [  72–  75  ] . This rare 
aquatic bacterium has only been previously reported to cause human infection in 
North America  [  76  ] . Many other rarely encountered bacteria, which may have 
been unrecognized without using 16S rDNA gene sequencing, are now better 
de fi ned in terms of their disease association and pathogenicity. Examples are 
 Bordetella ,  Arcobacter ,  Tsukamurella , and the  Streptococcus -related gram posi-
tive cocci such as  Helcococcus ,  Gemella , and the nutritionally de fi cient strepto-
cocci,  Granulicatella adiacens  and  Abiotrophia defectiva   [  52,   58,   59,   62–  64,   77, 
  78  ] . Using 16S rDNA gene sequencing, novel or rare clinical syndromes such as 
 Tsukamurella -associated conjunctivitis and keratitis, prosthetic valve endocardi-
tis due to  Streptobacillus monoliformis  and psoas abscess due to group A strepto-
coccus can be recognized  [  77–  80  ] . 

 Using the technique, bacterial isolates with unusual biochemical pro fi les can 
now be identi fi ed unambiguously. For example, thermo-tolerant  Campylobacter 
fetus  strains have been identi fi ed as important causes of bacteremia in immunocom-
promised patients  [  81  ] . Melioidosis due to  Burkholderia pseudomallei  with ambig-
uous biochemical pro fi le has been diagnosed  [  57  ] . Unusual strains of various 
gram-positive and gram-negative bacteria are also recognized  [  54,   55,   82,   83  ] . In 
summary, applications of 16S rDNA gene sequencing on rare or unusual bacteria 
can make signi fi cant impact on the decision whether to prescribe antibiotic treat-
ment  [  54,   83,   84  ]  and on the choice of speci fi c antibiotic regimen  [  55,   80,   85  ] , 
which could lead to improved clinical outcomes  [  52  ] .  
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   Identi fi cation of Slow-Growing and Uncultivable Bacteria 

 16S rDNA gene sequencing and similar molecular identi fi cation methods have the 
additional advantage of shortening the time to identify slow-growing bacteria and 
being able to identify bacteria that are even not cultivable. It is well known that most 
 Mycobacterium  species, except the rapidly growing mycobacteria, usually take 6–8 
weeks to grow in culture and it often takes another few weeks to perform pheno-
typic tests using subcultures. Even for the “rapid growers,” some biochemical 
reactions may take up to 28 days to complete. Moreover, whole-cell fatty acid 
analysis by gas chromatography, which is often required for de fi nitive species 
identi fi cation, is not available in most routine clinical laboratories. 16S rDNA gene 
sequencing has been used for identi fi cation of  Mycobacterium  species, thereby 
speeding up clinical diagnosis and guiding prompt antibiotic treatment  [  84,   86  ] . 
Using the technique, a novel clinical syndrome, acupuncture mycobacteriosis, 
caused by relatively alcohol-resistant mycobacteria in patients receiving acupunc-
ture has also been described  [  87,   88  ] . However, identi fi cation of mycobacteria by 
16S rDNA gene sequencing is limited by the high sequence similarity among cer-
tain species, in which case alternative gene targets may be indicated. 

 Although bacterial culture plays a fundamental role in diagnosing bacterial infec-
tions in microbiology laboratories, some bacteria are known to be uncultivable even 
using modern techniques, which may make diagnosis dif fi cult. Although direct 
microscopy and immunology-based assays has been used for such diagnosis, the 
sensitivities and speci fi cities of these methods are often suboptimal and variable. 
The introduction of molecular diagnostics, in particular 16S rDNA gene sequenc-
ing, has enhanced our ability to diagnose these culture-negative infections. One of 
the most well-known examples of noncultivable bacteria is  Mycobacterium leprae , 
the causative agent of leprosy which can be dif fi cult to diagnose. Application of 
molecular detection such as PCR and sequencing of 16S rDNA gene from skin 
biopsies of leprosy patients has provided an additional diagnostic tool  [  89,   90  ] . In 
addition, the  fi rst breakthrough in the understanding of Whipple’s disease, after its 
initial description in 1907, was only made with the identi fi cation of  Tropheryma 
whippeli  as the causative agent by PCR and sequencing of its 16S rDNA gene  [  91  ] . 
This state-of-the-art technique has also enabled the subsequent development of 
molecular diagnostic tests for this disease, and accelerated research in to its 
pathophysiology  [  92–  95  ] . Similar successes in applying 16S rDNA gene sequenc-
ing have also been seen in recognizing the etiological agents of bacillary angioma-
tosis (caused by  Bartonella henselae  and  Bartonella quintana )  [  96,   97  ]  and human 
ehrlichiosis (caused by bacteria in the genera  Ehrlichia  and  Anaplasma )  [  98–  100  ] . 

 Using 16S rDNA gene sequencing, etiological agents can also be established in 
various culture-negative infections. For example, up to a third of cases of infective 
endocarditis can be culture-negative  [  101  ] , which may be due to prior antibiotic 
therapy, inadequate microbiological techniques, or infection caused by fastidious or 
noncultivable organisms  [  102  ] . It has been shown that 16S rDNA gene PCR 
ampli fi cation and sequencing performed on DNA extracted from infected valves 
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may provide a clue to the culprit organism  [  103–  113  ] . Similar technique has also 
been used for diagnosis of culture-negative infections including meningitis 
 [  114–  118  ] , brain abscess  [  119  ] , keratitis  [  120  ] , urinary tract infections  [  121  ] , empy-
ema  [  122,   123  ] , septic arthritis  [  124,   125  ] , and septicemia  [  102,   126,   127  ] . Although 
recent progress in these areas has been made through the use of broad-range real-time 
PCR design  [  117,   128,   129  ] , the use of universal primer sets is sometimes associ-
ated with problems of false-positives due to PCR contamination and picking up 
sequences from colonizing bacteria. With continued improvements in technology 
design and performance, it is expected that 16S rDNA gene sequencing will play an 
increasing role in the diagnosis of culture-negative infections.  

   Guidelines for Interpretation of 16S rDNA Gene 
Sequence Results 

 Despite its increasing use for bacterial identi fi cation in clinical microbiology labora-
tories, there are no widely accepted guidelines on the indications of using 16S rDNA 
gene sequencing as well as the interpretation of sequence data. In view of the limita-
tions in identifying certain bacterial taxa, increasing taxonomic complexity, and large 
number of unvalidated 16S rDNA gene sequences in some databases, there have been 
recommendations on the use of 16S rDNA gene sequencing for bacterial identi fi cation 
 [  69,   130  ] . For indications of 16S rDNA sequencing, since certain bacterial taxa are 
known to present dif fi culties for identi fi cation by 16S rDNA gene sequence analysis, 
other gene targets should be considered for these bacteria  [  32,   130–  139  ] . As far as the 
sequence analysis is concerned, it depends on the length and quality of sequences, the 
choice of appropriate programs and databases for analysis, and correct interpretation 
of similarity search results. It has been suggested that a minimum of 500–525 bp 
which covers the more variable 5 ¢ -region of the 16S rDNA gene may be adequate for 
identi fi cation, thus giving rise to the development of the MicroSeq databases. 
However, some recommended that full 16S rDNA gene sequences should be used 
whenever possible  [  69,   130  ] . This is particularly important for certain groups of bac-
teria such as  Campylobacter  species, where the 5 ¢ -region may not be suf fi cient for 
species differentiation  [  130  ] . A major dif fi culty and controversy in interpreting 16S 
rDNA gene sequence data is the lack of a universal threshold value or cutoff for spe-
cies assignment, as different levels of sequence diversities are observed among dif-
ferent bacterial taxa which evolve at different rate. While a >97 % similarity level has 
been proposed for bacterial speciation, a >0.5 % difference may be indicative of a new 
species  [  140,   141  ] . Therefore, it may be necessary to use different cutoffs for differ-
ent groups of bacteria  [  69  ] . For practical purposes, different cutoffs have also been 
used in different studies. For example, >99 and >97 % sequence similarity has been 
used as the cutoffs for species and genus identi fi cation respectively  [  69,   130  ] . 

 Another commonly encountered problem when interpreting 16S rDNA gene 
sequence data is that when two different bacterial species share highly similar 16S 
rDNA gene sequence with <0.5–1 % difference, it is not a straightforward job to 
decide whether the “ fi rst hit” or “closest match” is the real identity of a bacterial 
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isolate, or this may lead to misidenti fi cation if the user is unaware of this problem. 
In view of this problem, studies have been carried out to systematically evaluate the 
usefulness of full and 527-bp 16S rDNA gene sequencing and the existing MicroSeq 
databases for identi fi cation of all medically important bacterial species listed in 
 Manual of Clinical Microbiology   [  142–  144  ] . Under the proposed guidelines, each 
medically important bacterial species was classi fi ed as follows: (1) can be con fi dently 
identi fi ed by 16S rDNA gene sequencing, with >3 % difference to other medically 
important bacteria, (2) cannot be con fi dently identi fi ed by 16S rDNA gene sequenc-
ing, with <2 % difference to a closely related medically important bacterium, or 
(3) can only be doubtfully identi fi ed by 16S rDNA gene sequencing with 2–3 % 
difference to a closely related medically important bacterium. If a bacterium belongs 
to (2) or (3), the bacterial species with similar 16S rDNA gene sequences will also 
be known and additional/supplementary tests may be considered for differentiation 
among these closely related species. For MicroSeq database analysis, the reason for 
failure to identify the bacterium is also indicated  [  143  ] . Using this algorithm, it was 
found that full and 527-bp 16S rDNA gene sequencing are able to identify 52–63 % 
of 130 anaerobic gram-positive rods, 72–73 % of 86 anaerobic gram-negative rods, 
and 78 % of 23 anaerobic cocci. Surprisingly, the MicroSeq databases were only 
able to identify 19–25 % of 130 gram-positive anaerobic rods, 38 % of 86 gram-
negative anaerobic rods, and 39 % of 23 anaerobic cocci. As for medically impor-
tant aerobic gram-positive bacteria, full and 527 bp 16S rDNA gene sequencing can 
identify 24 and 40 % of gram-positive cocci, and 21 and 34 % of gram-positive rods, 
whereas the full-MicroSeq and 500-MicroSeq databases can identify 15 and 34 % 
GPC and 14 and 25 % of GPR con fi dently to the species level  [  145  ] . These methods 
and databases are least useful for identi fi cation of staphylococci and nocardia, but 
are most useful for identi fi cation of  Bacillus  and related taxa. A similar study per-
formed on medically important aerobic gram-negative bacteria showed that full and 
527-bp 16S rDNA gene sequencing can identify 26.1 and 32.6 % of these bacteria, 
whereas the full-MicroSeq and 500-MicroSeq databases can identify 15.2 and 
26.1 % con fi dently to the species level  [  144  ] . In particular, these methods or data-
bases are least useful for identi fi cation of  Aeromonas ,  Bordetella , and  Bartonella  
species, and are most useful for identi fi cation of members of  Pasteurellaceae  and 
 Legionellaceae  and  Campylobacter  species. Compared to results on anaerobic and 
gram-positive bacteria, full and 527-bp 16S rDNA gene sequencing are able to 
con fi dently identify signi fi cantly more anaerobic gram-positive and gram-negative 
bacteria than aerobic gram-positive and gram-negative bacteria. In all three studies, 
the poor performance of the MicroSeq databases observed was mainly due to the 
absence of the sequences from the unidenti fi ed bacterial in their databases, suggest-
ing that the MicroSeq databases can be much improved if they include more com-
prehensive and updated datasets. As such guidelines are still associated with a 
number of limitations, it is preferable to interpret the results of 16S rDNA sequenc-
ing with preliminary phenotypic test results. Nevertheless, such guidelines and 
similar studies may help easier interpretation of sequence data by inexperienced 
users in the clinical microbiology laboratories, and provide clues on the potential 
usefulness of 16S rDNA gene sequencing for selected bacterial isolates before they 
are chosen for such analysis.  
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   Automation of 16S rDNA Gene Sequencing 

 One of the major obstacles to put 16S rDNA gene sequencing into routine use in 
clinical microbiology laboratories is the lack of automation of the technology. At 
the moment, conventional phenotypic tests are still considered the routine and most 
user-friendly tests for bacterial identi fi cation in clinical laboratories. This is partly 
attributed to the availability of various automated commercial bacterial identi fi cation 
systems based on panels of biochemical tests. However, similar systems are currently 
not available for 16S rDNA gene sequencing, because most of the steps involved in 
DNA extraction, PCR and sequencing have to be performed separately and manually. 
With high-throughput technologies being made more applicable, these steps may be 
incorporated into a robotic system for 16S rDNA gene sequencing platforms, 
making automation a possibility in future. 

 Another point of dif fi culty faced by technicians in using 16S rDNA gene sequenc-
ing in routine clinical microbiological laboratories is interpretation of sequencing 
results, which is often not straightforward to those not familiar with sequence and 
bioinformatics analysis. As a result, much effort has been put on development of 
automated 16S rDNA sequence analysis software packages or databases by various 
groups of scientists. These software packages usually contain a database of 16S 
rDNA gene sequences from selected bacterial species, against which the input 16S 
rDNA gene sequence is matched to generate the output bacterial identity. The best-
known software and databases include BLASTn against GenBank, the Ribosomal 
Database Project (RDP-II)  [  146–  150  ] , MicroSeq  [  33,   71,   151,   152  ] , Ribosomal 
Differentiation of Medical Microorganisms (RIDOM)  [  153–  155  ] . Newer software 
packages and databases have also been developed in recent years, including 
SmartGene Integrated Database Network System (SmartGene IDNS™)  [  156  ] , 
SILVA ribosomal RNA database  [  157  ] , and 16Spath DB database  [  158  ]  (Table  27.1 ). 
Among the currently available databases, the GenBank contains the largest data-
bases, with 3,180,020 16S rDNA gene sequences (searches were conducted using 
the keyword “16S rRNA” and “16S rDNA”). Although this comprehensive database 
is extremely useful to researchers in the  fi eld, it is also well known to contain unvali-
dated, inaccurate, and redundant sequences. As a result, it is often not easy for 
inexperienced technicians working in clinical microbiology laboratories to interpret 
results of BLASTn against the GenBank database. For example, the user may not be 
aware that the “ fi rst hit” may not represent the true identity of a bacterial isolate.  

 The other databases contain sequences from selected bacteria, with differences 
in their selection criteria of bacterial species, quality control of sequences, inclusion 
of partial or full 16S rDNA gene sequences and cost. The databases of RDP-II and 
SmartGene IDNS™ contain selected sequences downloaded from GenBank and 
that of SILVA from EMBL, thus also with relatively large database sizes and associ-
ated with similar problems as GenBank. The databases of RIDOM and MicroSeq 
contain 16S rDNA gene sequences of selected bacterial strains from culture collec-
tions, thus with smaller database sizes. Although the sequence quality of these data-
bases is better, their usefulness is limited by the choice of bacterial species. Since 
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they do not possess a very comprehensive database of all medically important bacterial 
species, they are unable to identify those bacterial species that are not included in 
the database. The RIDOM database contains only partial sequences of 236 medi-
cally relevant bacteria, mainly belonging to  Neisseriaceae ,  Moraxellaceae , and 
 Mycobacterium . The MicroSeq databases do not include a signi fi cant number of 
medically important bacteria that 16S rDNA gene sequencing is able to identify. For 
example, 98–108 (53.3–67.1 %), 38–39 (22.7–37.3 %), and 23–39 (19.8–41.9 %) 
medically important anaerobic, aerobic gram-positive, and aerobic gram-negative 
bacteria, respectively, which can be con fi dently identi fi ed by 16S rDNA gene 
sequencing, are not included  [  143,   145  ] . Another problem when using these soft-
ware packages, including BLASTn against GenBank, is that, when there is only 
minimal difference among the sequences of closely related bacterial species, the 
inexperienced user may not be aware that 16S rDNA gene sequence alone is unable 
to identify these bacterial species in such circumstances and may wrongly accept 
the “ fi rst hit” or “closest match” as the identity of the bacterium. To solve these 
problems, a database, 16SpathDB, was recently developed, which includes the most 
representative 16S rDNA gene sequences of all medically important bacteria listed 
in the most current edition of the  Manual of Clinical Microbiology   [  159  ] , for 
identi fi cation of medically important bacteria using 16S rDNA gene sequencing in 
clinical microbiology laboratories  [  158  ] . All sequences were manually selected 
from GenBank, to ensure the quality of the sequences, and accurate identity and 
representativeness of the bacterial strains included. In contrast to RDP-II and 
SmartGene IDNS software packages, 16SpathDB includes only 16S rDRNA gene 
sequences of medically important bacteria to minimize ambiguity during data inter-
pretation, as the target users of 16SpathDB are technicians and clinical microbiolo-
gists who work on 16S rDNA gene sequencing for identi fi cation of clinical isolates. 
This database also uses an automated user-friendly platform that indicated the most 
likely identity of the 16S rDNA gene sequence of a medically important bacterium, 
as well as other medically important bacteria with similar 16S rDNA gene sequences 
that may be alternative identities, which the user should be aware of  [  158  ] . For 
example, the 16S rDNA gene sequences of  Streptococcus pneumoniae ,  Streptococcus 
pseudopneumoniae ,  Streptococcus mitis , and  Streptococcus oralis  are known to 
share more than 99 % identity. In 16SpathDB, in addition to the species that shows 
the highest nucleotide identity to the query sequence, those species with 16S rDNA 
gene sequences having less than 1 % difference from the species that showed the 
highest nucleotide identity to the query sequence will also be reported, and the user 
will be alerted that further tests may have to be carried out in order to distinguish 
between these species. While MicroSeq and SmartGene IDNS software packages 
are commercially available for purchase, RDP II, RIDOM, SILVA and 16SpathDB 
are available for free via designated websites. 

 Various studies have also evaluated the usefulness of the different software 
packages for different groups of bacteria  [  28,   33,   52,   71,   151,   152,   156,   160–  166  ] . 
However, these studies differ in study design, inclusion criteria for study strains, 
and interpretative criteria for “correct” identi fi cation, thus making direct compari-
son dif fi cult  [  28,   151,   156,   161–  164,   166  ] . As the intrinsic problems of the software 
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packages may not be fully addressed, some of the stated accuracies of the software 
packages mentioned in the publications may be overestimated. The usefulness of 
16SpathDB has also been evaluated using the 16S rDNA gene sequences of 91 
nonduplicated medically important bacterial isolates, among which 71 (78 %) were 
reported as a single bacterial species having >98.0 % nucleotide identity with the 
query sequence, 19 (20.9 %) as more than one bacterial species having >98.0 % 
nucleotide identity with the query sequence, and 1 (1.1 %) was reported as no match 
( Gordonibacter pamelaeae  which has not been reported to cause human infection). 
With the development of more user-friendly software packages with high quality 
and comprehensive databases, 16S rDNA gene sequencing can be more readily used 
for routine bacterial identi fi cation in clinical laboratories.   

   Other Gene Targets for Bacterial Identi fi cation 

 Although 16S rDNA gene sequencing can achieve high accuracies in identifying 
many groups of bacteria to species level, there are “blind spots” within some major 
genera. A well-known problem is that 16S rDNA gene sequences are sometimes not 
discriminative enough for differentiation between related species. In these circum-
stances, alternative targets, usually based on highly conserved proteins, have to be 
investigated (Table  27.2 ). For example,  groEL  (bacterial homolog of  hsp60  encod-
ing housekeeping chaperon proteins that assist in proper protein folding) is useful 
for classi fi cation and identi fi cation of various bacteria. This gene has been found 
useful in differentiating  B. pseudomallei  from  B. thailandensis , of which the 16S 
rDNA gene sequences are indistinguishable  [  137,   138  ] .  groEL  is also useful for 
differentiating among the  Bartonella  species and in subtyping of  Bartonella hense-
lae   [  167  ] . Delineation of species within the genus  Acinetobacter  is often found to 
be problematic by phenotypic tests due to their catabolic diversity, and 16S rDNA 
gene sequences have failed to distinguish closely related genomic species due to its 
extremely low polymorphism  [  168  ] . The gene  rpoB , another commonly used target 
encoding the beta subunit of RNA polymerase, has been found to be able to separate 
different  Acinetobacter  species, with higher bootstrap support in phylogenetic trees 
than those obtained with 16S rDNA gene  [  168  ] . The family  Enterobacteriaceae  
contains a large number of pathogenic and frequently encountered bacterial species, 
some of which may be dif fi cult to identify by phenotypic methods. Since the 
phylogenetic relations among certain closely related species, e.g.,  Salmonella  
species,  Citrobacter freundii , and  E. coli , are not well de fi ned by 16S rDNA 
sequences, other targets, such as  rpoB  and  dnaJ  (encoding HSP40) have been explored 
 [  169,   170  ] . For example,  dnaJ  has been found to be useful in phylogenetic study and 
identi fi cation at species level of the family, with more monophyletic groups obtained 
and greater degree of divergences than that obtained with 16S rDNA gene sequences 
 [  169  ] . The high sequence similarity observed between members of the  Campylobacter  
genus has also made differentiation between species such as  Campylobacter jejuni  
and  C. coli  dif fi cult based on 16S rDNA genes. Other gene targets, such as  gyrB  
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(encoding B subunit DNA gyrase protein) and 16S–23S rDNA internal transcribed 
spacer (ITS), have been found useful in this respect  [  171,   172  ] .  

 As for gram-positive bacteria, 16S rDNA gene sequencing has limited discrimi-
natory power for closely related  Staphylococcus  species which are sometimes 
misidenti fi ed by phenotypic tests. Therefore, sequencing of the  groEL ,  tuf  (elonga-
tion factor Tu), and  rpoB  genes has been proposed as more reliable methods for 
identi fi cation of staphylococci  [  32,   135,   136,   139,   173  ] . 16S rDNA gene sequences 
are also known to lack discriminatory power in distinguishing other aerobic gram-
positive cocci, e.g., among the  Streptococcus mitis  group and among  Enterococcus  
species. Different gene targets, such as  rpoB ,  sodA  (manganese-dependent superoxide 
dismutase), and  recA  (recombinase subunit), have been found to constitute a more 
discriminative target  [  173–  178  ] .  rpoB  and  recA  have also been found to be advanta-
geous to 16S rDNA gene for identi fi cation of  Geobacillus  species  [  179  ] . 

 Although 16S rDNA gene sequencing can be used for identi fi cation of certain 
 Mycobacterium  species, a number of mycobacterial species are also known to be 
not distinguishable from one another by 16S rDNA gene sequencing, e.g., between 
 M. avium intracellulare  and  M. paratuberculosis , between  M. chelonae  and 

   Table 27.2    Commonly used gene targets other than 16S rDNA gene for bacterial identi fi cation   

 Gene target  Gene/protein function  Bacterial group  References 

  groEL   Heat shock protein   Bartonella  species, 
 Burkholderia  species, 
rapidly growing 
mycobacteria, 
 Staphylococcus  species 

  [  132,   135–  138,   167  ]  

  gyrB   Beta-subunit of DNA 
gyrase 

  Campylobacter  species, 
slowly growing 
mycobacteria 

  [  133,   171  ]  

  gltA   Citrate synthase   Ehrlichia  species, 
 Rickettsia  species 

  [  183,   184  ]  

  dnaJ   Heat shock protein   Enterobacteriaceae , 
 Mycobacterium  species 

  [  169,   180  ]  

 ITS  16S–23S rDNA gene 
internal transcribed 
spacer 

  Campylobacter  species, 
slowly growing 
mycobacteria 

  [  131,   172  ]  

  recA   Recombinase A   Geobacillus  species, 
 Streptococcus mitis  group 

  [  177,   179  ]  

  rpoB   Beta-subunit of RNA 
polymerase 

  Acinetobacter  species, 
 Enterobacteriaceae , 
 Geobacillus  species, 
nontuberculous 
mycobacteria, 
 Staphylococcus  species, 
 Streptococcus  species 

  [  134,   168,   170,  
 173,   191  ]  

  sodA   Superoxide dismutase   Enterococcus  species, 
 Streptococcus  species 

  [  176,   178  ]  

  tuf   Elongation factor Tu  Coagulase-negative 
staphylococci 

  [  32  ]  
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 M. abscessus , between  M. kansasii  and  M.  gastri, between  M. malmoense  and 
 M. szulgai , between  M. marinum  and  M. ulcerans,  between  M. mucogenicum  and 
 M. phocaicum , and among the  M. tuberculosis  complex  [  84,   87,   88,   131,   180–  182  ] . 
Therefore, different gene targets, sometimes supplemented by phenotypic results, 
have to be used for differentiation of speci fi c mycobacterial species, such as  hsp65  
(the  hsp60  homologue in mycobacteria),  rpoB , ITS,  gyrB , and  dnaJ   [  131–  134,   180  ] . 
For example, in a study evaluating the use of  hsp65  sequencing for identi fi cation of 
rapidly growing mycobacterium, the technique unambiguously differentiated 
 M. chelonae  and  M. abscesses   [  132  ] . On the other hand, slowly growing mycobacteria 
were found to display high sequence variation in their ITS, which can be used to 
distinguish between  M. kansasii  and  M. gastri   [  131  ] .  dnaJ  is also found to constitute 
a higher discriminatory power with mean sequence similarity of 80.4 % among the 
studied species compared to 16S rDNA,  rpoB , and  hsp65  genes with 96.6, 91.3, and 
91.1 % mean sequence similarities respectively, and is particularly useful for identi-
fying the nontuberculous  Mycobacterium  species  [  180  ] . 

 As for the rare bacteria,  Ehrlichia , although 16S rDNA and  groEL  were useful 
for taxonomic classi fi cation and differentiation of the various species, other gene 
targets such as the citrate synthase gene,  gltA , have also been explored to improve 
identi fi cation and diagnosis of ehrlichial diseases  [  183  ] .  gltA  has also been used as 
a complementary approach to 16S rDNA gene sequencing for phylogeneitc studies 
of the  Rickettsiaceae   [  184  ] . The various alternative targets being explored to sup-
plement 16S rDNA gene sequencing for identi fi cation of different groups of bacte-
ria suggested that there is no single target that is superior to others. The limitations 
of 16S rDNA gene sequencing and other currently available gene targets also 
emphasize the importance of a “polyphasic” approach for accurate bacterial 
identi fi cation. By this “polyphasic” approach, it refers to the use of different methods, 
e.g., phenotypic tests plus 16S rDNA gene sequencing plus sequencing of other 
gene targets, to identify bacteria belonging to species which are known to be dif fi cult 
to identify. With more bacterial complete genome sequences available in the near 
future from high-throughput sequencing technology, comparative genomic studies 
will also enable more comprehensive study of different gene targets for study of 
phylogeny and identi fi cation of bacteria  [  185  ] .  

   Future Developments and New Technologies 
for Bacterial Identi fi cation 

 Not only has 16S rDNA gene sequencing helped answer some of our most funda-
mental questions in biology, but this technology has now developed beyond the 
research realm and matured into clinical applications. As 16S rDNA gene sequencing 
is associated with limitations for particular groups of bacteria, the development of 
alternative gene targets will continue to be important for identi fi cation of these bacte-
ria by sequencing technology. Moreover, despite the wide range of software packages 
and databases available, automation of 16S rDNA gene sequencing is still not available 
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and interpretation of results often dif fi cult by inexperienced users. The development 
of more user-friendly guidelines and software packages with high-quality, compre-
hensive databases, as well as the integration of high-throughput technologies will 
make automation of universal gene ampli fi cation and sequencing a possibility in the 
near future, which may replace the use of conventional phenotypic methods for 
routine bacterial identi fi cation in clinical microbiological laboratories in one day. 

 Apart from universal gene ampli fi cation and sequencing, other advanced tech-
nologies coming up in the twenty- fi rst century may also emerge as new methods for 
bacterial identi fi cation in clinical laboratories, among which matrix-assisted laser 
desorption/ionization time-of- fl ight mass spectrometry (MALDI-TOF MS) may be 
the most promising technology. Although the MS technology has been established 
for over a century, it is only until recently that simple-to-use MALDI-TOF MS 
device has become available for the identi fi cation of pathogens in clinical microbi-
ology laboratories. MALDI-TOF MS enables the analysis of biological molecules 
with no theoretical upper mass limit and MS detects the mass-to-charge ratio of a 
biological molecule. Using combination of these technologies, proteins and pep-
tides are separated by their mass, giving an individual molecular  fi ngerprint to each 
bacterium. In practice, a single bacterial colony or a centrifuged portion of a liquid 
culture is suf fi cient for MALDI-TOF MS analysis. A protein mass spectra database 
of known bacteria is then used to match the spectra of the bacterium under investi-
gation. Theoretically, there is no limit to the identi fi cation ability of MALDI-TOF 
MS, as long as a suitable spectrum is present in the database. Researchers can also 
create their own library of bacterial mass spectra to increase its applicability. 
Different prospective studies have been carried out to examine the performance of 
MALDI-TOF MS identi fi cation using clinical samples  [  186–  189  ] . A recent interna-
tional study carried out in eight different laboratories also reported that this approach 
could achieve high inter-laboratory reproducibility  [  190  ] . Overall, these studies 
showed that MALDI-TOF MS has emerged as an ef fi cient and reliable alternative 
method for bacterial identi fi cation. To date, MALDI-TOF MS identi fi cation still 
requires a growth step in order to obtain suf fi cient material for acquisition of mass 
spectra, and it is not able to identify all pathogens in mixed cultures. Nevertheless, 
along with further technical improvement and the potential to create inter-laboratory 
databases, MALDI-TOF MS technology will undoubtedly play a signi fi cant role in 
diagnostic microbiology in the near future.      
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      Introduction 

 The Food and Drug Administration (FDA) is responsible for ensuring the safety 
of the more than 15 million units of blood and blood components donated each year 
in the United States. “Blood banking has become a manufacturing industry, an 
industry that must conform to high standards and quality control requirements 
comparable to those of pharmaceutical companies or other regulated industries,” 
said David A. Kessler, MD, former FDA commissioner  [  1  ] . Screening donated 
blood for infectious diseases that can be transmitted through blood transfusion is a 
very important step in ensuring safety. The United States has the safest blood supply 
in the world  [  1  ]  and the FDA is striving to keep it safe by decreasing the risk of 
infectious disease transmission. The regulatory agency is continuously updating its 
requirements and standards for collecting and processing blood. As mentioned 
earlier, an important step in ensuring safety is the screening of donated blood for 
infectious diseases. In the United States, tests for infectious diseases are routinely 
conducted on each unit of donated blood, and these tests are designed to comply 
with regulatory requirements (Table  28.1 ). The  fi eld of clinical microbiology and 
virology are now focusing on molecular technology. Currently, nucleic acid testing 
techniques have been developed to screen blood and plasma products for evidence 
of very recent viral infections that could be missed by conventional serologic tests. 
It is time for all blood safety procedures to include molecular detection techniques. 

    Chapter 28   
 Molecular Techniques for Blood and Blood 
Product Screening       

      Yuan   Hu            

    Y.   Hu   (*)
     U.S. Food and Drug Administration, Northeast Regional Laboratory ,
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This approach can signi fi cantly aid in blood safety to reduce the risk of transmission of 
serious disease by transfusion. This chapter reviews the current antigen/antibody-based 
technology, molecular biological technology, and published regulatory policy data 
for blood safety.   

   Limitations for Current Technologies Used in Blood Safety 

 Direct detection of viral antigens and virus speci fi c antibodies has been a common 
tool for the diagnosis of virus infections in the past 40 years. There are some limita-
tions. For direct detection of virus antigens, shortly after virus infection, only a few 
viruses release antigens in amounts suf fi ciently detectable in the body by an antibody-
mediated assay. For indirect virus detection by virus speci fi c antibodies (e.g., an 
immuno fl uorescence assay or enzyme immunoassay (EIA), etc.), there is a problem 
in that shortly after infection by a pathogenic virus, there is a window period in 
which antibody generation is insuf fi cient for detection  [  2  ] . To reduce this window 
period of low detection, direct nucleic acid tests are needed.  

   Application of Advanced Molecular Techniques 
in Blood Safety Applications 

 Through the application of molecular biology, biological and biochemical analyses 
have been revolutionized, and nucleic acid, gene-based techniques have been 
developed to screen blood and plasma donations for evidence of very recent and 
earlier viral infections that might otherwise be missed by conventional serologic 
testing. The nucleic acid tests can also provide evidence for genetic variation in 
viruses. Molecular methods include the use of nucleic acid probes as well as 
ampli fi cation-based and DNA sequence-based techniques. An increasing number of 
molecular diagnostic methods are now available commercially. In comparison to 
classical methods, molecular biological methods are superior in terms of rapidness, 
speci fi city, and sensitivity. The current nucleic acid detection methods in the  fi eld 
may be grouped into two major classes: amplifying techniques such as PCR and 
nonamplifying techniques such as Southern blot hybridization. Amplifying tech-
niques are more sensitive than nonamplifying techniques. There are two different 
types of amplifying methods  [  3  ] , target ampli fi cation methods and signal 
ampli fi cation methods. Target amplifying techniques include PCR, nucleic acid 
sequence-based ampli fi cation (NASBA)  [  4,   5  ] , self-sustaining sequence ampli fi cation 
(3SR), transcription-based ampli fi cation (TAS), transcription-mediated ampli fi cation 
(TMA), strand displacement ampli fi cation (SDA), and ligase chain reaction (LCR). 
Signal ampli fi cation methods include branched DNA (bDNA) signal ampli fi cation 
 [  6  ] , cleavage-based signal ampli fi cation (cycling probe technologies and invader 
assay), Qß replicase, hybrid capture, cycling probe technologies (CPT), and rolling-circle 
ampli fi cation (RCA)  [  7  ] . To further insure the safety of blood products, it is of 
importance to further improve these and other types of nucleic acid testing.  
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   Major Different Generations of Nucleic 
Acid Detection Techniques 

   Southern Blot Hybridization (1970s) 

 Southern blotting  [  8  ]  was named after Edward M. Southern who developed this 
procedure at Edinburgh University in the 1970s. This technique is used to detect 
speci fi c sequences within mixtures of DNA, which is size-fractionated by gel elec-
trophoresis and then transferred by capillary action to a suitable membrane. After 
blocking of nonspeci fi c binding sites, the nitrocellulose replica of the original gel 
electrophoresis experiment is then allowed to hybridize with an oligonucleotide 
probe representing the speci fi c DNA sequence of interest. Should speci fi c DNA be 
present on the blot, it will combine with the labeled probe and be detectable. By 
coelectrophoresing DNA fragments of known molecular weight, the size(s) of the 
hybridizing band(s) can then be determined. Southern blotting hybridization 
technology is one of the major tools that have already helped clinical staffs world-
wide interpret genomic information. Other competing methodologies include in 
situ hybridization and solution hybridization. Important clinical examples of the 
use of this technology are DNA  fi ngerprinting and the ability to detect DNA 
gene rearrangements.  

   Polymerase Chain Reaction (1980s) 

 In 1983, Dr. Kary Mullis at Cetus Corporation conceived of Polymerase Chain 
Reaction  [  9  ] . There is not a single technique that has had a greater impact on the 
practice of molecular biology than PCR. With this technique, we can detect infec-
tious diseases agents at an extremely low level. It is based on the ability of sense and 
antisense DNA primers to hybridize to a DNA of interest. Following extension from 
the primers on the DNA template by DNA polymerase, the reaction is heat-denatured 
and allowed to anneal with the primers once again. Another round of extension 
leads to a multiplicative increase in DNA products. Therefore, a minute amount of 
DNA can be ef fi ciently ampli fi ed in an exponential fashion to result in larger 
amounts of DNA that are more easily manipulated. By including critical controls, 
the technique can be made quantitative. The current level of the sensitivity and 
detection limit is as low as 10–50 copies per ml blood in HIV testing  [  1,   10,   11  ] . 
Important clinical examples of the use of PCR are detection of HIV and HCV  [  12–  14  ] . 
PCR techniques have evolved into different branches. Some of them are now widely 
in use for virus detection in clinical diagnostics. These are real-time PCR by Taqman 
(Roche), Light Cycler (Roche) and Smart Cycler (Cepheid), and in situ PCR, nested-PCR, 
nested-real time PCR  [  15  ] , broad-range PCR, multiplex PCR, RT-PCR, arbitrarily 
primer PCR, long PCR, and quantitative PCR. Real-time sequence technology will 
be coming soon for more detailed detection. In the past, identi fi cation of viral serotypes 
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was restricted to investigative methods using antibody detection and restriction 
fragment length polymorphism (RFLP). With real-time sequences technology, we 
will be able to detect a virus early as well as to obtain the viral sequence.  

   Microarrays (1990s) 

 Microarrays were developed at Stanford University by Schena and coworkers in 
the early 1990s  [  16  ] . For medical applications, a microarray analysis offers a very 
accurate screening technology. It allows hundreds or thousands of nucleic acid 
hybridization reaction to be performed on a solid substrate. It promises to be a fast 
and accurate diagnostic tool in the  fi eld of clinical microbiology and virology. 
Applied to infection safety for blood and blood products, it will be able to screen for 
the presence of viral pathogens by matching genetic sequences. Compared with 
existing technologies, it allows for a wider variety of speci fi c tests to be carried out 
simultaneously to determine the quality of the blood and will provide consumers 
with extra safety. With the use of molecular biology protocols, the microarray will 
permit the detection of lower concentrations of microorganisms in the blood and the 
accurate identi fi cation of many types of pathogenic contaminants. In the near future, 
progress can be expected in the application of microarray technology for screening 
of donated blood for infectious agents. It can provide vast information about the 
identity of bloodborne pathogens as well as their gene expression pro fi les  [  17  ] .   

   Screening of Donor Blood for Infectious Agents 

 To ensure a safe blood supply for those who may need a transfusion, an important 
step in ensuring safety is the screening of donated blood for infectious agents. After 
donation, each unit of donated blood undergoes a series of tests for bloodborne 
agents such as human immunode fi ciency virus (HIV)-1, HIV-2, hepatitis B virus 
(HBV), hepatitis C virus (HCV), human T-Cell lymphotropic virus (HTLV)-1 and 
HTLV-II, West Nile virus (WNV), and  Treponema pallidum , the agent of syphilis.  

   Con fi rmatory Testing of Donor Blood for Infectious Agents 

 All of the above tests are referred to as screening tests, and are designed to detect as 
many infectious agents as possible. Because these tests are so sensitive, some donors 
may have a false-positive result, even when the donor has never been exposed to the 
particular infection. In order to sort out true infections from such false-positive test 
results, screening tests that are reactive may be followed up with more speci fi c tests 
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called con fi rmatory tests. Thus, con fi rmatory tests help determine whether a donor 
is truly infected. If any one of these tests fails, affected blood products are consid-
ered unsuitable for transfusion  [  18  ] .  

   Application of Nucleic acid Testing for Infectious Agents 

 Nucleic acid testing (NAT) employs testing technology that directly detects the 
genomes of viruses. Because NAT detects a virus’s genetic material instead of 
waiting for the body’s response, the formation of antibodies, as with many current 
tests, it offers the opportunity to reduce the window period during which an infect-
ing agent is undetectable by traditional tests  [  19  ] , thus further improving blood 
safety. NAT will become the gold standard because of greater sensitivity com-
pared to antibody tests. 

 Since 1999, NAT has been approved by the FDA and used to detect HIV-1 and 
HCV; this technology currently is under investigation for detecting other infectious 
disease agents. We know that for many viral infections, viral RNA appears very 
early in the infection, in 1–2 weeks, but the antibody does not appear until 10–12 
weeks, e.g., HIV and HCV  [  20  ] . In order to virtually prevent infection by all the 
transfusion associated viruses, we need to detect the viruses in their window period, 
and a NAT or gene-based testing method is needed. NAT also provides an opportu-
nity for the viral, e.g., HIV or HCV, infected donor to seek early treatment. On the 
other hand, NAT is not only a sensitive method, but also a rapid method which is 
suitable for a blood bank laboratory because the turnaround time for maintaining 
blood donations is extremely critical. 

   Hepatitis B Virus 

 The HBV is a highly infectious and often nonsymptomatic virus that is transmitted 
primarily through blood and blood-derived  fl uids and is a leading cause of liver 
infection worldwide. The World Health Organization (WHO) estimates that two 
billion people worldwide have been infected with HBV and 350,000,000 people are 
chronically infected. Chronic infection results in a high risk for liver cancer and 
cirrhosis of the liver, which cause about 1,000,000 deaths each year. Each year up to 
200,000 people become newly infected in the United States alone. Since the begin-
ning of screening for HBV in 1969, the rate of infection through blood transfusions 
has greatly decreased. However, as of 2000, HBV is still transmitted through blood 
transfusions in 1 out of 137,000 units of blood. One reason for this is that currently 
available blood screening technologies detect core antibodies or surface antigens, 
which appear up to 8 weeks after infection. Serologic tests for HBV include hepatitis 
B surface antigen (HBsAg) and hepatitis B core antibody (HBcAb).  
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   Hepatitis B Surface Antigen 

 HBV, which mainly infects the liver, has an inner core and an outer envelope (the 
surface). The HBsAg test detects the outer envelope, identifying an individual 
infected with the HBV. This virus can cause in fl ammation of the liver, and in the 
earliest stage of the disease, infected people may feel ill or even have yellow discol-
oration of the skin or eyes, a condition known as jaundice. Fortunately, most patients 
recover completely and test negative for HBsAg within a few months after the illness. 
A small percentage of people become chronic carriers of the virus, and in these 
cases, the test may remain positive for years. Chronically infected people can 
develop severe liver disease as time passes, and need to be followed carefully by an 
experienced physician. To reduce the occurrence of posttransfusion hepatitis, it is 
essential to screen all blood donations for HBsAg by the most sensitive and speci fi c 
assays. Blood donations that are found to be reactive in the HBsAg test are automati-
cally con fi rmed by the HBsAg con fi rmatory assay. If the specimen is neutralizable 
in the con fi rmatory test, the specimen is considered positive for HBsAg. HBsAg 
testing of donated blood has begun in 1975 (Table  28.1 ). 

 Currently, all blood donors are screened for HBsAg, but occasional transmission 
of HBV still occurs due to the inclusion of window period donations (i.e., blood 
from recently infected donors who are antibody negative but still viremic). Detection 
of early HBV infection of blood donors is still a major problem of blood transfusion. 
The current third-generation licensed HBsAg tests (mostly radioimmunoassay and 
enzyme immunoassays) can not detect HBV in the window period for HBV infection. 
This is a strong motivation for introducing molecular detection techniques to the 
 fi eld. There are some commercially available test methods for detecting HBV DNA 
in the market now, such as Chiron’s Quantiplex HBV DNA  [  21  ] , Digene’s Hybrid 
Capture, Abbott’s HBV DNA assay, and Roche’s Amplicor HBV Monitor. Using 
these commercial hybridization or PCR-based assays, HBV DNA can be detected 
1–3 weeks before the appearance of HBsAg  [  22  ] . Some chronically infected patients 
who have lost their HBsAg remain HBV DNA positive, but are disquali fi ed as 
potential blood donors. Molecular detection of HBV DNA is more sensitive than 
current methods employed for HBsAg screening.  

   Antibodies to the Hepatitis B Core Antigen 

 Determination of antibodies to the hepatitis B core antigen (anti-HBc) (total) is also 
used to monitor the progress of the hepatitis B viral infection. Determination of anti-
HBc (IgM) is employed to distinguish an acute hepatitis B infection from a chronic 
infection. The anti-HBc test developed in 1987 detects an antibody to the HBV that 
is produced during and after infection. If an individual has a positive anti-HBc test, 
but the HBsAg test is negative, it may mean that the person once had hepatitis B, but 
has recovered from the infection. Of the individuals with a positive test for anti-HBc, 
many have not been exposed to the HBV; thus, there is a frequent problem of false 
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positives. Although the individual may be permanently deferred from donating 
blood, it is unlikely that the person’s health will be negatively affected. (Note: This 
antibody is not produced following vaccination against hepatitis B).  

   Hepatitis C Virus 

 The HCV is a member of the Flaviviridae family of viruses, which are associated with 
both human and animal diseases. Hepatitis caused by HCV is the most common 
chronic bloodborne infection in the United States. Over four million Americans are 
believed to be infected. HCV can also be transmitted through blood transfusion. HCV 
causes in fl ammation of the liver, and up to 80% of those exposed to the virus develop 
a chronic infection, which can lead to liver in fl ammation, cirrhosis, cancer, and death. 
Eventually, up to 20% of people with HCV may develop cirrhosis of the liver or other 
severe liver diseases. As in other forms of hepatitis, individuals may be infected with 
the virus, but may not realize they are carriers since they do not have any symptoms. 
Because of the risk of serious illness, people with HCV need to be followed closely 
by a physician with experience evaluating this infection. Since the  fi rst cloning of full-
length HCV cDNA in 1989, signi fi cant progress has been made in characterizing its 
molecular biology  [  11  ] . But, the natural history of HCV infection is still largely 
unclear and current treatment options for patients are limited. There is no vaccine for 
HCV, and the only available treatment, a combination of alpha interferon and ribavi-
rin, is ef fi cacious in only a minority of patients  [  23  ] . The life cycle of the HCV is 
poorly understood due to the lack of an ef fi cient cell culture system  [  24  ] . There is an 
urgent need to develop a highly sensitive detection method for studying possible 
extrahepatic sites for the replication of HCV. We have recently established a cell cul-
ture system for the replication of HCV by using human T and B leukemia cell lines  [  25  ] . 
This model should represent a valuable tool for the detailed study of the initial steps 
of the HCV replication cycle and for the evaluation of antiviral molecules. Currently, 
appropriate vaccine strategies for HCV have not been developed. Early detection and 
prevention of HCV infection are most important for blood safety. 

 It is a formidable task to design primers and probes for sensitive nucleic acid 
level diagnostic assays throughout the open reading frame of the HCV genome 
because of a high mutation rate in this genomic region. However, the untranslated 
region of about 341 nucleotides contains highly conserved domains which allows 
for stable primer design for qualitative and quantitative diagnostic tests which have 
equivalent sensitivity against the known six various genotypes of HCV.  

   Antibodies to the Hepatitis C Virus 

 In 1990, the  fi rst speci fi c test for HCV, the major cause of “non-A, non-B” hepatitis 
was introduced. Now, a third generation ELISA kit is available to detect antibodies 
to HCV and screening blood for HCV antibodies is recommended. These assays are 
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based on detection of serum antibody to various HCV antigens because these 
antibodies are nearly universally present in patients who are chronically infected 
with HCV  [  26  ] . The HCV screening tests are known to have signi fi cant limitations 
and positive samples should be further tested by HCV con fi rmatory tests.  

   HCV Con fi rmatory Tests 

 Guidelines provided by the CDC recommend that HCV antibody screening test posi-
tive samples should be con fi rmed with serologic or nucleic acid supplemental testing. 
HCV con fi rmatory tests include the recombinant immunoblot assay in which several 
recombinant peptide antigens are applied on a strip that is then probed with the 
patient’s serum. In this way, the response to individual antigens can be recognized, 
and some false-positive ELISA results can be eliminated (e.g., RIBA, Chiron HCV 
3.0, and PCR assay) (e.g., Roche COBAS AMPLICOR HCV Test, version 2.0). 
Laboratories can choose to perform this testing on all positive specimens or based on 
screening test positive (signal to cutoff) ratios. The positive predictive values (s/co) 
can vary depending on the prevalence of infection in the population being screened. 

 HCV antibodies are not generally detectable for at least 6 weeks and may not 
appear for several months. Acute HCV infections are relatively rare among blood 
donors, but the antibody tests often fail to detect these patients in the window period 
between the time of infection and the time of appearance of antibody detectable by the 
above assays. High sensitivity detection of HCV during the window period is a long-
term technical challenge in the  fi eld. Tests for HCV RNA genome detection based on 
the PCR or other highly sensitive RNA detection systems have been used for the diag-
nosis of acute hepatitis  [  26  ] . Sensitive detection of HCV RNA based on RT-PCR or 
other nucleic acid ampli fi cation techniques can be readily accomplished with kits that 
are now available commercially. For example, in 1999 the FDA approved Roche’s 
Amplicor HIV-1 Monitor Ultra Sensitive quantitative assay. It can measure HIV levels 
at as few as 50 copies/mL and another commercial kit, the LCx HIV RNA Quantitative 
Assay from Abbott Laboratories, also has a detection limit at 50 copies/mL. Some 
studies even showed a sensitivity limit at 1 copy  [  27  ] . In fact, a qualitative assay 
should be much more sensitive than a quantitative assay for HIV/HCV screening. 
A sensitive qualitative HCV molecular detection assay will possibly interdict and 
virtually prevent all transfusion-associated HIV/HCV. The current sensitivity standard 
for clinical diagnostics is 100 copies/mL, but since there has been an improvement in 
technology, this would be the time to change sensitivity standard to 50 copies/mL.  

   Human Retroviruses 

   Antibodies to Human Immunode fi ciency Virus, Types 1 and 2 

 HIV-1 and/or HIV-2 virus cause acquired immunode fi ciency syndrome, or AIDS. 
The test is designed to detect antibodies directed against antigens of the HIV-1 or 
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HIV-2 viruses. HIV-1 is much more common in the United States, whereas HIV-2 is 
prevalent in Western Africa. Donors are tested for both viruses because both are 
transmitted by infected blood, and a few cases of HIV-2 have been identi fi ed in US 
residents. In1985, the  fi rst blood-screening EIA test to detect HIV was licensed and 
quickly implemented by blood banks to protect the blood supply. In 1992, testing of 
donor blood for both HIV-1 and HIV-2 antibodies (anti-HIV-1 and anti-HIV-2) was 
implemented. In 1996, HIV p24 antigen testing of donated blood was mandated. 
Now, the p24 antigen testing is going to be compared with a PCR-based test for their 
ability to detect HIV in the window period.  

   Antibodies to Human T-Lymphotropic Virus, Types I and II 

 HTLV retroviruses are endemic in Japan and the Caribbean but relatively uncommon 
in the United States. They cause adult T-cell leukemia/lymphoma and a neurological 
disorder similar to multiple sclerosis. The infection can persist for a lifetime but rarely 
causes major illnesses in most people who are infected. In rare instances, the virus 
may, after many years of infection, cause nervous system disease or an unusual type 
of leukemia. HTLV-II infections are usually associated with intravenous drug usage, 
especially among people who share needles or syringes. Disease associations with 
HTLV-II have been hard to con fi rm, but the virus may cause subtle abnormalities of 
immunity that lead to frequent infections, or rare cases of neurological disease. 

 In 1989, human-T-lymphotropic-virus-antibody testing of donated blood was 
begun. Blood is now routinely screened for antibodies to HTLV-I/II. These test 
screens for antibodies directed against epitopes of the HTLV-I/II viruses. Several 
commercial assays based on the enzyme-linked immunosorbent assay (ELISA) or 
particle agglutination formats are used for screening of HTLV antibodies, followed 
by con fi rmatory assays using western blotting. In some infected individuals, the 
serologic response to HTLV infection is very low. These problems have been solved 
by the application of PCR ampli fi cation of speci fi c sequences in the virus genome. 
PCR can be used to detect HTLV-I/II proviruses and is now the method of choice for 
detection of HTLV DNA directly from blood and many other tissues. Commercial 
PCR kits for HTLV are available  [  28  ] .   

   West Nile Virus 

 The WNV is a single-stranded RNA virus of the Flaviviridae family and is the most 
recent emerging infectious disease threat to public health and, potentially, to the 
safety of our blood supply. In 2002, WNV was identi fi ed as transfusion transmissi-
ble. It is transmitted by mosquitoes to birds and other animals through a mosquito 
bite. The virus can infect people, horses, many types of birds, and some other ani-
mals. WNV was shown in 2002 to be transmissible by blood  [  29  ] , with an estimated 
mean risk of 2/10,000–5/10,000 in outbreak regions in the United States. The most 
common symptoms of transfusion-transmitted cases of WNV were fever and headache. 
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Detection of WNV includes either a measurement of WNV antibodies or of WNV 
nucleic acid (detecting genetic material from the virus itself). There are two types of 
WNV antibody testing: IgM and IgG. In most individuals, IgM antibodies will be 
present within 8 days after the initial exposure to WNV, followed by IgG production 
several weeks later. But, the antibodies tested to detect WNV are not expedient for 
donor blood screening. NAT involves amplifying and measuring the WNV’s genetic 
material to detect the presence of the virus in blood or tissue. WNV NAT will be 
negative in the blood once clinical illness has occurred. In this situation, both 
NAT and IgM antibody testing may be needed. Nucleic acid tests to screen blood 
for WNV are commercially available and in current use. But, the viral yield for WNV 
infection is much lower than other viruses. Consequently, a more sensitive WNV NAT 
system for donor blood screening will be required, which could further reduce the 
risks of transfusion transmitted WNV.  

   Syphilis 

 Serum samples from all blood units should be subjected to either the Venereal 
Disease Research Laboratory (VDRL) test or a treponemal test, such as the  T. pallidum 
haemagglutination  (TPHA) test before transfusion. Any unit found positive should 
be discarded as per standard safety procedures. This test is done to detect evidence 
of infection with the spirochete that causes syphilis. Blood centers began testing for 
this shortly after World War II, when syphilis rates in the general population were 
much higher. The risk of transmitting syphilis through a blood transfusion is exceed-
ingly small (no cases have been recognized in this country for many years) because 
the infection is very rare in blood donors, and because the spirochete is fragile and 
unlikely to survive blood storage conditions. Sensitivity and speci fi city of serologic 
tests vary depending on the type of test performed and the stage of the disease. If the 
donor has spirochetemia, their serologic tests are usually negative, and if the donors 
are antibody positive, their blood is not infectious. Syphilis serological tests for 
donors have less clinical signi fi cance. A nucleic acid test for accurately detecting 
syphilis is needed. It can be used to determine whether a blood donor is currently or 
has recently been infected with the spirochete.  

   Other Concerns 

   Hepatitis Viruses 

 In recent years, numerous infectious agents found worldwide have been identi fi ed 
as potential threats to the blood supply and among these are several newly discov-
ered hepatitis viruses that present unique challenges in assessing possible risks. 
Even if the hepatitis virus test is negative for all known A–E hepatitis agents, there 
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are some unidenti fi ed hepatitis viruses, called non A–E hepatitis viruses that can 
still be transmitted by blood transfusion. In the future, advances in NAT may allow 
rapid discovery of the unknown hepatitis viruses.  

   Hepatitis Delta Virus 

 Hepatitis delta virus (HDV) is a small RNA virus that can infect only individuals 
who have HBV; worldwide more than 15 million people are coinfected  [  30  ] . HDV 
is clinically important because it generally makes HBV infections more damaging 
to the liver. Increased understanding of the molecular virology of HDV will identify 
novel therapeutic targets for this most severe form of chronic viral hepatitis. PCR 
and real-time PCR methods are available for HDV RNA detection  [  31  ] .  

   TT Virus 

 TT virus (TTV)  [  32  ] , named for the patient from whom it was  fi rst isolated with 
non-A–E and G posttransfusion hepatitis in Japan in 1997, is a newly discovered 
transfusion transmitted, single-stranded and circular DNA virus  [  33  ] . TTV is non-
enveloped and its entire sequence of ~3.9 kb has been determined. It is also often 
interpreted as a transfusion-transmitted virus  [  32  ] . At least 16 genotypes have been 
identi fi ed, and TTV is now found all over the world. TTV infection was sought by 
detection of TTV DNA in serum by polymerase chain reaction using primers gener-
ated from a conserved region of the TTV genome, e.g., the UTR region  [  34  ] . Donor 
blood and blood product can be screened for TTV DNA by using PCR or real-time 
PCR. The signi fi cance of positive  fi ndings is still unclear, because high level TTV 
carriers in healthy populations are currently found  [  35,   36  ] . Whether TTV actually 
causes hepatitis remains to be determined.  

   Cytomegalovirus 

 Cytomegalovirus (CMV) is a virus belonging to the herpes group that is rarely 
transmitted by blood transfusion. Donor blood is not routinely tested for CMV, and 
the prevalence of CMV antibody ranges from 50 to 80 % of the population. But, 
blood contaminated with CMV can cause problems in neonates or immunocompro-
mised patients. It also remains a major pathogen for solid-organ transplant recipi-
ents causing febrile syndromes, hepatitis, pneumonitis, retinitis and colitis. Potential 
problems in selected patient populations can be prevented by transfusing CMV 
negative blood or frozen, deglycerolized red blood cells. Serologic tests for anti-
body to CMV are useful for determining whether a patient had CMV infection in 
the past, a determination of great clinical importance for organ and blood donors, 
and in the pretransplant evaluation of prospective transplant recipients  [  37  ] . 
Commercial NAT kits are available for CMV  [  3  ] , and these include the Amplicor 
PCR CMV Monitor test and Hybrid capture system CMV DNA test.  
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   Malaria 

 Sensitive screening tests for malaria are neither commercially available nor of fi cially 
approved yet. The most effective way of screening donors is to take a proper history 
of malaria or of fever that could be due to malaria. Donor selection criteria should 
be designed to exclude potentially infectious individuals from donating red blood 
cells for transfusion. Because there are no practical laboratory tests available to test 
donor blood, donors traveling to high risk malaria areas are excluded from donating 
blood for 6 months. However, there is a need to develop suitable screening tests, 
especially for use in an endemic area. A number of clinical research approaches 
have been developed for the extraction, ampli fi cation and detection of malaria 
parasite DNA from blood products  [  37  ] .  

   Variant Creutzfeldt–Jakob Disease 

 Variant Creutzfeldt–Jakob disease (vCJD—a rare but fatal brain infection)  [  38  ]  was 
 fi rst described in 1996 in the United Kingdom. vCJD is strongly linked with expo-
sure to the bovine spongiform encephalopathy (BSE) agent. BSE is a transmissible 
spongiform encephalopathy (TSE) affecting cattle and was  fi rst reported in the UK 
in 1986. It has different clinical and pathologic characteristics from classic vCJD. 
Each disease also has a particular genetic pro fi le of the prion protein gene. In recent 
years, questions have been raised concerning the potential risk of vCJD disease for 
recipients of plasma-derived clotting factors, including United States licensed 
Factor Eight (pdFVIII), Factor Nine (pdFIX), and other plasma-derived products 
such as immune globulins and albumin. In the past 10 years, there have been some 
reported cases of probable vCJD transmission by red blood cell transfusions in the 
United Kingdom. Prion infections are associated with long and clinically silent 
incubations. The number of asymptomatic individuals with vCJD prion infection is 
unknown, posing risk to others through blood transfusion, blood products, organ or 
tissue grafts, and contaminated medical instruments. In order to decrease the risk, 
there is a need to establish a blood-based molecular assay for detection of vCJD 
prion infection. Recently research papers have shown that sensitivity detection 
methods are available for vCJD prion  [  39  ] . However, commercial detection kits are 
not yet available.  

   Dengue Viruses 

 The Dengue virus (DENV) is a member of the virus family Flaviviridae and is 
transmitted to people through the bite of an infected mosquito. The Dengue virus 
has been shown to have four subtypes. These subtypes are different strains of dengue 
virus that have 60–80 % homology between each other. Dengue has emerged as a 
worldwide problem only since the 1950s. With more than one-third of the world’s 
population living in areas at risk for transmission, dengue infection is a leading 
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cause of illness and death in the tropics and subtropics. According to CDC, as many 
as 100 million people are infected yearly. Dengue is caused by any one of four 
related viruses transmitted by mosquitoes. There are not yet any vaccines to prevent 
DENV infection, and the most effective protective measure is to avoid mosquito 
bites. There have been healthcare-related transmissions, including transmission by 
blood products  [  40  ] . Dengue infection has a viremic phase that lasts 4–8 days, and 
blood collected during this phase may be infective when transfused into susceptible 
hosts  [  40  ] . There are currently no tests for direct detection of dengue virus, but there 
are however, commercial ELISA tests to detect antibodies of the dengue virus in 
blood samples from patients. Recently, research papers have shown that PCR 
detection methods are available for any dengue virus strain  [  41  ] .  

    Babesia  Species 

  Babesia  is a protozoan parasite of the blood that causes a hemolytic disease known 
as Babesiosis. Babesiosis is a malaria-like parasitic disease, and there are over 100 
species of  Babesia  identi fi ed. In the United States,  Babesia microti  is the agent most 
commonly reported to cause human infection. Clinical confusion between human 
babesiosis and malaria is often reported in literature  [  42  ] .  Babesia  infection can also 
be acquired by blood transfusion. In fact, there have been many cases of transfusion-
induced babesiosis documented  [  43  ] . Risk of developing this clinical infection is 
increased for elderly, asplenic, or immunosuppressed patients. Current standards 
issued by the American Association of Blood Banks (AABB) require the inde fi nite 
deferral of a blood donor with a history of babesiosis.  [  44  ]  There is a need to develop 
methods for identi fi cation  B. microti  in order to reduce the risk of transmission of 
babesiosis by transfusion. Diagnosis depends upon  fi nding parasites on blood  fi lm 
examination which can be detected 2–4 weeks after a tick bite. Hamster inoculation 
and serology have also been used for diagnosis. The Indirect Fluorescent Antibody 
Test (IFAT) is available for  B. microti  and is the most useful serological test for early 
diagnosis. Also, the PCR screen tests for Babesiosis are technically available in 
the  fi eld  [  45  ] .  

   Chagas’ Disease 

 Chagas disease is named after the Brazilian physician Carlos Chagas, who discovered 
the disease in 1909. Chagas disease is spread mainly by blood-sucking insects 
infected with  Trypanosoma cruzi . Chagas disease can also be spread through blood 
transfusion, organ transplants, and from a mother to an unborn child. National 
screening of the blood supply was instituted in early 2007 by FDA, and more than 
1,000 donors with  T. cruzi  infection have been identi fi ed within the past 3 years of 
testing. “Screening for  T. cruzi  is an important safety measure to help protect our 
blood supply and to help prevent the spread of Chagas disease,” says Karen Midthun, 
M.D., acting director of the FDA’s Center for Biologics Evaluation and Research. 
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Currently, serological ELISA tests are available for diagnose chronic Chagas 
disease. PCR test is not a tool for diagnosis of chronic Chagas disease in clinical 
practice yet, although some research results have showed that PCR is a very sensi-
tive parasitological test for Chagas’ disease in active transmission regions  [  46  ] . 
More studies are needed for the development of this molecular method.  

   Severe Acute Respiratory Syndrome 

 Coronavirus is an RNA virus known to be associated with respiratory disease. 
Severe acute respiratory syndrome (SARS) is a newly recognized coronavirus 
whose genome sequence does not belong to any of the known coronavirus groups 
and which quickly spread all over the world from Asia in 2003. There has been no 
evidence that this infection is transmitted from blood donors to transfusion recipi-
ents, but the virus associated with SARS is present in the blood of people who are 
sick, and it is possible that the virus could be present in blood immediately before a 
person gets sick, so that an individual with infection but no symptoms possibly 
could transmit SARS through a blood donation. To help determine whether or not 
an individual might be infected with SARS, a blood collection facility will ask a 
potential donor orally or in writing about any travel to a SARS-affected country or 
a history of SARS or possible exposure to SARS. Enzyme-linked immunoassays for 
detection of speci fi c IgG and IgM antibodies and RT-PCR for detection of SARS 
coronavirus speci fi c RNA in the SARS patients has been developed. Rapid, sensitive, 
and speci fi c identi fi cation of SARS and other novel coronaviruses by molecular 
methods will be very important in the future.    

   Discovery of Unrecognized and Uncharacterized Viral Agents 

 Based on past history, it is not just a hypothetical risk that many people have been 
infected with unrecognized viruses, for example, many patients with symptoms of 
non A–E, G, and TTV posttransfusion hepatitis. It is still possible that unexplained 
cases of posttransfusion hepatitis may be caused by a new, undiscovered pathogen. 
In recent years, numerous new infectious agents found worldwide have been 
identi fi ed through time-consuming procedures. By the time a new virus, such as 
HCV, HIV and SARS, is found, many people are infected and there could be a large 
number of fatalities. There is an urgent need to develop methods for rapid 
identi fi cation and characterization of previously unknown pathogenic viruses. The 
most recent technologies for detecting and identifying previously unrecognized 
pathogens are expression library screening, representational difference analysis 
(RDA), and broad-range polymerase chain reaction (BR-PCR). But they are all 
time-consuming approaches. The new unrecognized and uncharacterized viral 
agents can be rapid identi fi ed by some of the new molecular approaches, e.g., subtrac-
tion hybridization  [  47  ]  and DNA microarray.  
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   Conclusion 

 Ensuring the safety and ef fi cacy of blood and blood products is a critical regulatory 
challenge. The high safety level of the blood supply is the result of continued 
improvements in blood donor screening and testing. It will be achieved by intro-
ducing more updated nucleic acid tests to the  fi eld of blood safety. NAT is a method 
of testing blood that is more sensitive and speci fi c than conventional tests that 
require the presence of antibodies to trigger a positive test result. Also, NAT works 
by detecting the low levels of viral genetic material present when an infection 
occurs but before the body develops an immune response to a virus. This improved 
sensitivity should enable us to signi fi cantly decrease the infection window period, 
allowing for earlier detection of the infection and diminishing the chances for 
transmission of the agent via transfusion. We are to protect the blood supply from 
not only known pathogens but also the emergence of new and unrecognized and 
uncharacterized infectious agents. The NAT methods are more sensitive and 
speci fi c compared with non-NAT. In the future, NAT technology, such as PCR, 
may allow routine screening of donors for all the known and unknown pathogens 
of concern to blood safety.      
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         Introduction 

 Molecular techniques for identifying and detecting microorganisms have been proven 
readily adaptable for use in the clinical diagnostic laboratory. Sexually transmitted 
diseases (STDs) constitute the commonest infectious diseases globally and bear 
signi fi cant consequences for the individual as well as public health of the commu-
nity. The Centers for Disease Control and Prevention (CDC) estimates there are 19 
million new STD cases each year. Nearly half of the cases occur in individuals 
between the ages of 15 and 24 years. In particular, cases of chlamydia and gonorrhea 
exceeded 1.2 million reported in 2009 and some estimates suggest that over half of 
the new chlamydia and gonorrhea infections remain undiagnosed  [  1  ] . Globally, an 
estimated one million new cases of bacterial sexually transmitted infections (STIs) 
occur each day, and half a million babies die in sub-Saharan Africa alone each year 
due to congenital syphilis  [  1,   2  ] . In the last decade, rapid development of molecular 
techniques have gradually shifted the paradigm of laboratory diagnosis from 
traditional biological to molecular detection of major agents of STIs. 

 A milestone in biotechnology heralded the beginning of molecular diagnostics 
was the development of the polymerase chain reaction (PCR) by Mullis and 
colleagues  [  1,   3  ] . Since then, numerous molecular detection techniques have been 
designed to detect speci fi c nucleic acids without relying on the ability to culture or 
directly observe intact organisms. As a result, stringency in transport of clinical 
samples is less strict. With automation, a faster turnaround time of molecular tests 
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became a signi fi cant advantage that enhances this paradigm shift. Silent pathogens, 
such as human papillomavirus (HPV) that cannot be cultivated in vitro, can now be 
detected and typed by using molecular techniques that can also determine onco-
genic potential and prognostic outcome of different infections  [  4,   5  ] . These power-
ful molecular techniques have a signi fi cant impact on strategies and public health 
programs designed for the control and prevention of STDs worldwide. 

 An estimated 50% of STDs occur asymptomatically, and this forms a major 
reservoir of infectious source that persists in the community. More sensitive detec-
tion techniques are often required for detecting asymptomatic individuals with low 
microbial load  [  6  ] . Currently available molecular techniques using nucleic acid 
ampli fi cation and hybridization can now offer high sensitivity in screening for these 
infections and disrupt the transmission chains within the community leading to 
decrease in case burden and ultimately eliminate the reservoir of infections. 

 This paper intends to review the currently developed and available molecular 
diagnostics of common STDs including (1)  Chlamydia trachomatis  and  Neisseria 
gonorrhoeae ; (2)  Treponema pallidum ; (3)  Haemophilus ducreyi ; (4)  Mycoplasma  
and  Ureaplasma ; (5)  Trichomonas vaginalis ; and (6) Herpes simplex virus (HSV). 

    Chlamydia trachomatis  and  Neisseria gonorrhoeae  

  C. trachomatis  and  N. gonorrhoeae  infections are the two most prevalent STDs 
worldwide. These two infections accounted for over 1.5 million cases of STIs 
reported by CDC  [  1  ]   C. trachomatis  is the causative agent of nongonococcal ure-
thritis, epididymitis, proctitis, cervicitis, and pelvic in fl ammatory disease. 
Asymptomatic infections are common in men and women. Routine screening for 
chlamydia is commended by CDC on sexually active teenagers and adults of  £ 24 
years  [  1  ] .  N. gonorrhoeae  is the etiological agent of gonorrhea. In the United States, 
gonorrhea is the second most commonly reported noti fi able disease leading to 
serious outcomes in women, such as tubal infertility, ectopic pregnancy, and chronic 
pelvic pain. There is an estimated 700,000 new  N. gonorrhoeae  infections every 
year  [  7  ] . Since coinfections of  C. trachomatis  and  N. gonorrhoeae  are common, 
many diagnostic test platforms or systems were designed for simultaneously 
detecting both microorganisms. 

 Several FDA-approved commercial detection kits currently available for 
 C. trachomatis  and  N. gonorrhoeae  include nucleic acid hybridization, signal 
ampli fi cation, PCR, strand displacement ampli fi cation (SDA), and transcription-
mediated ampli fi cation (TMA). 

   Nucleic Acid Hybridization 

 Nucleic acid hybridization is a molecular technique based on annealing of complemen-
tary nucleic acid strands on a stable double-strand nucleic acid without ampli fi cation. 
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The Gen-Probe PACE 2NG and PACE 2C assays (Gen-Probe, San Diego, CA) are 
two commercially available systems using hybridization  [  8,   9  ] . Both assays have 
been approved by the Food and Drug Administration (FDA) in the United States for 
detecting  N. gonorrhoeae . The PACE 2NG assay uses a chemiluminescent acridin-
ium ester-labeled probe targeting the 16S ribosomal RNA of  N. gonorrhoeae , while 
the PACE 2C assay uses combination probes to screen for presence of both 16S 
ribosomal RNAs of  C. trachomatis  and  N. gonorrhoeae  in a single-tube assay. The 
performance of the PACE 2C was found to be similar to PACE 2NG for detecting 
 N. gonorrhoeae  in endocervical specimens  [  10  ] . Sensitivity and speci fi city of these 
assays for both  C. trachomatis  and  N. gonorrhoeae  were found to be 96.3–100 and 
98.8–99.6%  [  10,   11  ] .  

   Signal Ampli fi cation 

 The Hybrid Capture II (HC2) (Digene Corporation, Gaithersburg, MD) is a signal 
ampli fi cation test targeting both genomic DNA and cryptic plasmid DNA sequences 
of  C. trachomatis  and  N. gonorrhoeae   [  12,   13  ] . The RNA–DNA hybrids are 
captured by hybrid-speci fi c antibodies in microtiter plates and detected in lumi-
nometer by adding chemiluminescent substrate with initial positive results. The 
sensitivity of the HC2 CT/NG assay was 95% for detection of  C. trachomatis  
and  N. gonorrhoeae  in endocervical specimens, while the speci fi city was found to 
be greater than 98% compared with  N. gonorrhoeae  culture  [  12,   13  ] .  

   Polymerase Chain Reaction 

 Several in-house PCR assays targeting different regions of  C. trachomatis  and 
 Neisseria gonorrhoeae  (NG) were developed (Table  29.1 ). The target regions for 
 C. trachomatis  detection include the cryptic plasmid  [  14  ] , major outer membrane 
protein (MOMP)  [  15,   16  ] , cysteine-rich protein  [  17  ] , a protein from the phospholi-
pase D endonuclease superfamily (CT157)  [  18  ] , and 16S rRNA genes  [  19,   20  ] . 
   A new variant of  C. trachomatis  with a 377-bp deletion in the cryptic plasmid has 
been reported in Halland County, Sweden  [  21  ] . A new real-time PCR assay was 
developed to detect this new variant  [  22  ] . The gene encoding outer membrane pro-
tein III ( ompIII )  [  23,   24  ] , the  cppB  gene  [  25,   26  ] , the  opa  gene  [  25,   27  ] , and the 
 porA  pseudogene  [  28  ]  of  N .  gonorrhoeae  are the target regions used in several PCR 
assays. Speci fi city and sensitivity of the  ompIII  assay were 96.4 and 78.6%  [  24  ] . 
No false-positive or false-negative results have been described in  ompIII  PCR 
assays  [  25  ] . Using a coded panel of 500 DNA samples, the  cppB  gene missed in 
5.8% of NG strains, and therefore the  cppB  gene, to be an unsuitable target  [  25  ] . 
The  opa  and  porA  pseudogene have been validated as suitable con fi rmatory test for 
positive nucleic acid ampli fi cation tests  [  28,   29  ] .  

 The Cobas Amplicor CT/NG assay (Roche Molecular Systems, Branchburg, NJ) 
is an FDA-approved nucleic acid ampli fi cation test for detecting  C. trachomatis  and 
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 N. gonorrhoeae   [  18  ] . The targets for assay are a 207 bp sequence within a cryptic 
plasmid in  C. trachomatis , and a 210 bp sequence in the cytosine methyltransferase 
gene of  N. gonorrhoeae . Internal control target DNA is available for coampli fi cation 
in each reaction to detect the presence of inhibitors in each specimen. Sensitivity 
and speci fi city of this assay were ranged from 94.2 to 98.1% and 98.4 to 100% 
respectively  [  30,   31  ] . However, it has been reported that the Cobas Amplicor 
CT/NG assay for  N. gonorrhoeae  cross-reacts with certain strains of nonpathogenic 
 Neisseria  species, such as  N. sub fl ava ,  N. lactamica , and  N. cinerea   [  32  ] . Consequently, 
supplementary con fi rmatory testing or  N. gonorrhoeae  nucleic acid ampli fi cation 
test is now widely used  [  33,   34  ] . In 2006, a new variant of  C. trachomatis  (nvCT) with 
377 bp deletion in the cryptic plasmid was discovered in Sweden that was not detect-
able with Cobas Amplicor  [  21,   35  ] . It becomes a strong drawback on this assay 
because the proportion of nvCT was found to be 20–64% of the detected Chlamydia 
cases in the Swedish counties  [  36  ] . 

 The Cobas 4800 CT/NG assay (Roche Molecular Systems, Branchburg, NJ) is a 
fully automated real-time PCR system for detection of  C. trachomatis  and  N. gonor-
rhoeae , while the Cobas TaqMan CT assay is for detection of  C. trachomatis  only. 
This multiplex real-time PCR assay has incorporated a dual-target strategy for 
detecting  C. trachomatis , including a 206 bp conserved sequence in cryptic plasmid 
of  C. trachomatis  and 182 bp sequence of the MOMP gene, to ensure accurate and 
reliable detection of Chlamydia, including the variant strain found in Sweden. The 
 N. gonorrhoeae  assay was newly designed to target a direct repeat region called 
DR-9. This target region has two highly conserved sequence variations and is 
repeated three times on the genome. The sensitivity and speci fi city of this assay on 
urine and swab samples were ranged from 92.0 to 94.5% and 99.5 to 100%, respec-
tively, for  C. trachomatis , and 92.9–100% and 99.4–100%, respectively, for 
 N. gonorrhoeae   [  37  ] . 

 Another commercially available real-time PCR assay for detection of  C. tracho-
matis  and  N. gonorrhoeae  is the Abbott RealTime CT/NG assay (Abbott Molecular, 
Des Plaines, IL)  [  38,   39  ] . The assay contains two sets of primers targeting a 122 bp 
conserved sequence in the  C. trachomatis  cryptic plasmid and a 140 bp sequence 
located outside the deleted region of nvCT. The target region for  N. gonorrhoeae  is 
a 122 bp conserved sequence in  N. gonorrhoeae  opacity (Opa) gene. The sensitivity 
and speci fi city of this assay were ranged from 92.4 to 99.6% and 99.2 to 99.7% for 
 C. trachomatis  and from 96.9 to 100% and 99.7 to 99.8% for  N. gonorrhoeae , 
respectively  [  38,   40  ] .  

   Strand Displacement Ampli fi cation 

 The SDA is a multiplex isothermal DNA target ampli fi cation method. The BD 
ProbeTec ET  Chlamydia trachomatis  and  Neisseria gonorrhoeae  (CT/NG) 
Ampli fi cation DNA Assays and Probe Tec GC Q x  assay (Becton Dickinson, Franklin 
Lakes, NJ) utilize SDA technology and  fl uorescent resonance energy transfer probes 
targeting DNA sequence homologous to the cryptic plasmid in CT and different 
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regions within the multicopy pilin gene-inverting protein homologue. The assays 
can be performed using either a semi-automated BD ProbeTec ET System or an 
automated BD VIPER System. The sensitivity and speci fi city of the BD ProbeTec 
assays were ranged from 95.2 to 100% and 92.6 to 100% for  C. trachomatis  
and from 84.9 to 98.5% and 92.5 to 98.6% for  N. gonorrhoeae , respectively 
 [  23,   41–  43  ] .  

   Transcription-Mediated Ampli fi cation 

 The APTIMA Combo 2 Assay (Gen-Probe, San Diego, CA) is a target ampli fi cation 
nucleic acid probe test combining target capture, TMA, and dual kinetic assay 
(DKA) technologies. This assay replicates a speci fi c region of the 23S rRNA from 
CT and a speci fi c region of the 16S rRNA from GC using unique sets of primers. 
The target rRNA molecules are isolated by the use of capture oligomers and sepa-
rated with magnetic particles. The rRNA ampli fi cation products are detected by 
hybridization with chemiluminescent single-strand DNA probes and an enzyme-
labeled DNA–RNA duplex antibody. Sensitivity and speci fi city for CT were ranged 
from 94.2 to 100% and 97.6 to 100% in swab and urine, while the corresponding 
values for GC were ranged from 91.3 to 99.2% and 98.7 to 99.3%  [  44,   45  ] .    

   Con fi rmation Tests for  Chlamydia trachomatis  
and  Neisseria gonorrhoeae  

 As false-positives and decreased positive predictive values may be a problem in 
low-prevalence populations, the Centers for Disease Control (CDC) has recom-
mended that the con fi rmatory tests should be performed when the positive predic-
tive value is less than 90%  [  46  ] . According to CDC guidelines, less-sensitive 
diagnostic tests should not be used for con fi rmatory tests for more-sensitive nucleic 
acid ampli fi cation tests. There are four approaches to additional molecular 
con fi rmatory tests: (1) testing a second specimen with a different test using different 
target; (2) testing the original specimen with a different test that uses a different 
target or format; (3) repeating the original test on the original specimen with a 
blocking antibody or competitive probe; and (4) repeating the original test on the 
original specimen  [  46  ] . The APTIMA CT assay (ACT), which detects  C. trachomatis , 
the APTIMA GC assay (AGC), which detects  N. gonorrhoeae , and the APTIMA 
Combo 2 assay (AC2), which detects both pathogens, are three assays from 
Gen-Probe, Inc. The ACT and AGC oligonucleotide probes target rRNA sequences 
different from those for AC2. Therefore, these three assays can be used as 
con fi rmatory tests for each other assay  [  47,   48  ] . Besides, two previously published 
in-house real-time assays targeting  opa  and  porA  pseudogene were also used as 
independent real-time PCR con fi rmatory assays in some laboratories  [  27,   47,   49  ] . 
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    Treponema pallidum  

 Syphilis is a chronic and multistage STI caused by the spirochaete  Treponema 
pallidum  subspecies  pallidum , which continues to be a worldwide public health 
problem with estimated 12 million new cases per year  [  50  ] . Syphilis has three main 
stages: primary, secondary, and tertiary. Owing to the slow generation time and the 
inability to survive and multiply outside the mammalian body, despite repeated 
attempts over the years,  T. pallidum  cannot be cultured in vitro or stained using 
simple techniques. Dark- fi eld microscopic examination in lesion exudate or tissue 
and serology are the de fi nitive methods for diagnosing early syphilis.    The presump-
tive diagnosis of syphilis is possible by using nontreponemal serological tests, such 
as rapid plasma reagin (RPR) and Venereal Disease Research Laboratory (VDRL), 
and treponemal tests, such as  fl uorescent treponemal antibody absorption (FTA) and 
 T. pallidum  hemagglutination assay (TPHA). However, these tests may be problem-
atic in the early stages of primary syphilis, as both serological tests and microscopic 
examinations are limited by low degrees of sensitivity and speci fi city  [  51  ] . 

   Polymerase Chain Reaction 

 PCR provides a fast and reliable alternative for the diagnosis and rapid identi fi cation 
of the disease (primary, secondary, and tertiary syphilis), speci fi cally in settings in 
which dark- fi eld microscopy cannot be performed  [  52–  55  ] . Although no commercial 
 T. pallidum  detection test is available, some laboratories provide locally developed 
PCR tests for the detection of  T. pallidum . Several PCR-based tests of  T. pallidum  
were developed on the basis of membrane lipoproteins  [  56  ] ,  tmpA  and  4D  genes 
 [  57  ] , 16S rRNA  [  58  ] ,  tp47  gene  [  59  ] , and DNA polymerase I ( polA ) gene  [  52,   60  ]  
(Table  29.2 ). The levels of detection of these assays ranged between 10 −3  organisms 
by reverse-transcriptase PCR (RT-PCR)  [  58  ]  to 10–50 organisms by amplifying the 
gene fragment encoding the 47 kDa membrane lipoprotein  [  56  ] . A multiplex PCR 
assay for simultaneous detection of  H. ducreyi ,  T. pallidum , and HSV type 1 and 2 
was developed to give three diagnoses from one assay in a single genital ulcer swab 
specimen  [  56  ] . A real-time PCR assay was also developed, which was based on this 
multiplex PCR assay to detect  H. ducreyi  and  T. pallidum   [  61  ] .  

 Two real-time PCR assays using TaqMan probes targeting  polA  gene of  T. pallidum  
were developed  [  62,   63  ]  (Table  29.2 ). The assays provide a robust, sensitive, and 
speci fi c assay to directly detect the presence of  T. pallidum  with the short turnaround 
time and the ease of performance. Compared directly with serology, one real-time 
PCR assay showed 95% agreement with a sensitivity of 80.4% and a speci fi city of 
98.4%  [  62  ] , while the other real-time PCR assay reported high sensitivities and 
speci fi cities of 94–100% using two real-time PCR platforms, the Rotor-Gene 
(QIAGEN Inc., Valencia, CA) and iCycler (Bio-Rad Laboratories, Hercules, CA) 
 [  64  ] . However, the real-time PCR assay had a disappointingly low sensitivity (43%) 
for the detection of secondary syphilis that it has no added value for the clinical 
diagnosis of secondary syphilis, even though the speci fi city was high (98%)  [  63  ] .   
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    Haemophilus ducreyi  

    Chancroid is a genital ulcer caused by  H. ducreyi  and is prevalent mainly in developing 
countries, such as the countries in Africa, Asia, and Latin America  [  65  ] . As genital 
ulceration has been shown strong associations with increased risk of transmission of 
human immunode fi ciency virus (HIV) infection, effective diagnosis and treatment 
of genital ulcer disease have become increasingly important  [  1,   66,   67  ] . Several 
studies have shown that the accuracy of clinical diagnosis for chancroid ranged 
from 33 to 80%  [  68,   69  ] .  H. ducreyi  is a fastidious organism requiring complex 
media and growth conditions for culture, and is dif fi cult to detect using traditional 
culture method. The optimal sensitivity of culture can only be 50–90% even in 
experienced and well-equipped laboratories, while the sensitivity can be less than 
50% in inexperienced laboratories  [  70,   71  ] . The “gold standards” for the diagnosis 
of chancroid were clinical diagnosis and laboratory culture of  H. ducreyi  in the past. 
The advent of DNA ampli fi cation methods using the PCR offer a simple and more 
sensitive and speci fi c approach to diagnosis. 

 Several DNA ampli fi cation-based techniques that detect  H. ducreyi  directly in 
patient samples were developed and signi fi cantly improved the sensitivity of labo-
ratory diagnostic tests for chancroid. Speci fi c DNA primers have been designed to 
target and identify the bacteria in these techniques, which include nucleic acid 
hybridization and PCR assays. 

   Nucleic Acid Hybridization 

 Two probe hybridization assays for detection of  H. ducreyi  were developed  [  72,   73  ] . 
In one assay, three  32 P-labeled DNA probes designed on the basis of encoding 
 H. ducreyi -speci fi c proteins demonstrated to react strongly with  H. ducreyi  DNA in 
both bacterial suspensions as well as in infected rabbit lesion material blotted onto 

   Table 29.2    PCR assays of  Treponema pallidum    

 Target regions  Primer and probe sequences  References 

 Membrane 
lipoproteins 

 Forward: 5 ¢ -GACAATGCTCACTGAGGATAGT-3 ¢    [  56  ]  
 Reverse: 5 ¢ -ACGCACAGAACCGAATTCCTTG-3 ¢  

  tmpA  and 4D genes  Forward: 5 ¢ -CAGGTAACGGATGCTGAAGT-3 ¢    [  57  ]  
 Reverse: 5 ¢ -AACGCCTCCATCGTCAGACC-3 ¢  

 16S rRNA  Forward: 5 ¢ -CTCTTTTGGACGTAGGTCTTTGAG-3 ¢    [  58  ]  
 Reverse: 5 ¢ -TTACGTGTTACCGCGGCGTGG-3 ¢  

  tp47  gene  Forward: 5 ¢ -CGTGTGGTATCAACTATGG-3 ¢    [  59  ]  
 Reverse: 5 ¢ -TCAACCTGTACTCAGTGC-3 ¢  

 DNA polymerase I 
( polA ) gene 

 Forward: 5 ¢ -AGACGGCTGCACATCTTCTCCA-3 ¢    [  60  ]  
 Reverse: 5 ¢ -AGCAGACGTTACATCGAGCGGA-3 ¢  
 SyphTP: 6-Carboxy fl uorescein-ATGCACCAGCTTCGA-MGB   [  62  ]  
 SyphTF: 5 ¢ -AGGATCGCCCATATGTCCAA-3 ¢  
 SyphTR: 5 ¢ -GTGAGCGTCTCATCATTCCAAA-3 ¢  
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nitrocellulose membranes  [  72  ] . The sensitivity of this probe hybridization assay 
was around 10 3 –10 4  CFU of  H. ducreyi  in both pure and mixed cultures. The other 
probe hybridization assay was based on the development of speci fi c rRNA-derived 
oligonucleotide probes for  H. ducreyi   [  73  ] . Hybridization probes were chemically 
synthesized on eight oligonucleotide sequences complementary to different regions 
in the 16S and 23S rRNA molecules. This DNA–RNA hybridization assay demon-
strated high speci fi city on culture grown isolates, but the sensitivity of the technique 
has not been provided. No complete evaluation was reported on the usefulness of 
these DNA or RNA probe hybridization techniques in the diagnosis of chancroid by 
 H. ducreyi  detection in clinical specimens.  

   Polymerase Chain Reaction 

 Several PCR assays have been developed to improve the sensitivity of laboratory 
diagnosis of chancroid  [  56,   74–  77  ] . Target regions of the primers of these assays 
include 16S rRNA gene  [  56,   74  ] , the  rrs  (16S)- rrl (23S) ribosomal intergenic spacer 
region  [  77  ] , an anonymous fragment of cloned DNA  [  75  ] , and the  groEL  gene 
encoding the GroEL heat shock protein  [  76  ] . As mentioned in previous  T. pallidum  
section, a multiplex PCR assay with colorimetric detection and a real-time PCR 
assay were developed for simultaneous detection of  H. ducreyi ,  T. pallidum  and 
HSV type 1 and 2  [  56,   61  ] . The sensitivity and speci fi city of the multiplex PCR 
detection of  H. ducreyi  were 98.4% and 99.6% respectively, as compared to 74.2 
and 100% for culture. Expectedly, the sensitivity of culture is relatively low in 
comparison with PCR. Provided adequate clinical correlation studies can be carried 
out, the PCR assays have the potential to become an accurate and easily available 
reference method for laboratory diagnosis of chancroid.   

    Mycoplasma  and  Ureaplasma  

 Urethritis is one of the most common STDs among heterosexual men and catego-
rized etiologically as gonococcal or non-gonococcal urethritis (NGU).  C. tracho-
matis  is a cause of acute NGU and accounts for 30–50% NGU cases in men  [  78, 
  79  ] . For non-chlamydial NGU, there are some evidences that mycoplasma and ure-
aplasmas might be pathogens of NGU and are associated with persistent and recur-
rent NGU cases  [  80,   81  ] .  Mycoplasma hominis ,  Mycoplasma genitalium ,  Ureaplasma 
parvum , and  Ureaplasma urealyticum  are important etiological agents of postpar-
tum fever, infertility, and pelvic in fl ammatory diseases  [  82,   83  ] . Genital myco-
plasma and ureaplasma infections are commonly diagnosed by culture. However, 
the time-consuming culture requires 2–5 days for  Ureaplasms  spp. and  M. hominis , 
and up to 8 weeks for  M. genitalium , while they can be detected in less than 8 h by 
nucleic acid ampli fi cation methods. No commercial diagnostic system is available 
for the detection of mycoplasmas and ureaplasmas. 

 Introduction of molecular detection techniques provides a new horizon in the 
identi fi cation and detection of  Mycoplasma  and  Ureaplasma  species. These techniques 
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provide improved speci fi city and sensitivity compared with the time-consuming 
traditional culture methods. The molecular detection techniques on mycoplasmas 
and ureaplasmas include nucleic acid hybridization and PCR methods. 

   Nucleic Acid Hybridization 

 Sequences based on the variable species-speci fi c regions of 16S rRNA genes have 
been widely utilized for synthesis of speci fi c probes for hybridization. Several 
rRNA probe hybridization assays were developed for detecting mycoplasmas, even 
though many of rRNA probes were designed for the purpose of contamination 
detection in tissue cell cultures  [  84,   85  ] . Speci fi c probes designed from genomic 
libraries of  Mycoplasma pneumonia  and  M. genitalium  have also been reported 
 [  86  ] . Dot blot hybridization methods with  32 P-labeled, digoxigenin or biotin-labeled 
probe for detection of mycoplasmas were also developed  [  87  ] . However, the detec-
tion limit of these assays is approximately 1 ng of speci fi c mycoplasma DNA or 
10 4 –10 5  CFU, which is often not suf fi ciently sensitive for use in clinical labo-
ratory  [  84,   88  ] . A rapid PCR-microtiter plate hybridization assay has been 
developed to detect  M. genitalium ,  M. hominis ,  U. parvum  ,  and  U. urealyticum  in 
genitourinary samples  [  81  ] . In this assay, four species-speci fi c capture probes were 
used to detect the targets by PCR ampli fi cation of a part of the 16S rRNA gene fol-
lowed by 96-well microtiter plate hybridization. Sensitivity of this assay was ten 
copies of the 16S rRNA gene of each of the four species without cross-reactions 
with other human mycoplasmas or ureaplasmas  [  81  ] .  

   Polymerase Chain Reaction 

 Several PCR assays have been developed for detection of clinically relevant 
mycoplasmas and ureaplasmas  [  89–  92  ] . Speci fi c primers were designed for differ-
ent target regions including 16S rRNA genes and other repetitive sequences, such as 
MgPa adhesion gene of  M. genitalium  and urease genes of  Ureaplasma  species 
 [  93–  95  ] . As PCR assay is highly sensitive compared with traditional culture method, 
it is a potentially useful tool for detection of slow-growing and fastidious organ-
isms, such as  M. genitalium , where only small amount of bacterial DNA is required. 
With many dif fi culties in cultivating  M. genitalium , PCR assay has become an 
important tool to detect this highly fastidious organism in the absence of direct 
isolations from genital specimens. Several different real-time PCR assays for 
quantifying  M. genitalium  were developed and have been validated in detection of 
a fragment of MgPa adhesion gene and 16S rRNA gene  [  91,   96–  98  ] . As an alterna-
tive to PCR, a TMA-based test for detection of  M. genitalium  was developed by 
Gen-Probe Incorporated (San Diego, CA)  [  99  ] . As The TMA assay targets multiple 
copies of rRNA instead of single copy genes in PCR assay, it potentially increases 
the sensitivity of detection relative to the sensitivity of PCR assay. 

 Apparently, PCR assay seems to be less valuable in other more rapidly growing and 
easily cultivable mycoplasmas and ureaplasmas, such as  M. hominis  and  U. urealyticum . 
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Dif fi culties to culture are also encountered in certain specimens, such as amniotic 
 fl uids, and endotracheal aspirates of newborns  [  95  ] . The use of PCR technology in 
these situations, in contrast to culture, can enhance the detection of the mycoplasmas 
and ureaplasmas. A multiplex PCR assay has been developed to simultaneously detect 
six sexually transmitted pathogens,  C. trachomatis ,  N. gonorrhoeae ,  M. hominis , 
 M. genitalium ,  T. vaginalis , and genital  Ureaplasma  ( U. urealyticum  and  U. parvum ) 
 [  100  ] . The development of the multiplex PCR tests is useful in improving our under-
standing of the epidemiology of these important STDs in areas where these are endemic. 
A denaturing gradient gel electrophoresis (DGGE)  fi ngerprinting of 16S rRNA of 32 
mycoplasma species has also been developed for rapid identi fi cation of mycoplasma 
species of human origin  [  101  ] . It represents a signi fi cant improvement on current 
diagnosis of Mycoplasma infection directly from clinical samples in less than 24 h.   

    Trichomonas vaginalis  

 Trichomoniasis is one of the most common STIs worldwide and is caused by a 
parasitic protozoan,  T. vaginalis . The infection in women has been linked to 
increased risk of HIV transmission and complications including premature labor, 
low infant birth-weight, and post-abortion or post-hysterectomy infection  [  102, 
  103  ] . Over 180 million cases of trichomoniasis are reported annually worldwide, 
while estimated  fi ve million women and one million men in United States are 
infected annually  [  104  ] . However, the actual  fi gures are expected to be higher than 
these estimates because (1) the infection can be asymptomatic, particular in men; 
(2) trichomoniasis is not a reportable disease in United Sates and other countries; 
and (3) the sensitivities of different diagnostic tests varied between different labora-
tories, which often have little quality control on these methods. Although direct 
microscopy examination of vaginal secretion and urine samples remains the most 
common diagnostic test for this infection, detection of  T. vaginalis  by culture 
remains the “gold standard” for the diagnosis of this infection. The sensitivities of 
both direct microscopy examination and culture are low, only 40–70%  [  105  ] . As 
nucleic acid ampli fi cation technique becomes more widely used for diagnosis of 
STI, this technique for trichomoniasis would be highly desirable. 

 Several molecular detection methods are available for detection of  T. vaginalis , which 
include nucleic acid hybridization, PCR assays, and TMA. These assays have been 
devised to target  T. vaginalis -speci fi c 16S rRNA, and various regions or genes of genome 
including 2.3 kb  T. vaginalis  fragment  [  106  ] , the ferredoxin gene  [  107  ] , beta tubulin 
gene  [  108  ] , highly repeated DNA sequences  [  109  ]  and 18S rRNA genes  [  110  ] . 

   Nucleic Acid Hybridization 

 BD Af fi rm VPIII assay (Becton Dickson, Sparks, MD) is a commercially available 
kit that is the only FDA-cleared RNA probe-based diagnostic test to directly detect 
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 Gardnerella vaginalis ,  T. vaginalis , and  Candida  species  [  111,   112  ] .    The sensitivity 
and speci fi city of the Af fi rm VPIII assay for detection of  T. vaginalis  were 100% and 
80%, respectively, compared with wet mount microscopy and culture. There were 
no false-positives and three false-negatives for the Af fi rm VP test compared with 
culture and/or wet mount for  T. vaginalis   [  111,   112  ] . A dot-blot hybridization assay 
has also been developed by utilizing a 2.3 kb  T. vaginalis  DNA fragment as a 
probe to detect  T. vaginalis  DNA from vaginal exudates  [  106  ] . However, the draw-
backs of this assay are the instability of the probe, and the necessity to handle and 
dispose of radioactive materials. To overcome these limitations,  fl uorescence-
labeled DNA probe can be used for identi fi cation of  T. vaginalis  by DNA in situ 
hybridization technique.  

   Polymerase Chain Reaction 

 Several PCR assays have been developed to detect  T. vaginalis  from clinical sam-
ples. A PCR assay with eight speci fi c primer pairs targeting the unique sequences of 
geome of  T. vaginalis  has been designed. In one primer pair, a 102 bp genomic fragment 
was ampli fi ed and termed as A6p sequence, which appears highly selective for a 
broad range of  T. vaginalis  isolates  [  107  ] . Beta-tubulin gene of  T. vaginalis  is a well-
conserved region that has been used to develop a PCR assay  [  113  ] . The sensitivity and 
speci fi city of the beta-tubulin gene PCR assay were 97 and 98%, while the sensitivi-
ties of culture and wet preparation were only 70 and 36%  [  113  ] . Another target 
region of  T. vaginalis  that has been used for PCR ampli fi cation was 2,000 bp 
repeated fragment of  T. vaginalis , in which two sets of highly  T. vaginalis -speci fi c 
primers were used  [  109  ] . A PCR assay targeting a speci fi c region of 18S rRNA gene 
of  T. vaginalis  has also been developed  [  110  ] . The PCR ampli fi cation product was 
subsequently con fi rmed by enzyme digestion with  HaeIII.  Overall sensitivity and 
speci fi city of the 18S rRNA PCR assay on vaginal swab samples were 100% and 
98% respectively  [  110  ] . A multiplex PCR for direct simultaneous detection of six 
sexually transmitted pathogens, including  T. vaginalis , in clinical specimens has 
been developed  [  100  ] . 

 Recently, real-time PCR assays for detection of  T. vaginalis  were developed 
using TaqMan-based or  fl uoresence resonance energy transfer (FRET)-based probes 
 [  108,   114,   115  ] . High levels of agreement between these real-time PCR assays and 
culture have been obtained for detection of  T. vaginalis . By saving hands-on time 
and labor, a real-time PCR method has the potential for rapid, large-scale screening 
of patients at risk for  T. vaginalis .  

   Transcription-Mediated Ampli fi cation 

 The Gen-Probe Aptima  Trichomonas vaginalis  (ATV) assay (Gen-Probe, San 
Diego, CA) is a TMA assay for detection of  T. vaginalis -speci fi c 16S rRNA to aid 
in the diagnosis of trichomoniasis using the TIGRIS DTS System. This assay combines 
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the technologies of target capture, TMA, and hybridization protection assay (HPA). 
Compared the ATV assay with another commercially available molecular assay, 
BD Af fi rm VPIII assay (Becton Dickson, Sparks, MD), the ATV assay was statis-
tically more sensitive than the Af fi rm assay (100% vs. 63.4%,  P  < 0.0001), identify-
ing 36.6% more positive patients  [  116  ] .   

   Herpes Simplex Virus 

 HSV, type 1 (HSV1) and type 2 (HSV2), causes a wide range of clinical manifestations 
including genital, dermal, and central nervous system diseases. The primary trans-
mission modes for HSV1 are via oral secretions and nongenital contact, while 
infection with HSV2 is usually via sexual transmission. In United States, up to 80% 
of children are infected with HSV1 by adulthood, 20–25% of the population has 
HSV2 antibodies by the age of 40, and overall there are at least 50 million people 
with genital herpes  [  117  ] . Historically, the preferred method for diagnosis of herpes 
infection was viral isolation in tissue culture followed by type-speci fi c 
immuno fl uorescence detection. However, the nucleic acid ampli fi cation methods 
for detection of HSV are increasingly adopted due to their enhanced sensitivity, 
robustness, and short turnaround time  [  118–  120  ] . 

 Nucleic acid ampli fi cation techniques, including PCR and SDA, have been well 
developed for detection of HSV. PCR technique is now widely recognized as the 
reference standard laboratory assay method for the sensitive and speci fi c diagnosis 
of CNS infections caused by HSV  [  118,   119,   121  ] . 

   Polymerase Chain Reaction 

 PCR has become the mainstay laboratory diagnostic method for HSV encephalitis 
over the past decade and has been considered as the most sensitive method for direct 
detection of HSV  [  118,   122  ] . Several multiplex PCR assays have been developed 
that enable simultaneous screening of three to  fi ve viruses or bacteria in one assay. 
These multiplex PCR assays include PCR assay of  T. pallidum ,  H. ducreyi , HSV1, 
and HSV2  [  56  ] , PCR assay of HSV-1, varicella-zoster (VZV), and enteroviruses 
 [  123  ] , PCR assay of HSV-1, HSV-2, VZV, human cytomegalovirus (CMV), and 
Epstein-Barr virus (EBV)  [  124  ] , and multiplex herpesvirus PCR assay on CMV, 
EBV, VZV, HSV, and human herpesvirus 6 (HHV-6)  [  121  ] . In recent years, real-
time PCR assay has been widely adopted for molecular infectious disease testing 
and replaced the conventional PCR. Real-time PCR is more amenable to automa-
tion with high throughputs, short turnaround time, and reduction of likelihood of 
contamination. Several gene targets have been selected for the detection of HSV by 
real-time PCR, including gene coding for the DNA polymerase, glycoproteins B, C, 
D, and G, thymidine kinase, DNA-binding protein  [  120,   125,   126  ] . A real-time 
PCR assay of simultaneous detection of  fi ve human herpesviruses (CMV, EBV, 
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HSV-1, HSV-2, and VZV) in a single LightCycler assay has been developed  [  127  ] . 
There are three commercial real-time PCR HSV assays available, including artus 
HSV-1/2 PCR kit (QIAGEN Inc., Valencia, CA), SmartCycler Non-typing and 
SmartCycler Typing ASR kits (Cepheid, Sunnyvale, CA). The artus HSV-1/2 PCR 
kit, SmartCycler Non-typing, and SmartCycler Typing ASR kits showed improved 
sensitivity (100%, 98%, and 99%, respectively) compared to culture (37%), and all 
real-time PCR assays were highly speci fi c (100%)  [  128  ] .  

   Strand Displacement Ampli fi cation 

 The BD ProbeTec Herpes Simplex Virus (1 and 2) Q x  Ampli fi ed DNA Assay (Becton 
Dickson, Sparks, MD) is the  fi rst fully automated, FDA-cleared molecular assay for 
detection of HSV1 and HSV2. This assay uses SDA technology to qualitatively 
detect and differentiate HSV1 and HSV2 DNA in clinical-collected external ano-
genital lesion specimens as an aid in the diagnosis of herpes infection. The advan-
tages of this fully automated assay are that it greatly reduces the turnaround time by 
reading up to 98 results in 2.5 h and can also run tests for chlamydia and gonorrhea, 
along HSV1 and 2 on a single run with the BD Viper System.    

   Matrix-Assisted Laser Desorption Ionization-Time 
of Flight Mass Spectrometry 

 Identi fi cation and classi fi cation of microorganisms can now be achieved using 
protein “ fi ngerprints” from the whole bacterial cells measured by the matrix-assisted 
laser desorption ionization-time of  fl ight mass spectrometry (MADLI-TOF MS) 
 [  129,   130  ] . By comparing these  fi ngerprints to a database of reference spectra by the 
use of various algorithms, bacteria can be rapidly identi fi ed  [  130  ] . The matrix-
assisted laser desorption ionization-time of  fl ight  ( MALDI-TOF) MS technique has 
been used of rapid identi fi cation and speciation of  Haemophilus  bacteria  [  131  ] . This 
technique can identify  H. ducreyi  and at the same time determine strain differences 
between different  H. ducreyi  isolates. The acquisition time for this technique is only 
about 10 min for identi fi cation of  Haemophilus  spp., which is far shorter than all 
other traditional biological methods and nucleic acid ampli fi cation tests. Atmospheric 
pressure matrix-assisted laser desorption/ionization mass spectrometry (AP-MALDI 
MS) was also applied as a proteomics-based method to detect and identify  Neisseria  
species. Heat-inactivated clinical isolate cell suspensions of  N. gonorrhoeae  were 
subjected to on-probe protein/peptide extraction and tryptic digestion followed by 
AP-MALDI tandem MS (MS/MS)-based proteomic analysis. Amino acid sequences 
derived from three protonated peptides, neisserial acyl carrier protein, neisserial-
conserved hypothetical protein, and neisserial putative DNA-binding protein, were 
identi fi ed by AP-MALDI MS/MS and MASCOT proteome database search analysis. 
These three peptide masses can thus be potential biomarkers for  Neisseria  species 
identi fi cation by AP-MALDI MS  [  132  ] . Another similar study was also demonstrated 
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in which signi fi cant interspecies differences between  N. gonorrhoeae ,  N. meningitidis , 
and several nonpathogenic  Neisseria  species but little intraspecies diversity was 
revealed by visual inspection and bioinformatics examination using the MALDI 
BioTyper software. Cluster analysis successfully separated mass spectra collected 
from three groups that corresponded to  N. gonorrhoeae ,  N. meningitidis , and non-
pathogenic  Neisseria  isolates. This approach, requiring only one bacterial colony 
for testing and using a fast and easy measuring protocol, provides a powerful tool 
for the rapid identi fi cation of pathogenic  Neisseria  and can be adopted for other 
sexually transmitted pathogens  [  133  ] .  

   Conclusion 

 The diagnosis of the STI has dramatically changed in the past 10 years. Molecular 
detection methods have now been demonstrated to be a powerful tool for research 
and diagnosis of STDs and become increasingly important for disease control and 
prevention  [  134,   135  ] . From an epidemiological perspective, accurate delineation of 
sexual networks and disease transmission patterns within populations can be 
constructed and understood by molecular typing methods. With the experiences 
gained in the different molecular techniques and approaches in several STDs 
including  N. gonorrhoeae ,  C. trachomatis ,  T. pallidum ,  Haemophilus duceryi , 
 Mycoplasma and Ureaplasma ,  T. vaginalis , and HSV, the advantages of molecular 
detection of STDs are readily apparent compared with traditional methodologies, 
such as direct examination, culture, and serology. 

 The major advantages of molecular approaches to STD diagnosis have usually 
included increased sensitivity, improved speci fi city, and reduced turnaround time 
for test results. Development of real-time PCR method can be used for both qualitative 
and quantitative analysis, as well as for genotyping, with shorter ampli fi cation time. 
It can also minimize some of the cross-contamination problems by using a closed-
tube format without need for post-PCR processing. The ability to simultaneously 
identify the most prevalent STI pathogens (viral and bacterial) by multiplex real-time 
PCR assays will provide a rapid and more cost-effective diagnostic tool than current 
traditional tests that look for single pathogens, bene fi ting the patient by reducing the 
time from presentation to treatment and minimizing sample requirements. 

 Automation and miniaturization will be the main future directions in the devel-
opment of molecular diagnostics, as many of the available molecular tests are still 
labor-intensive. For most automated systems, the biggest challenge will remain at 
the initial sample preparation and processing procedures, even though a few recent 
developments of molecular detection workstations may be able to provide solutions 
for this longstanding issue. Highly automated extraction and detection systems are 
in the development pipeline that will allow small laboratories to perform high-
throughput molecular detection. In recent years, the extensive development of 
microarray technology and MALDI-TOF MS has provided new impetus and horizons 
on the molecular diagnostic front. It will not be surprising that in the not-too-distant 
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future, a small chip or plate would be used for the automated screening of several 
infectious pathogens, including STD pathogens.      
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         Introduction 

 Tuberculosis (TB) is caused by  Mycobacterium tuberculosis  (MTB) and is an 
airborne infectious disease that primarily affects the lungs. More than 125 years 
after the discovery of the tubercle bacillus, by Dr. Robert Koch in 1882, TB, while 
both preventable and curable, remains one of the leading infectious causes of death 
worldwide. TB continues to be a disease associated with crowded living conditions, 
depressed immunity, and poverty. MTB infects one-third of the world’s population; 
the World Health Organization (WHO) declared TB to be a global health emergency 
in 1993. There are approximately nine million new tuberculosis cases and two million 
deaths reported each year  [  1,   2  ] . The directly observed treatment, short-course 
(DOTS) is the internationally recommended strategy developed by the WHO in the 
1990s in order to control MTB by decreasing TB-related morbidity, preventing TB 
deaths, and decreasing TB transmission. The DOTS achieved cure rates of nearly 
80% and was subsequently expanded as an internationally recommended approach 
for TB control  [  3  ] .  

   Mycobacterial Cell Wall 

 MTB is an aerobic, nonspore forming, nonmotile, and pleomorphic bacilli that is 
typically 1–5  m m long and 0.2–5  m m wide  [  4  ] . Its generation time is 15–20 h, so 
visible growth takes 3–6 weeks on solid media  [  5  ] . The mycobacterial cell wall is 
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composed of super fi cial lipids (e.g., cord factor), mycolic acids, arabinogalactan, 
peptidoglycan, and lipoarabinomannan. The cell wall confers shape, size, and 
protection against osmotic pressure, and it probably protects the plasma membrane 
from deleterious molecules in the cellular environment  [  6  ] . The cell wall compo-
nents of mycobacteria determine their most prominent feature: staining of the cell 
wall by carbol fuchsin is resistance to decolorization by acid alcohol (i.e., “acid-
fast”). Despite the use of decolorizing agents containing ethyl alcohol-hydrochloric 
acid, carbol fuchsin cannot be readily removed from the cell wall. Mycobacteria are 
not classi fi ed as either gram-positive or gram-negative. They are commonly referred 
as acid-fast bacilli (AFB)  [  7  ] . This important feature of MTB allows differential 
staining in contaminated specimens like sputum. Polysaccharides in the MTB and 
gram-positive bacteria cell walls are similar; however, mycobacterium cell wall 
contains lipid while gram-positive bacteria have proteins in their cell wall  [  6,   8  ] . 

 Mycosides including mycolic acids (long chain fatty acids C78–90), waxes, and 
phosphatides are present in the exterior surface of the MTB cell envelope. In the cell 
wall, the mycolic acids are largely bound to peptidoglycan by phosphodiester 
bridges and to arabinogalactan by esteri fi ed glycolipid linkages. The agglutination 
serotype of strain and colony morphology is related to the mycosides  [  6,   9  ] . Another 
important cell component of mycobacteria is cord factor (trehalose 6,6 ¢ -dimycolate) 
that is thought to correlate with virulence. Cord factor may cause chronic granulomas 
and inhibits migration of leukocytes  [  7  ] .  

   Epidemiology of Tuberculosis Infections 

 After acquired immunode fi ciency syndrome (AIDS), tuberculosis is the most 
common infectious disease resulting in death  [  10  ] . Tuberculosis cases occur 
predominantly in individuals 15–59 years old  [  4  ] . According to WHO, in 2008 an 
estimated 11.1 million people were living with TB, including 9.4 million new cases. 
It is estimated that 1.8 million MTB deaths in the world, including 500,000 deaths 
that were HIV-positive. Newly acquired tuberculosis infections occur at a frequency 
of every second in the world. In addition, one-third of the world population is 
currently infected with MTB. Due to malnutrition, crowded living conditions, and 
poor access to health care, the highest incidence rate of TB cases is found in devel-
oping countries. Twenty two countries are contemplated “high-burden countries 
(HBCs)” accounting for approximately 80% of new TB cases each year. In 2008, 
the global TB incidence rate was reported with 139/100,000 populations, decreasing 
from a peak of 143/100,000 in 2004. Africa with three million new TB cases has the 
highest incidence and prevalence rates of tuberculosis, accounting for almost a third 
of the global total. The Americas have the lowest TB incidence and prevalence rates 
in the world, with only Brazil being a HBC. In Europe, 425,000 new TB cases have 
been reported in 2008. The only HBC in Europe is the Russian Federation where the 
treatment rate was lower than all other HBCs in 2007. South-East Asia is the second 
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most affected region in the world with 3.2 million new TB cases. There are  fi ve 
HBCs in this region, four (Bangladesh, India, Indonesia, and Myanmar) of which 
have met global treatment targets  [  2  ] . 

 Sub-Saharan Africa has the highest incidence rate of tuberculosis (350 
cases/100,000 population). In England and Wales, due to immigration and HIV 
infection, the incidence of new TB cases increased from 8.4/100,000 in 1993 to 
9.2/100,000 in 1998. The greatest increase was in London at 11%  [  11  ] . Five to ten 
percent of immunocompetent persons infected with MTB will develop active 
disease sometime during their lifetime. Each year, approximately 10% of people 
who are co-infected with MTB and HIV develop active tuberculosis  [  10  ] . Most 
cases are in South-East Asia and India. Co-infection with human immunode fi ciency 
virus (HIV) has led to an even greater increase in both developed and developing 
countries  [  12  ] . In 2008, 1.4 million of the 9.4 million new TB cases were also esti-
mated HIV-positive. Africa was the hardest hit region by HIV in the world with 
78% of co-infections. In 2008, of the 1.8 million people who died from the TB, an 
estimated 500,000 were HIV-positive  [  2  ] . 

 Other risk factors for the development of TB include being foreign-born, traveling 
to a high-prevalence country, intravenous drug use, imprisonments, homelessness, 
health care workers who care for high-risk patients, and children exposed to adults 
in high-risk groups (except health care workers)  [  4  ] .  

   Epidemiology of Multidrug-Resistant TB 

 Drug resistance in TB is a global problem. Over the past 5 years, resistant in TB 
strains have increased at an alarming rate. There are two forms of drug-resistant TB: 
Multi drug-resistant TB (MDR-TB) is de fi ned as bacilli resistant to at least two  fi rst-
line agents, isoniazid (INH) and rifampin (RIF). Extensively drug resistant TB 
(XDR-TB) is de fi ned as bacilli resistant to both  fi rst- and second-line drugs. Drug-
resistance has increased especially in regions where TB control programs are poorly 
enforced. According to WHO, of 114 countries that provided information between 
1994 and 2009 on resistance to  fi rst-line anti-TB drugs, 109 countries reported data 
on resistance occurring among new TB cases. Overall, there were an estimated 
390,000–510,000 cases of MDR-TB (primary and acquired) in 2008, with the best 
estimate at 440,000 cases. Among all incident TB cases globally, 3.6% are esti-
mated to have MDR-TB. The highest numbers of MDR-TB were found in India, 
China, and the Russian Federation. China and India account for almost 50% of the 
estimated global number of incident MDR-TB cases. In some areas of the former 
Soviet Union, more than 20% of new cases were MDR-TB. An estimated 150,000 
deaths caused by MDR-TB occurred globally in 2008, including those with HIV 
infection (range: 53,000–270,000). The 46 countries have been reported continuous 
surveillance or representative surveys of second-line drug resistance among 
MDR-TB cases. “XDR-TB was  fi rst described    in March 2006, generally evolves 
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from MDR strains  [  3  ] . By March 2010, a cumulative total of 58 countries have 
con fi rmed at least one case of XDR-TB. Combining the data from these countries, 
5.4% of MDR-TB cases were found to have XDR-TB. Eight countries reported 
XDR-TB in more than 10% of MDR-TB cases; six of these countries were located 
in Eastern Europe and Central Asia. In an outbreak in South Africa, 52 out of 53 
people infected with XDR-TB died within an average of 3 weeks of being 
diagnosed  [  13  ] . 

 MDR-TB development not only hinders treatment but also increases the costs of 
treatment by 100-fold and lengthens the treatment time  [  14  ] . The cost of drugs 
alone for treating the average MDR-TB patient is 50–200 times higher than for 
treating a drug-susceptible TB patient, and the overall costs for care have been 
found to be ten times higher or more. Among new cases, treatment success averaged 
to 64%, and 8% die; whereas, treatment success for previously treated cases was 
58%, and 13% died. In the 27 high MDR-TB burden countries alone, approximately 
1.3 million M/XDR-TB cases will need to be treated between 2010 and 2015. The 
associated cost of care for these patients has been estimated to amount to US$ 16.2 
billion over the 6 years, rising from US$ 1.3 billion in 2010 to US$ 4.4 billion in 
2015  [  15  ] . 

 The basic treatment of mycobacterial infection is chemotherapy. First-line anti-TB 
antibiotics target actively replicating MTB cells in the lung and reduce transmission 
rates of MTB to other persons within the  fi rst 2 months of treatment  [  16  ] . Second-
line antibiotics are introduced into treatment regimens when resistance to primary 
antibiotics emerges  [  17  ] . In TB treatment, since single drug therapy can cause an 
increase in drug resistance strains, a combined treatment should be applied. With a 
combined treatment, cure can be >95%  [  7  ] . INH, RIF, pyrazinamide (PZA), etham-
butol (EMB), and streptomycin (SM) are the  fi rst-line agents. These drugs are used 
for drug-susceptible TB infections. The most important risk factor for MDR-TB is 
failure to complete treatment for tuberculosis. Six months short-course therapy, 
starting with treatment with INH, RIF, EMB, and PZA for 2 months, following with 
4 months treatment with INH and RIF, have still been used. The American Thoracic 
Society, the Center for Diseases Control and Prevention (CDC), the Infectious 
Diseases Society of America, WHO, and IUATLD advise slight modi fi cations to 
this treatment protocol  [  18  ] . 

 In case of MDR-TB, second-line drugs are the choice for treatment of infection 
 [  7  ] . There are nine    second-line drugs: kanamycin, capreomycin, ethionamide, 
cycloserine, o fl oxacin, clofazimine, levo fl oxacin,  para -aminosalicylic acid, and 
cipro fl oxacin  [  4  ] . Unfortunately, XDR-TB is often considered very dif fi cult to treat, 
or is even untreatable, with existing chemotherapeutic  [  19  ] . A TB cavity usually 
contains 10 7 –10 9  bacilli. Between 1 in 10 6  and 1 in 10 8  replications of tubercle 
bacilli may result in spontaneous mutation which confers resistance to antitubercu-
losis therapy. When INH and RIF are used together, spontaneous mutations resulting 
in resistance would be extremely rare (1 in 10 14 ). If the single- or multidrug therapy 
is used episodically, resistant tubercle bacilli multiply under selective pressure and 
emerge rapidly  [  7,   20  ] . 
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 The genetic mutations responsible for resistance to tuberculosis therapy are myriad. 
INH is the most frequently used  fi rst-line antituberculosis drug. It is only active 
against growing tubercle bacilli, and it is not active against non-replicating bacilli 
or under anaerobic conditions  [  21  ] . The genes indan enoyl acp reductase ( inhA ), catalase-
peroxidase ( katG ), alkyl hydroperoxide ( ahpC ), and oxidative stress regulator 
( oxyR ) are responsible for INH resistance  [  20  ] . RIF is an important  fi rst-line drug 
for the treatment of TB with MICs ranging from 0.05 to 1  m g/mL in liquid or agar 
medium  [  22  ] . RIF interferes with RNA synthesis by binding to the  b  subunit of the 
RNA polymerase. RIF resistance is caused by mutations in RNA polymerase 
subunit 12 ( rpsl ) genes  [  23  ] . PZA, a nicotinamide analog, is an important  fi rst-line 
drug and was  fi rst discovered to have anti-TB activity in 1952. PZA targets an 
enzyme involved in fatty acid synthesis and is responsible for killing persistent 
tubercle bacilli in the initial intensive phase of chemotherapy. PZA is a prodrug 
converting to its active form, pyrazinoic acid (POA) by the pyrazinamidase enzyme 
encoded by  pncA  gene of MTB. Mutations in  pncA  gene lead to resistance against 
PZA  [  24  ] . SM is an alternative  fi rst-line anti-TB drug recommended by the WHO. 
The effect of SM has been demonstrated to take place at the ribosomal level. SM 
interacts with the 16S rRNA and S12 ribosomal protein ( rrs  and  rpsL )  [  25  ] . SM 
resistance is associated with mutations in ribosomal protein subunit 12 ( rpsL ), 16S 
ribosomal RNA ( rrs ), and aminoglycoside phosphotransferase gene ( strA )  [  20  ] . 
EMB is a  fi rst-line drug that is used with INH, RIF, and PZA as combination to 
prevent the emergence of drug resistance. EMB interfered with the biosynthesis of 
cell wall arabinogalactan. Strains resistant to EMB have MICs >7.5  m g/mL  [  26  ] . 
Resistance to EMB occurs secondary to mutations in arabinosyl transferase ( emb 
A ,  B , and  C ) genes. However, about 35% of EMB-resistant strains do not have  emb  
gene, suggesting that there may be other mechanisms of EMB resistance  [  27  ] . 
Second-line drugs are generally used in the treatment of MDR-TB cases and as a 
result prolong the total treatment time from 6 to 9 months  [  25  ] . Aminoglycosides 
(kanamycin and enviomycin), polypeptides (capreomycin, viomycin, and envio-
mycin),  fl uoroquinolones (o fl oxacin, cipro fl oxacin, and gati fl oxacin),  d -cycloserine, 
and thionamides (ethionamide and prothionamide) have been classi fi ed as second-
line drugs according to the WHO. Unfortunately, second-line drugs have inherently 
known more toxic and less effective than  fi rst-line drugs  [  25  ] . Fluoroquinolones 
inactivate DNA gyrase, a type II DNA topoisomerase and resistance to 
 fl uoroquinolones occurs secondarily to mutations in DNA gyrase ( gyr A  and  B ) 
gene  [  20  ] . Aminoglycosides inhibit protein synthesis and cannot be used against 
dormant MTB. Mutation in the  rrs  gene encoding for 16S rRNA are associated 
with resistance to aminoglycosides  [  25  ] . Ethionamide is an important drug in the 
treatment of the MDR-TB and is bactericidal only against MTB,  Mycobacterium 
avium-intracellulare  and  Mycobacterium leprae . Like INH, ethionamide is also a 
prodrug that is activated by bacterial metabolism.  EthA  catalyses two-step activa-
tion of ethionamide. Mutations in these activator enzymes cause resistance to ethi-
onamide. In addition, mutations in the promoter of the  inhA  gene confer resistance 
to both ethionamide and INH  [  21  ] .  
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   Optimal Specimen Collection of MTB 

 Early diagnosis of TB is important for infection control, as well as to introduce the 
treatment in a timely manner and determine the resistance pro fi le. During the last 2 
decades, dedicated efforts have been resulted in enhancing TB diagnosis techniques. 
In this review we discuss the application of currently available methods and their 
impact on the diagnosis of TB and detection of drug resistance. Samples such as 
sputum, bronchial or gastric washings, pleural  fl uid, urine, or cerebrospinal  fl uid 
(CSF) are collected from patients suspected of having TB  [  9  ] . Collection of good 
quality specimens containing the highest number of mycobacteria is important for 
diagnosis. Specimen must be sent to the laboratory within 30 min or at most within 
24 h after collection  [  28  ] . 

  Sputum.  The properly collected sputum is the best specimen for diagnosis of pulmo-
nary TB. Expectorated sputum specimen should be collected early in the morning 
on three occasions and sent to laboratory in a wide-mouthed, sterile, plastic con-
tainer (wax free) with a tight  fi tting cap at 0–4 °C. The US CDC recommends that 
TB be identi fi ed and  fi rst-line drug susceptibility testing be completed within 30 
days of specimen collection. However, by traditional culture methods, TB 
identi fi cation and drug susceptibility testing can take 4–6 weeks  [  28  ] . 

  Gastric lavage.  Other specimens which may yield a diagnosis include the CSF and 
gastric lavage  [  29  ] . Gastric lavage for swallowed sputum is generally collected from 
young children who do not produce suitable expectorated sputum. Since  Mycobacterium  
cannot survive for long periods in an acidic gastric washing environment, gastric 
lavage should be sent to laboratory promptly in 10% sodium carbonate. Gastric 
lavage specimen should be collected before breakfast on three separate occasions  [  6  ] . 

  Cerebral spinal  fl uid  ( CSF ) .  CSF require high volume aspirates to successful stain 
and culture MTB. Typically, clinical microbiology labs require at least 5 mL for a 
TB culture  [  6  ] . 

  Urine.  Midstream urine specimens should be collected in a sterile plastic container 
(wax free) with a leak-proof cap at three early mornings. Blood specimens should 
be collected in a sodium polyanethol sulfonate (SPS) tube and must be treated with 
lytic agent such as deoxycholate and should be concentrated by centrifugation 
before inoculating the media. Fluids should be processed promptly and inoculated 
into a liquid growth medium as well as a solid media. Biopsy specimens should be 
immediately sent to the lab  [  6  ] . 

 It can be expected that specimens collected from nonsterile sites be contaminated 
by normal micro fl ora. Therefore, in order to reduce contamination by normal  fl ora, 
decontamination processes are necessary. The most commonly used mucolytic 
agents for sputum specimens are freshly prepared  N -acetyl- l -cysteine (NALC) and 
dithiothreitol (DTT or sputolysin). NALC and sodium hydroxide are generally used 
for digesting and decontaminating because they kill most bacteria and fungi. 
Following decontamination, specimens are neutralized with buffer and concentrated 
by centrifugation. Since swab specimens do not generally contain suf fi cient materi-
als for culture, 1 g of tissue or 10 mL of  fl uid are preferred  [  6  ] .  
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   Conventional Methods for Identifying MTB 

   Microscopic Techniques 

 Acid-fast staining is a fast, cheap, and convenient method for direct detection of 
mycobacteria from clinical specimens  [  6  ] . Although microscopy provides prelimi-
nary information, it is not an adequate method for differentiating MTB from other 
 Mycobacterium  species. Also microscopic techniques are not suitable for exami-
nation of specimens, such as urine, which are contaminated with non-pathogenic 
bacteria  [  29  ] . 

 In microscopy, Ziehl-Neelsen (ZN), kinyoun’s stain, and  fl uorochrome stain 
methods are used. It is necessary that reference laboratory report results of acid-fast 
stain within 24 h of receiving the specimens. In this method, due to mycolic acid-rich 
cell wall, carbol fuchsin dye is retained after washing with acid alcohol. This method 
is advised by WHO and IUATLD  [  10  ] . An alternative method is a  fl uorochrome 
stain made of auramine–rhodamine, which stains mycolic acids in the AFB cell 
wall. To visualize one AFB, approximately 5 × 10 3  bacilli per mL sputum should be 
present. In smear examination it is necessary to assess 300  fi elds before reporting a 
specimen as AFB negative  [  28  ] . With respect to culture, microscopy speci fi city is 
99% and sensitivity is 25–75%. In some patients who receive antituberculosis 
therapy, it is possible to have positive smears and negative cultures, which re fl ect 
nonviable bacilli  [  9  ] . A recent advance in light-emitting diode (LED) technology-
based  fl uorescence microscopy provides an overview of the major commercial LED 
technologies for microscopy. It has shown that this technique increases the sensitiv-
ity of sputum smears by nearly 10% over conventional staining  [  30  ] .  

   Traditional Culture Techniques 

 Mycobacterial culture remains the gold standard for detection and drug susceptibility 
testing. There are nonselective and selective mediums for culture of mycobacteria. 
Selective media contains antibiotics that inhibit growth of normal  fl ora  [  31  ] . In 
order to culture mycobacteria from clinical specimens, there are various kinds of 
solid and liquid media such as Lowenstein-Jensen, Kirchner, and the various 
Middlebrook formulations (7H9, 7H10, and 7H11)  [  32  ] . Specimens contaminated 
with normal bacterial  fl ora such as sputum are inoculated in a selective medium 
containing antimicrobial agents; sterile body  fl uids are inoculated with solid and a 
broth media  [  9  ] . The growth of solid culture media is 6 weeks or longer whereas that 
of liquid culture media is usually 7–21 days. Therefore, specimens should be cul-
tured on solid and liquid media at 35–37 °C, with 5–10% CO 

2
 . All cultures should 

be examined weekly for 8 weeks. The major advantages of solid cultures are that 
they make it possible to examine the morphology of colonies and visualize the 
pigmentation. These advantages are useful to differentiate the MTB from other 
nontuberculous mycobacteria (NTM)  [  9,   10  ] .  
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   Biochemical Tests and Morphological Features 

 There are various kinds of biochemical tests and morphological features for 
identi fi cation of mycobacteria. Based on pigment production, mycobacteria are 
classi fi ed into three groups: photochoromogens, scotochromogens, and nonchromo-
gens. Photochoromogens produce pigmented colonies in the light. Scotochromogens 
produce pigmented colonies when grown in the dark. Nonchromogens are nonpig-
mented in both light and dark, but only have light tan or buff-colored colonies 
 [  7,   33  ] . Pigmented mycobacteria are classi fi ed as NTM because  M. tuberculosis  
does not produce pigments  [  33  ] . 

 Growth rate, colony morphology, and biochemical tests are other important dif-
ferentiating factors among mycobacteria. Mycobacteria that grow less than 14 days 
are called rapid growers, and those that grow after 14 days are called slow growers. 
Examination of the morphology of colonies is important especially in mixed cul-
tures. After 15 days growth, MTB produces thin, nonpigmented, rough colonies on 
7H11 agar. Biochemical tests also aid in the identi fi cation of MTB from NTM. TB 
has the ability to reduce nitrate to nitrite. There are also other tests such as produc-
tion of catalase or urease, arylsulfatase test, iron uptake, tween hydrolysis, tellurite 
reduction, and positive niacin test, which aid in the diagnosis of tuberculosis  [  33  ] .  

   Modern Methods for Identifying MTB 

   BACTEC 460TB (Becton Dickinson, USA) 

 Automated or semi-automated liquid culture systems that detect growth of myco-
bacteria species earlier than direct visualization have been developed. BACTEC 
460TB system was commercially developed in the early 1980s by Becton Dickinson 
Company  [  6,   32  ] . This method is based on radiometric analysis of liquid growth 
medium containing palmitic acid, labeled with radioactive carbon ( 14 C-palmitic 
acid) as the substrate  [  28  ] . As the mycobacteria metabolize these fatty acids, radio-
active carbon dioxide ( 14 CO 

2
 ) is released and measured by the system  [  20  ] . This 

system has evolved to become the “gold standard”  [  34  ] . The advantage of this 
method is reduced detection time of both smear-positive and smear-negative 
samples by nearly 50%; also the bacterial growth can be detected in 5–10 days 
 [  35,   36  ] . Although this system considerably reduces the mycobacteria detection 
time, it is labor intensive and has other limitations, including cumbersome manual 
loading and unloading, potential risk of cross contamination, lack of computerized 
data management, use of radioactive material, and accumulation of low-level radio-
active waste  [  37  ] .  
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   BACTEC 9000 MB (Becton Dickinson, USA) 

 BACTEC 9000 MB, a fully automated, nonradiometric method developed by 
Becton Dickinson Company. This  fl uorescence-based system uses an oxygen 
speci fi c sensor to detect the mycobacterial growth  [  38,   39  ] . In every vial, there is a 
silicon rubber disk impregnated a ruthenium metal complex as oxygen speci fi c 
sensor  [  40  ] . Although this system is more rapid and less labor-intensive than solid 
media, it requires a solid media, MYCO/F medium, a modi fi ed Middlebrook 7H9 
broth to suppress the growth of contaminating microorganisms that can be supple-
mented with antibiotics. The lower risk of cross contamination and data manage-
ment has greatly facilitated its use  [  41  ] .  

   BACTEC MGIT 960 (Becton Dickinson, USA) 

 The mycobacteria growth indicator tube (MGIT) system is a completely automated, 
nonradiometric, continuously monitoring, noninvasive instrument that requires neither 
needles nor other sharp instrument culture system  [  42  ] . Similar to Bactec 9000 MB, 
it uses the same oxygen-quenching  fl uorescence technology  [  39  ] . It has greater 
capacity (960 bottles vs. 240 bottles) than other automated culture systems such as 
Bactec 460TB. This method detects MTB in 2 days  [  42  ] . Every 60 min culture vials 
are monitored by instrument, and based on speci fi c growth algorithms, it is tagged 
as positive  [  34  ] . This system is accepted as an alternative to radiometric culture 
system  [  43  ] . Also, it is preferred by laboratory personnel as it is a safe and easy 
method  [  44  ] . However, although it has signi fi cant safety advantages and is less labor 
intensive, the detection time for MTB, especially in smear-negative specimens, is 
longer than Bactec 460TB  [  45  ] . Moreover, some studies have shown that this system 
has a higher contamination rate than radiometric Bactec 460TB system  [  42,   46  ] .  

   MB/BacT (Biomerieux, France) 

 MB/BacT is a continuously monitored nonradiometric system, developed by 
Organon Teknika Company, which contains a computerized database management 
system. It uses a gas-permeable sensor embedded in a colorimetric indicator at the 
bottom of culture vials. Carbon dioxide released by growing mycobacteria is 
detected by sensor  [  47  ] . Every sensor in the bottom of culture vial changes from 
dark green to yellow depending on the CO 

2
  concentration. Every incubating drawer 

in instrument is monitored by re fl ometric detection unit  [  48  ] . Calculated values are 
transmitted into computer in every 10 min and mycobacterial growth is indicated 
based on a predetermined algorithm  [  49  ] . In previous studies, it was shown that this 
radiometric system is an automated, sensitive, rapid method, and requires less labor 
for detection of TB in clinical specimens. It serves as a good alternative to radiometric 
systems and solid media  [  47,   50–  52  ] .  
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   Septi-Chek AFB 

 Septi-Chek AFB (Roche, Basel, Switzerland) contains biphasic culture medium and 
a self-contained CO 

2
  (20%) environment. This system uses 20.0 mL of modi fi ed 

Middlebrook 7H9 broth, a paddle with agar media enclosed in a plastic tube, and 
enrichment broth. One side of the paddle is covered with nonselective Middlebrook 
7H11 agar. The reverse side is separated into two sections: one section contains 
chocolate agar for the detection of contaminants, other side contains modi fi ed L-J 
medium. Vials were inoculated with 0.5 mL of the processed sediment and incubated 
at 35–37 °C for 10 weeks. Vials are inspected four times per week during the  fi rst 2 
weeks for growth, then inspected weekly for an additional 6–8 weeks. It does not 
require specialized equipment or use of radioactive material  [  53–  55  ] . Also this 
system is quite useful and has potential advantages for detection and isolation of 
mycobacteria. However, it requires more incubator space and is more labor intensive 
than the manual method  [  56  ] .  

   Trek Diagnostic ESP Culture System II (AccuMed, Chicago) 

 The ESP Culture System II developed from AccuMed is a fully automated, continu-
ously monitoring method based on the detection of pressure changes, which are 
related to either gas production or gas consumption as a result of mycobacterial 
growth  [  57  ] . A special detection algorithm has been developed for very slowly 
growing mycobacteria  [  58,   59  ] . Bottles contain a modi fi ed Middlebrook 7H9 
medium, which is enriched prior to use with OADC (oleic acid, albumin, dextrose, 
and catalase) growth supplement (Myco GS) and with Myco PVNA (polymyxin B, 
vancomycin, nalidixic acid, and amphotericin B). The bottles also contain a 
compressed sponge submerged in the broth, which provides a growth support 
platform, and they should be incubated at 35 °C for 42 days or until a positive signal 
is achieved. If this system is used with solid media, it has the same advantages as 
BACTEC in terms of being fully automated and does not use radioisotopes  [  57  ] . 
However, when compared with BACTEC MGIT, time to detect MTB is signi fi cantly 
longer in this system  [  60  ] .  

   High Performance Liquid Chromatography 

 High performance liquid chromatography (HPLC) is based on variation of 
 Mycobacterium  species cell wall mycolic acid pro fi les. This method can detect 
mycobacteria in smear-positive clinical specimens and positive liquid cultures  [  6  ] . 
It was demonstrated that HPLC proved to be a more reliable, easy to perform, cost 
effective, and rapid analysis technique than other identi fi cation methods after 18 
months of routine use  [  61  ] . However, its routine use has not implemented in large 
hospitals, reference and public health laboratories due to the equipment cost and the 
expertise required to perform the assays  [  6  ] .   
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   Molecular Methods 

   Nucleic Acid Ampli fi cation Tests 

 The extremely slow growing nature of  M. tuberculosis  in culture method delays the 
diagnosis of TB disease. Nucleic acid ampli fi cation tests (NAATs) are developed 
for rapid diagnosis of TB disease (Table  30.1 ). These methods are directly detected 
to mycobacterial DNA and RNA in clinical specimens  [  62  ] . There are many 
commercial NAATs for direct detection of TB in clinical samples. However, the 
Food and Drug Administration (FDA) has approved only two of them for direct 
detection of TB in AFB smear-positive respiratory specimens: Enhanced Ampli fi ed 
Mycobacterium Tuberculosis Direct Test (MTD) (Gen-Probe, San Diego, CA, 
USA) and COBAS Amplicor MTB test (Amplicor, Roche Diagnostic Systems, 
Indianapolis, IN, USA)  [  63  ] . No assay has been licensed for use in nonrespiratory 
specimens  [  64  ] . Therefore, several rapid and accurate molecular methods have 
recently been developed and now available for the microbiological diagnosis of 
mycobacterial infection.   

   Enhanced Ampli fi ed Mycobacterium Tuberculosis Direct Test 

 On September 30, 1999, the FDA approved the MTD for the detection of TB in 
AFB smear-positive and smear-negative respiratory samples (Gen-probe Inc., San 
Diego, CA, USA). It is a rapid isothermal (42 °C) method based on the ampli fi cation 
of 16S rRNA. This test is based on detection of RNA by isothermal transcription-
mediated ampli fi cation system developed by  Kwoh      . In this test, the mycobacterial 
rRNA is released from target cells by sonication, followed by promoter-primer 
binding to the target rRNA. Reverse transcriptase is used to copy rRNA to a cDNA-
RNA hybrid. After degrading the initial RNA strand, a second primer binds to the 
cDNA and it is extended, resulting in the formation of double-stranded cDNA, 
which is then transcribed by DNA-dependent RNA polymerase to produce more 
rRNA molecules. The new transcripts then serve as targets for ampli fi cation and 
reverse transcription. The RNA amplicons are detected with an acridinium ester 
labeled DNA probe in a hybridization assay solution. The esteri fi ed acridinium on 
the hybridized probe is hydrolyzed by addition of alkaline hydrogen peroxide, 
resulting in the production of visible light, which is measured in a luminometer. 
The test is performed at 42 °C in a single tube to reduce contamination  [  62,   63  ] . 
The system works well with both AFB smear-positive and smear-negative specimens. 
The overall sensitivity for respiratory specimens compared to culture is 85.7–97.8%. 
Sensitivity of smear-positive specimens (91.7–100.0%) is higher than smear- 
negative specimens (40.0–92.9%)  [  63  ] . Test speci fi city of test was 100.0%. The 
major disadvantage of this test is lack of internal control for accessing ampli fi cation 
inhibitors  [  62  ] .  
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   Polymerase Chain Reaction-Based Amplicor and COBAS 
Amplicor MTB Test 

 The Amplicor test is based on the polymerase chain reaction (PCR) ampli fi cation of 
a 584-bp segment of the gene encoding the 16S rRNA. After ampli fi cation, ampli-
cons are denaturated and added to a microtiter plate containing a bound, MTB 
complex-speci fi c oligonucleotide probe. Detection is achieved with the help of 
avidin-horseradish peroxidase conjugate and 3,3 ¢ , 5,5 ¢ -tetramethyl benzidine in 
dimethylformamide. The results are measured with spectrophotometer. The test has 
an internal ampli fi cation control for the detection of PCR inhibition. Uracil- N -
glycosylase (UNG) carries over prevention system is used in order to detect con-
tamination by DNA remaining from previous runs. The results are available in 
6–7 h. An automated version of this test, Cobas Amplicor, is available in Europe 
 [  62,   63  ] . The overall sensitivity and speci fi city of this test after resolving discordant 
results for respiratory specimens is 79.4–91.9% and 85.7–100.0%, and for non-
respiratory specimens is 27.3–98.6% and 85.7–100.0%, respectively. Because the 
sensitivity of this test is lower (40.0–73.1%) for smear-negative specimens, FDA 
has approved this test only for smear-positive respiratory specimens  [  63  ] .  

   Classical Polymerase Chain Reaction 

 PCR technique has been used to detect MTB in clinical specimens since 1989, a 
year after it was  fi rst described. This method has been developed for the detection 
of mycobacteria because of the slow growth rate of most pathogenic mycobacteria 
 [  32  ] . PCR not only allows rapid diagnosis, but also it can detect theoretically one 
DNA copy  [  65  ] . PCR offers better accuracy than AFB smears and has greater speed 
than culture  [  66  ] . Different PCR methods used for the detection of MTB have been 
developed. In these PCR methods, targets can be either DNA or rRNA  [  36  ] . IS 6110 , 
MPB64, 16S rRNA genes have been used as a target in PCR assays. Overall sensi-
tivity and speci fi city are 84.2–100% and 83–100%, respectively, using IS 6110  as 
target  [  63  ] .  

   Real-Time PCR 

 Real-time PCR has been developed for rapid and speci fi c detection of MTB in the 
clinical specimens  [  36  ] . In the past few years, real-time PCR assays have been 
implemented in clinical microbiological laboratories  [  67  ] . Real-time PCR is based 
on hybridization of ampli fi ed nucleic acids with  fl uorescent-labeled probes spanning 
DNA regions of interest and monitored by inclusion of optical devices or CCD 
cameras in thermocyclers  [  63  ] . This technique has been used for identi fi cation of a 
variety of the bacteria and viruses  [  68  ] . Different format of probes are used for the 
detection of MTB. The most frequently used ones are TagMan probe, molecular 
beacons, and  fl uorescence resonance energy transfer (FRET) probes  [  69  ] . Real-time 
PCR sensitivity is 71.6–98.1% and the speci fi city is 100.0%  [  63  ] .   
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   Nucleic Acid Probe Methods 

 The AccuProbe (GenProbe, San Diego, CA, USA) is based on the use of species-
speci fi c DNA probes that hybridize with rRNA. Brie fl y, the rRNA is released from 
mycobacteria by sonication and heat. The labeled DNA probe is combined with the 
rRNA-containing lysate to form a DNA-rRNA hybrid. The labeled product is 
detected in a luminometer  [  33  ] . The results can be available in 2 h for culture-positive 
specimens  [  62  ] . The test is used only for culture identi fi cation. It cannot be used for 
direct detection of mycobacteria in clinical specimens  [  6  ] . This method is rapid and 
very easy to perform and special instrumentation is not required. Overall sensitivity 
and speci fi city are both 100% when MTB colonies are tested  [  33  ] . Another com-
mercial probe test is SNAP (Syngene, San Diego, CA, USA). This assay is used, for 
MTB and MAC culture identi fi cation, using covalently labeled to alkaline phos-
phatase oligonucleotide probes directed against ribosomal RNA. Sensitivity and 
speci fi city of this test are 100% and 99%, respectively. This test is also highly ver-
satile and is useful in many clinical and public health laboratories  [  70  ] . 

   DNA Microarrays 

 High-density oligonucleotide arrays (DNA microarrays) provide an opportunity for 
rapid examination of large amounts of DNA sequence in a single hybridization step. 
This method is based on hybridization of  fl uorochrome-labeled PCR amplicons to 
DNA produced from bacterial colonies to DNA arrays. Oligonucleotide probes 
based on the 16S rRNA, DNA gyrase subunit B ( gyrB ), or the  rpoB  genes are used. 
The bound amplicons emit a  fl uorescent signal that is detected by a scanner  [  63  ] . 
This method has been used for identi fi cation of simultaneous species and detection 
of RIF resistance mutants of mycobacteria. This test contains 82 unique 16S rRNA 
sequence probes, and allows the differentiation of 54 mycobacterial species and 51 
sequences that contain unique  rpoB  gene mutations. It is easy to perform and permits 
identi fi cation of a large number of mycobacteria in one reaction. This method is 
used in research and clinical laboratories for identi fi cation of mycobacteria. The 
results of the test are reliable, reproducible and obtained only 4 h for culture-
positive specimens  [  62  ] .  

   GenoType Mycobacteria Direct Assay 

 GenoType Mycobacteria Direct (GTMD) test (Hain Lifescience GmbH, Germany) 
is a commercial assay based on nucleic acid sequence-based ampli fi cation (NASBA) 
and ampli fi es single-stranded nucleic acids from the 23S rRNA gene in an isother-
mal reaction. The assay detects member of the MTB complex,  Mycobacterium 
avium ,  Mycobacterium intracellulare ,  Mycobacterium kansasii , and  Mycobacterium 
malmoense  directly from decontaminated respiratory samples and the results are 
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available in 1 day  [  71  ] . This assay is divided into three parts and was performed 
according to manufacturer’s instructions. In the  fi rst part, RNA is performed RNA 
isolation and stabilization from contaminated samples using a capture method. The 
second part    of the procedure comprised an isothermic ampli fi cation of RNA by the 
NASBA method, in which there is a mixture of primers/nucleotides labeled with 
biotin and a mixture of enzymes. In the third part of the test, reverse hybridization 
of the ampli fi ed products was performed using an automated system. Sensitivity 
and speci fi city were found to be 92% and 100%, respectively. This assay is an easy, 
relatively fast when used during the normal routine of clinical laboratory  [  72  ] .  

   BD ProbeTec ET Direct TB System 

 BD ProbeTec ET Direct TB System (DTB) (Becton Dickinson Diagnostic Systems, 
Sparks, MD, USA) was introduced in 1998 as a semi-automated technique for rapid 
detection of MTB in respiratory samples. The test based on strand displacement 
ampli fi cation (SDA) of target sequences in IS 6110  and the 16S rRNA genes. It is an 
isothermal (52 °C) enzymatic ampli fi cation process for generating multiple copies 
target sequences of the IS 6110  and the 16S rRNA genes. In this assay, ampli fi cation 
product is detected by the  fl uorescent method with a sensitivity level of 90–100% 
and speci fi city level of 92% in smear-positive sputum samples  [  71,   73  ] .   

   Immunodiagnostic Methods 

   Antigen Detection Tests 

 A number of immunodiagnostic tests have been described. None of these tests has 
found widespread clinical use. Serological methods test the 38-kDa antigen, 
lipoarabinomannan, antigen 60, the antigen 85 complex, glycolipids including 
phenolic glycolipid, Tb1, 2,3-diacyltrehalose, and lipooligosaccharide as antigens 
 [  33  ] . Because of low sensitivity and speci fi city of the antigen tests, it cannot be 
recommended at this time  [  29  ] . However, some emerging data suggest that lipoara-
binomannan may perform better in HIV-positive individuals with advanced immu-
nosuppression  [  74  ] .  

   Interferon-Gamma Release Assays 

 The tuberculin skin test (TST) has been widely used to detect latent infection of 
MTB. However, TST gives the positive reaction due to recent BCG immunization 
or exposure to nontuberculosis  Mycobacterium  that is present in the environment 
with major drawback. Interferon-gamma release assay have been developed as a test 
to replace TST. It is a T-cell-based assay, which is explored in many laboratories 
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using MTB-speci fi c antigens such as ESAT-6, CFP-10, and TB7.7. Release of 
interferon-gamma from MTB speci fi c T-cell is used as a marker of infection  [  75  ] . 
There are some commercial kits available in the market that claim to provide 
ef fi cient and speci fi c detection of latent MTB infection. The Quantiferon In-Tube 
and T-SPOT.TB has been approved from FDA. The T-SPOT.TB assay uses puri fi ed 
peripheral blood mononuclear cells with an enzyme-linked immunospot technique, 
whereas the Quantiferon In-Tube is a whole blood format that uses an enzyme-
linked immunosorbent assay to detect IFN-gamma. Interferon assays have generally 
higher sensitivity and speci fi city compared with TST  [  76  ] .   

   Typing Methods 

   IS 6110 -Based Restriction Fragment Length Polymorphism 

 The restriction fragment length polymorphism (RFLP) technique using the IS 6110  
repetitive as a probe was published in 1990 and was widely used for typing strains 
of mycobacteria. This method is considered “the gold standard” for typing strains of 
mycobacteria. IS 6110  is a 1,355 bp insertion sequence in the MTB genome; zero to 
25 copies of IS 6110  is found in the most strains of MTB. It is not known to be in 
other organisms  [  77  ] . Genomic DNA is extracted and then digested with speci fi c 
restriction enzyme. Then, the restricted fragments are separated with electrophoresis 
 [  6  ] . This method has several disadvantages. First, it requires large amount of high 
quality DNA, extracted from a large number of bacteria grown from clinical mate-
rial. Secondly, this method doesn’t have good discrimination of isolates which 
contain less than six copies of IS 6110   [  77  ] .  

   Spoligotyping 

 Spoligotyping is a PCR-based typing method. A small direct repeat (DR) with 36 bp 
in the genomic DR region of MTB DNA is used to PCR ampli fi cations with using 
appropriate primers  [  6  ] . The resulting PCR products are hybridized to 43 different 
oligonucleotides  fi xed to a membrane. The presence and absence of spacers in a 
given biotinylated strain are determined by hybridization with a set of 43 oligonu-
cleotides derived from spacer sequences in  M. tuberculosis  H37Rv. Although this 
method is weaker than IS 6110  typing for differentiation of MTB strains, it has 
higher sensitivity for strains with low copy numbers of IS 6110   [  77  ] .  

   Variable Number of Tandem DNA Repeats 

 Variable  number of tandem DNA repeats (VNTR) method is based on 12 loci of a 
type of VNTR sequences called mycobacterial interspersed repetitive units 
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(MIRUs)  [  77  ] . MIRUs are located in the intergenic region separating two genes, 
SenX3-RegX3, which encode a mycobacterial two-component system; they are 
present as tandem repeats. The number of the repeats is different among MTB strains. 
The PCR amplicons are detected in agarose gel or by a DNA sequences, allowing 
numbers of the repeats to be detected. Compared with culture, this method was 
found to be 100% sensitive and 100% speci fi c  [  63  ] .  

   Susceptibility Tests for MTB 

 Mycobacterial susceptibility testing is important in determining the appropriate 
treatment of mycobacterial infections  [  78  ] . CDC advises that susceptibility results 
should be available an average 28–30 days after receipt of a specimen from micro-
biology laboratory  [  48  ] . Different types of susceptibility tests are performed in 
clinical laboratories. It is recommended that the Clinical and Laboratory Standards 
Institute (CLSI) be used as a standardization method. CLSI document M24-A2 has 
a tentative standard method for using only MTB. Among the methods used for 
susceptibility testing of MTB, the agar proportion method (MOP) is universally 
accepted as the “gold standard.” The result of this method takes generally 3–4 weeks; 
new methods such as radiometric or nonradiometric are being developed  [  79  ] .   

   Conventional Methods 

 Three methods are used for susceptibility testing of MTB: MOP, absolute concen-
tration method, and resistance ratio method. MOP is most frequently used in USA 
and Western Europe  [  6  ] . MOP for mycobacterial susceptibility testing was devel-
oped in the 1960s by G. Canetti  [  80  ] . This method was modi fi ed with a standard 
method published by NCCLS in 2003  [  18  ] . The preferred medium for this test is 
Middlebrook 7H10 agar plates because it has a simple composition, is easy to 
prepare, and allows the early detection and quantitation of colonies. The Lowenstein-
Jensen medium is recommended by WHO and IUATLD as an alternative medium 
 [  80  ] . The inoculum can be prepared as either a direct or an indirect test. A smear-
positive specimen is used as the source of inoculum in the direct test. In the indirect 
test, the pure culture is used as the inoculum source. Several dilutions of a standard-
ized suspension are inoculated onto suitable agar plates. The numbers of colony 
forming unit (CFU) on the drug-containing plates are compared with the numbers 
of CFU on a drug-free plate. Strains of tubercle bacilli that exceed 1% growth on 
drug-containing media, compared to growth on drug-free media are considered 
resistant to that agent  [  6  ] . 

 In the absolute concentration method, the minimum inhibition concentration 
(MIC) of the agent is detected. The inoculating control media and drug-containing 
media are used for serial twofold dilutions of each agent. The lowest concentration 
of antibiotic that inhibits growth of the agent indicates resistance  [  20  ] . 
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 In resistance ratio method, MIC of the isolate is shown as a multiple of the MIC 
of a standard susceptible strain to avoid intra- and inter-laboratory variations. 
Inoculum size should be strictly controlled in both tests. These tests are not suitable 
for direct sensitivity testing of concentrated clinical specimens  [  20  ] . 

   BACTEC 460TB (Becton Dickinson, USA) 

 In 1975, it was reported that MTB metabolic end-products could be detected by 
using a  14 C-labeled substrate  [  18  ] . This system has been widely performed in the 
clinical laboratories in the last 2 decades and is considered the gold standard in 
many ways  [  81  ] . Radioactive BACTEC 460TB system has been developed based on 
detection of  14 CO 

2
  produced by consumption of a  14 C-labeled substrate. This system 

is used to test the metabolism of the organism in the presence of all  fi rst-line drugs 
(SM, INH, RIF, EMB, and PZA)  [  82  ] . This system is reliable and rapid for the 
detection of susceptibility of MTB to these drugs  [  83  ] . Results of susceptibility test 
can be available in 1 week compared to 3–4 weeks when solid media is used  [  18  ] . 
BACTEC 460TB is the proposed reference method for PZA susceptibility testing 
by CLSI  [  83  ] , but this system uses radioactive substrates  [  84  ] .  

   MB/BacT Alert 3D (Biomerieux, France) 

 MB/BacT Alert 3D is a fully automated, nonradiometric system, which allows sus-
ceptibility testing of MTB to EMB, INH, PZA, RIF, and SM  [  6  ] . The system is 
based on the detection of CO 

2
  released into the medium by actively growing myco-

bacteria. The CO 
2
  generated decreases the pH and color change occurs in a sensor 

in the bottom of the vial. Color changes are detected by a re fl ectometric    detection 
unit in the instrument  [  85  ] . This system is likely to increase biosafety pro fi les, and 
it does not contain radioactive waste  [  82  ] .  

   BACTEC MGIT 960 (Becton Dickinson, USA) 

 BACTEC MGIT 960 system is a nonradiometric, fully automated, continuous mon-
itoring system that allows susceptibility testing for INH, RIF, SM, and EMB. 
Recently the automated BACTEC MGIT 960 system was developed to make the 
susceptibility testing of MTB to PZA possible  [  86  ] . This system consists of a 
modi fi ed Middlebrook 7H9 broth in a test tube in conjunction with a  fl uorescence-
quenching oxygen sensor. The  fl uorescent compound is sensitive to the presence of 
oxygen in the test tube. Fluorescence light emitted from growing mycobacteria is 
detected using a 365-nm UV transilluminator  [  87  ] . This system has been reported 
as a rapid, reliable, and automated method for susceptibility testing of MTB to  fi rst-
line drugs in many studies  [  84,   88–  90  ] .  
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   ESP Culture System II (Trek Diagnostic, Westlake, OH, USA) 

 ESP Culture System II is a fully automated, continuous monitoring system for testing 
the susceptibility of MTB to INH, RIF, EMB, and SM  [  80  ] . This system is based on 
detection of produced or consumed gas due to microbial growth within the headspace 
above the broth culture medium in a sealed bottle  [  91  ] . It was reported as a reliable, 
rapid, and automated method for performing susceptibility testing of MTB  [  92  ] .  

   Microscopic-Observation Drug-Susceptibility Assay 

 The microscopic-observation drug-susceptibility (MODS) assay is a novel liquid 
culture-based test that can detect MTB members and their drug resistances directly 
from sputum samples. MTB grows faster in liquid medium than in solid medium, 
and characteristic cord formation can be visualized microscopically in liquid 
medium at an early stage. Cultures containing supplemented Middlebrook 7H9 
medium are microscopically examined for microcolonies, which can be detected in 
a median of 7 days. To detect drug resistance in MTB, INH and RIF can be incorpo-
rated in the testing process. Patient specimens or MTB isolates are inoculated to 
drug-free and drug-containing media, and cultures are microscopically examined. If 
the MTB grows in drug-free media, it indicates a positive culture. If the MTB grows 
in both drug-free and drug-containing media, it indicates resistance  [  93  ] . Despite 
the short timescale and the low cost of reagents, the WHO only endorses its imple-
mentation at reference laboratory level  [  94  ] .  

   Nitrate Reductase Assay 

 The nitrate reductase assay (NRA), also known as the Griess method, is a simple 
technique based on the capacity of MTB to reduce nitrate to nitrite, which is detected 
by adding the Griess reagent to the medium. The biggest advantage of the NRA is 
that it is performed in the classical LJ medium that TB laboratories use routinely for 
the diagnosis of TB. Results are simple to interpret by a change of color. By incor-
porating 1 mg/mL potassium nitrate (KNO 

3
 ) in the Lowenstein-Jensen medium, the 

reduction of nitrate can be detected using the Griess reagent, which produces a col-
ored reaction  [  95  ] . In the presence of antibiotic such as rifampicin or isoniazid at the 
critical concentration, the appearance of a red–pink color represents resistance to 
the drug. Susceptible strains will lose the capacity to reduce nitrate in the presence 
of the antibiotics, thus producing a non-colored reaction, as they are inhibited by the 
antibiotic. Because of the use of nitrate reduction as an indicator of growth, results 
can be obtained faster than by visual detection of colonies. It has been shown that 
the NRA is 97% sensitive and 100% speci fi c for the detection of RIF resistance and 
97% sensitive and 99% speci fi c for the detection of INH resistance. The NRA has 
been shown to be highly sensitive and speci fi c in the detection of RIF and INH 
resistance when used on clinical isolates  [  2  ] .  
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   Thin-Layer Agar 

 The thin-layer agar    (TLA) method has been described as a simple, rapid, and inex-
pensive method, which is able to detect growth within 10 days while also allowing 
the initial identi fi cation of MTB based on colony morphology, microscopic visual-
ization, and incorporation of  para -nitrobenzoic acid (PNB) in the medium  [  96  ] . 
Preparing TLA plates, 100  m L of decontaminated sample is inoculated on a biplate 
Petri dish containing 20 mL of 7H11 agar supplemented with 10% oleic acid-albu-
min-dextrose-catalase plus piperacillin 0.05  m g/mL, trimethoprim 0.02  m g/mL, and 
amphotericin B 0.02  m g/mL. PNB at 500  m g/mL is incorporated in one compart-
ment. After inoculation and sealed with sterile para fi lm, the plates are incubated at 
37 °C in 5% CO 

2
 . After 24 h, the plates are checked for contamination and exam-

ined twice weekly for up to 6 weeks using a standard microscope. Whereas a posi-
tive culture is identi fi ed by the characteristic cords of  M. tuberculosis  growth, 
nontuberculous mycobacteria (NTM) are recognized by their lack of cording and 
growth on PNB. The TLA detects RMP and INH resistance directly from sputum 
samples using solid media with 100% sensitivity and speci fi city  [  97  ] .   

   Molecular Methods 

   PCR-DNA Sequencing 

 PCR-DNA sequencing is the main method and gold standard for the detection of the 
genetic mechanisms of drug resistance in  MTB   [  63  ] . This method includes PCR 
ampli fi cation of the DNA region of interest in clinical isolates or samples. Each 
isolate needs several sequencing reactions to be performed. Unfortunately this 
method is not used for routine identi fi cation of drug resistance in mycobacteria 
because the mutations responsible for antibiotic resistance involve many different 
genes. However,  rpoB  resistance is contained in a very short segment of the gene and 
this method is useful to accurately identify mutations which are associated with RIF 
resistance  [  62  ] . It is labor intensive and identi fi es previously recognized mutations. 
This system does not require expensive equipment but needs a high level of exper-
tise. Although automatic sequencers are increasingly present in health care institu-
tions, they are not available in numerous number microbiology laboratories  [  69  ] .  

   INNO LiPA Rif.TB 

 RIF is an important drug in the treatment of tuberculosis and a marker for MDR-TB. 
The  rpoB  gene is target for ampli fi cation and detection point mutations, small 
deletions or insertions in  rpoB  gene, which lead to RIF resistance. LiPA has been 
developed for the detection of RIF resistance. It is based on the reverse hybridiza-
tion method and consists of PCR ampli fi cation of a segment of the  rpoB  gene, 
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denaturation, and hybridization of the biotinylated PCR amplicons to capture probes 
bound to a membrane strip. The formed hybrids are colorimetrically detected  [  98  ] . 
LiPA test strip includes four probes for speci fi c  rpoB  mutations and  fi ve probes for 
wild-type  rpoB  sequences. It also contains conjugated control and MTB control 
probes. MTB or the  rpoB  mutation is detected in the interpretation of the banding 
pattern on the strip. In this test, MTB culture or clinical specimens are used directly. 
Results are available in less than 48 h  [  62  ] . This method is simple, rapid, and does 
not require expertise in molecular biology  [  99  ] . The sensitivity when compared to 
conventional identi fi cation/culture methods was 82.2% and the speci fi city was 
66.7%; the sensitivity and speci fi city were 100.0% and 96.9%, respectively, for the 
detection of RIF resistance  [  100  ] . However, this method is expensive and impracti-
cal for routine use  [  101  ]  and also cannot detect rare mutations  [  62  ] .  

   Rifampicin Oligonucleotide Typing (Rifoligotyping) 

 Rifoligotyping is analyzed by hybridization by the reverse line blotting technique. 
The 437-bp fragment of the  rpoB  gene is ampli fi ed with primer, one of which is 
labeled with biotin. The amplicons are hybridized to a set of wild-type and mutant 
oligonucleotides covalently bound to a membrane by reverse line blotting and are 
detected by enzyme chemiluminescence. The results of this method are available in a 
1 day and performance is easy. In each run, a total of 43 samples can be studied. Also, 
if more than one mutation is known, the number of the probes should increase  [  63  ] .  

   PCR-Based Single Strand Conformational Polymorphism 

 Single-strand conformation polymorphism (SSCP) technique is one of the methods 
based on PCR-electrophoresis. The principal of SSCP is conformational distortion 
resulting from a nucleotide substitution in a single-strand DNA fragment. A differ-
ence in sequence, even a change in a single base, leads to an electrophoretic mobil-
ity different to that of the wild-type single-strand fragment  [  102  ] . DNA fragment is 
denaturated to single strand and ampli fi ed by PCR. It is run on a polyacrylamide gel 
together with the denatured wild-type reference sample. When a mutation occurs, 
mobility shifts would occur in the clinical sample  [  99  ] . This system has been fre-
quently used for the detection of mutation in RIF and INH and may be the most 
cost-effective method to detect point mutations within the 69-nucleotide region of 
RIF-resistant  MTB   [  103  ] . This system is cheap, easy, rapid, and suitable for analysis 
of a large number of samples  [  99  ] .  

   PCR-Heteroduplex Formation Assay 

 This assay was developed by Williams and coworkers for detecting RIF resistance. 
Assay is based on the ampli fi cation and detection of mutation in the  rpoB  gene 
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 [  104  ] . The amplicon of a 305-bp fragment of the  rpoB  gene is denatured and then 
mixed with an equivalent amount of a denatured amplicon from a reference wild-
type strain. Then the mixture of amplicons is heated to denature the DNA, after 
which, the DNA is allowed to reconform on ice and then the aliquot of the ampli fi ed 
DNA is analyzed by electrophoresis. If there is a difference in electrophoretic mobil-
ity between the susceptible strain and clinical isolate, it indicates that clinical isolate 
has a mutation  [  63,   99  ] . This assay is rapid and sensitive for the detection of RIF 
genotype of  MTB  directly from sputum specimens  [  104  ] .  

   Real-Time PCR 

 In many studies, real-time PCR was used for the detection of drug resistance in 
 MTB   [  69,   105,   106  ] . Van Doorn et al. designed a real-time PCR assay that can be 
performed directly on clinical samples to detect INH resistance. The sensitivities 
and speci fi cities of the probes were 82% and 100% for the mutant probe and 70% 
and 94% for the wild-type probe. They reported that this assay allows rapid 
identi fi cation of a mutant  katG  allele and could be easily implemented in clinical 
microbiology laboratories  [  107  ] . Torres et al. developed a single-tube method for 
detecting mutations associated with resistance to RIF and INH. They demonstrated 
that this assay is the fastest available method for the detection of RIF and INH 
resistance-associated mutations in  MTB   [  106  ] . In another study, Sajduda et al. 
reported that real-time PCR method is fast and reliable for the detection of RIF and 
INH resistance-associated mutations in  MTB   [  105  ] . Viedma et al. designed a new 
genotypic approach that can be simultaneously used for detecting resistance to RIF 
and INH in a single reaction tube. They reported that their design could be a model 
for new, rapid genotypic methods and is able to simultaneously detect a wide variety 
of antibiotic resistance mutations  [  69  ] .  

   DNA Microarrays 

 DNA microarray technology is used for rapid detection of mutation associated with 
TB drugs  [  108,   109  ] . Seventy mycobacterial isolates from 27 different species and 
15 RIF-resistant  MTB  strains were tested. A total of 26 of 27 species were correctly 
identi fi ed, including all of the  rpoB  mutants  [  109  ] . Yue et al. demonstrated that this 
method is an ef fi cient, specialized technique to implement and can be used as a 
rapid method for detecting RIF resistance to complete standard culture-based 
method  [  110  ] .  

   Xpert  Mycobacterium tuberculosis /Rifampicin Assay 

 Xpert MTB/RIF assay was developed by the GeneXpert (Cepheid, Sunnyvale, CA, 
USA) as one of the most promising new point-of-care diagnostics technologies. 
The Xpert MTB/RIF assay consists of two main components: (1) the Xpert MTB/RIF 
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plastic cartridge, which contains liquid sample-processing and PCR buffers and 
lyophilized real-time PCR reagents; and (2) the GeneXpert instrument, which controls 
intracartridge  fl uidics and performs real-time PCR analysis  [  111,   112  ] . This system is 
a fully automated closed system that performs both sample preparation and real-time 
PCR and results are typically available within 1 h 55 min. Each module within the 
GeneXpert instrument operates independently, which enables the user to test each spu-
tum sample as it arrives in the laboratory instead of saving samples for batch process-
ing. Xpert MTB/RIF assay system rapidly detect the presence of MTB and identify the 
mutations most frequently associated with RIF resistance (targeting the RRDR of the 
 rpoB  gene) directly from smear-negative and smear-positive clinical sputum samples. 
The sensitivity of a single Xpert MTB/RIF assay (performed at reference facilities and 
compared with culture) was 98.2% among 561 patients with smear-positive MTB and 
72.5% among 171 patients with culture-positive smear-negative TB in a multicountry 
study (Peru, Azerbaijan, South Africa, and India) of 1,730 individuals with suspected 
MTB. Sensitivity for detecting smear-negative TB increased to 85.1% with two assays 
and 90.2% when three Xpert MTB/RIF assays were performed. The speci fi city of the 
assay among 609 individuals without TB was at least 98%  [  113  ] .  

   The GenoType MTBDR plus  Assay    

 The GenoType MTBDR plus  assay is a molecular test that was developed by Hain 
Lifesciences Technologies (Hain Lifesciences GmbH, Nehren, Germany). This 
assay for MDR TB is highly sensitive and speci fi c, and signi fi cantly more rapid than 
conventional indirect susceptibility testing. The assay detects mutations in the  rpoB  
gene for RIF resistance, the  katG  gene for high-level INH resistance, and the  inhA  
gene for low-level INH resistance directly from smear-positive sputum. Results are 
available within 1 day  [  114  ] . The test involves DNA extraction, multiplex PCR, 
solid-phase reverse hybridization, and detection of the resistance mutations. Each 
strip consists of 27 reaction zones (bands), including six controls (conjugate, 
ampli fi cation,  M. tuberculosis  complex,  rpoB ,  katG , and  inhA  controls), eight  rpoB  
wild-type (WT) and four mutant (MUT) probes, one  katG  wild-type and two mutant 
probes, and two  inhA  wildtype and four mutant probes. The sensitivity for the detec-
tion of RIF resistance, INH resistance, and multidrug resistance was noti fi ed as 99, 
94, and 99%, respectively. The speci fi city for the detection of RIF, INH, and multi-
drug resistance was noti fi ed as 99, 100, and 100%, respectively. The results of the 
present study have shown that the MTBDRplus assay is easy to perform and has the 
capability for the rapid detection of RMP- and INH-resistant MTB  [  115  ] .    

   Conclusion and Outlook 

 Although in most developed countries, TB prevalence is at a low level, MDR-TB 
is increasing due to immigration of the foreign born. Drug-resistant TB prevalence 
has alarmingly increased in some of these developed countries  [  116  ] . So, the 
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mycobacteriology laboratories have important role in the diagnosis and control of 
TB  [  66  ] . The ideal TB diagnostic would be a simple, low-technology, rapid and 
could simultaneously identify drug resistance. The turnaround time for microscopy 
is ~24 h in most laboratories. Every laboratory should have experienced, well-
trained technicians established in the mycobacteriology labs  [  117  ] . Molecular 
techniques are being used in mycobacteriology laboratories in developed nations 
for the detection of  MTB , and drug susceptibility testing is being performed directly 
from clinical specimens. These tests allow rapid identi fi cation of  MTB  and detection 
of drug resistance. However, these techniques are complicated and costly. Also, 
they require experienced personal; separate rooms to prevent cross contamination; 
and expensive tools including thermocyclers, electrophoresis equipment, sequenc-
ing, and other automated systems  [  63  ] . 

 Current opinions support molecular methods in combination with smear results, 
culture data, and clinical suspicion to diagnose tuberculosis  [  63  ] . Molecular 
techniques are currently unable to replace the traditional smears and culture  [  10  ] .      
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         Clinical Relevance 

  Staphylococcus aureus  is a major pathogen responsible for both nosocomial and 
community-acquired infections. While the  fi rst  S. aureus  isolates displaying resistance 
to methicillin (MRSA) were reported in the early 1960s  [  1  ] , endemic strains of 
MRSA carrying multiple resistance determinants have become a worldwide noso-
comial problem only in the early 1980s  [  2  ] . The presence of MRSA in an institution 
is paralleled by an increased rate of bacteremia, or other severe MRSA infections  [  3  ] . 
MRSA-related bacteremia carries a threefold attributable cost and a threefold excess 
length of hospital stay when compared with methicillin-susceptible  S. aureus  
(MSSA) bacteremia  [  4  ] . 

 During the early 2000s, the emergence of endemic community-acquired MRSA 
(CA-MRSA) has been reported  [  5,   6  ] . In contrast to hospital-acquired MRSA 
(HA-MRSA), CA-MRSA are frequently isolated from healthy people and strains 
are generally susceptible to several older but clinically important antibiotics  [  6–  8  ] . 
Population dynamic analysis of CA-MRSA revealed that this part of the MRSA 
population is in constant expansion  [  9  ]  and was only recently detected as an 
emerging but worldwide infectious concern  [  7,   10  ] . 
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 The spread of MRSA in health care centers is dif fi cult to control and requires 
elaborated infection control guidelines  [  11–  13  ] . The dif fi culty to eradicate nosoco-
mial MRSA infections may be explained by (1) the presence of an unknown hidden 
reservoir of MRSA carriers, (2) the emergence of novel highly epidemic  S. aureus  
clonotypes such as EMRSA-15, EMRSA-16, or EMRSA-17  [  14–  16  ] , with unspeci fi ed 
selective advantages, and/or (3) failure in enforcement of infection control prescrip-
tions. Some authors reported that the screening of high-risk patients for MRSA 
colonization was a cost-effective measure for limiting the spread of the organism in 
hospitals  [  17  ] . As said before, early detection of MRSA carriers is also crucial for 
therapeutic decisions with last-line antibiotics against MRSA, e.g., glycopeptides and 
oxazolidinones  [  18  ] . This situation was recently the object of a CLSI report  [  19  ] . 

 An extensive screening of MRSA carriers at hospital admission, despite its 
important cost, appears to have a major impact in reducing MRSA nosocomial 
infection rates  [  20  ] , as recently shown by Wernitz et al. Indeed, MRSA carriage or 
colonization is a major risk factor for becoming infected. The preferred colonization 
sites are the nose, the throat, and the skin surface  [  21  ] . The spread of MRSA occurs 
generally after contact with carriers  [  22  ]  or “MRSA reservoirs” (parts of which are 
probably unknown). The spread of MRSA in health care centers is dif fi cult to con-
trol and requires elaborated infection control guidelines  [  3,   12,   17,   23–  26  ]  including 
(1) large-scale screening of suspected carriers, (2) automated computerized alerts, 
(3) speci fi c recommendations for at-risk patients, such as contact isolation  [  12,   27,   28  ] , 
and (4) signi fi cant improvement of hand hygiene compliance  [  13  ] . These data, 
together with successful containment effort programs  [  3,   12,   17,   23–  26  ] , prompt for 
screening high-risk patients even in a highly endemic setting  [  29  ] . However, discrep-
ancies persist between various authors on the cost/bene fi t ratios of large-scale screening 
strategies  [  30–  33  ] . The performance of the assay is obviously a crucial parameter 
bearing a major impact on this estimation and the cost-effectiveness appears also 
signi fi cantly affected by the MRSA prevalence of the studied wards  [  33,   34  ] . Several 
international guidelines now recommend the screening of potential MRSA-positive 
patients at hospital admission  [  35–  37  ] . However, despite intensive efforts in the 
application of such guidelines, MRSA spread remains dif fi cult to control.  

   Molecular Epidemiology 

 Molecular techniques dedicated to bacterial detection and identi fi cation have been 
recently reviewed  [  38,   39  ] . In the case of MRSA, the  mecA  gene encoding for the 
low-af fi nity penicillin-binding protein PBP2 ¢  is the genetic basis of methicillin 
resistance in MRSA isolates. This gene, originating from a mobile genetic element 
designated staphylococcal cassette chromosome  mec  (SCC mec   [  40  ] ),  fl anked by 
terminal inverted and direct repeats  [  41  ] , is invariably inserted into the  orfX  gene of 
 S. aureus  chromosome (Fig.  31.1 ). This element contains two site-speci fi c cassette 
chromosome recombinases,  ccrA  and  ccrB , responsible for the precise excision and 
integration of SCC mec  within the bacterial chromosome  [  40  ] .  
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 To date, eleven differently organized SCC mec  elements have been characterized 
 [  42  ]  and   (http://www.sccmec.org/Pages/SCC_TypesEN.html)    . Three types of 
SCC mec  elements are typically found in HA-MRSA strains: (1) type I, a 34 kb ele-
ment that was prevalent in MRSA isolates in the 60s; (2) type II, a 53 kb element that 
was identi fi ed in 1982 and is ubiquitous in Japan, Korea, and the USA; and (3) type 
III, the largest 67 kb element identi fi ed in 1985, currently prevalent in Germany, 
Austria, India, and other South Asian and Paci fi c areas  [  40,   43  ] . In contrast to 
HA-MRSA, CA-MRSA isolates generally carry the SCC mec  type IV element, whose 
size is much smaller than those of SCC mec  types I, II, and III  [  42,   44  ] . At least four 
subtypes of the type IV SCCmec element, whose size is varying from 20 to 24 kb, 
have been reported so far (IVa to IVc)  [  42  ]  and IVd (accession number AB097677)). 
The molecular structure of the recently described type V cassette  [  45  ]  encoding a 
new  ccrC  recombinase presents some analogy with the type IV allele: both are more 
frequently associated to CA-MRSA, do not contain additional antibiotic resistance 
determinants, and are the smallest SCC mec  cassettes with a size <30 kb (Fig.  31.1 ). 

 Molecular composition of the four SCC mec  elements reveals key components 
useful for SCCmec typing  [  41,   46  ] . Variations in this gene set have allowed 
identifying  fi ve classes of  mecA  gene complexes  [  42,   43,   45  ] , as discussed before. 

  Fig. 31.1    General molecular organization of the main  Staphylococcus aureus  genomic regions 
containing the determinant of methicillin resistance. The circular chromosomes of several  S. aureus  
strains are fully sequenced ( a ) allowing prediction of all ORFs and their respective coding sequences 
( red  for ORFs encoded on the plus strand;  blue  on the minus strand). The SCC mec  element encoding 
the methicillin-resistance determinant  mecA  is located in the  orfX  region at the very beginning of the 
chromosome ( b ). The  fi ve characterized variants of the SCC mec  element show variable lengths; they 
are all  fl anked by inverted repeat regions ( red arrows ), contain recombinase(s) ( yellow blocks ) and 
the methicillin-resistance determinant ( cyan blocks ) ( c ). Variability in sequence contents concerns the 
presence of mobile elements harboring other antibiotic resistance determinants ( green blocks ) ( d )       
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A second essential region is the  ccr  gene complex. Types I and III harbor  ccrA1-B1  
and  ccrA3-B3  recombinases, respectively, whereas types II and IV contain  ccrA2-
B2  recombinases, showing some difference in the amino acid sequences  [  41  ] . 
Distinguishably to these four types, SCCmec V strains harbor a new  ccrC  recombinase 
type  [  45  ]  (Fig.  31.1 ). This  fi gure displays the organization of the prevalent SCC mec  
cassettes; extensive details and references describing all presently known cassettes 
are now summarized at   http://www.SCCmec.org/Pages/SCC_TypesEN.html    . 

 Recent efforts in the  fi eld of high-throughput sequencing yielded to the release 
of numerous bacterial genome sequences. To date, 14 fully sequenced strains of 
 S. aureus  are publicly available  [  47–  56  ]  providing opportunities for searching 
conserved or variable targets within the genome of MRSA, thus allowing improved 
molecular identi fi cation and characterization  [  57,   58  ] . For example, the markers 
described above (e.g.,  mecA  and SCC mec  organization) are important epidemio-
logical indicators of strain origin  [  5,   59  ] . Note that the improvement of the molecular 
methods contributed to the possibility to rapidly document punctual changes in the 
epidemiology of MRSA such as emergence or discovery of new cassettes  [  60–  63  ] .  

   Culture-Based Methods Dedicated to MRSA Identi fi cation 

 Liquid cultures have been instrumental to the nascent  fi eld of microbiology and are 
still used in routine laboratories to recover minute amounts of bacteria or are 
employed as backup media. For example, Mueller-Hinton supplemented by oxacillin 
is still currently used to detect or con fi rm the presence of MRSA from swabs 
sampled for surveillance programs. This medium appears in the guidelines for the 
prevention and control of antibiotic-resistant organism from the CLSI recommen-
dations  [  64  ] . However, solid media are now commonly used for organism isolation 
and identi fi cation, allowing MRSA identi fi cation in approximately 24 h. Agar-plates 
provide numerous advantages, such as the possibility for microbiologists to detect 
the presence of relevant colony morphologies, isolate them by sub-plating, and 
assess their purity on isolation plates. Pure isolates are essential for further pheno-
typic testing, including speciation (when required), antimicrobial susceptibility 
testing, and typing. Agar-plates developed for MRSA isolation or detection repre-
sent a particularly active  fi eld for microbiology companies. To date, numerous 
selective media containing  b -lactam antibiotics and chromogenic substances are 
commercially available. The general principles are simple and consist in providing 
selective medium supplemented in (1) Gram-negative growth inhibitor (required for 
samples containing mixed  fl ora), (2) antibiotic (allowing the selection of methicil-
lin-resistant organisms only), and (3) a chromogenic substrate allowing the speci fi c 
detection of growing  S. aureus  colonies. ORSAB plates (Oxoid), a solid variant of 
the liquid mannitol-salt medium containing oxacillin and aniline blue, allows detection 
of mannitol-fermenting organisms as blue colonies due to medium acidi fi cation. 
This medium appears adapted to high-risk population  [  65  ] , but presents limitation 
for surveillance applications  [  66  ]  as some coagulase-negative staphylococci (CNS) 
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(mainly  S. haemolyticus , a frequent skin colonizer) appear also blue  [  66  ] . Thus, the 
utilization of this plate requires additional tests for robust identi fi cation. To date, 
ChromAgar/MRSA (ChromaAgar, Paris, France) stands among the most popular 
agar-plates dedicated to the detection of MRSA. This medium where MRSA colonies 
appear mauve, while other bacteria display different colors (Fig.  31.2 ), has been 
extensively tested and shows appreciable sensitivity and speci fi city  [  67,   68  ] . Other 
chromogenic agar media showing interesting performance are MRSA ID (bioMérieux, 
France), containing cefoxitin and a chromogenic substrate of  a -glucosidase. Recent 
evaluation of this medium has shown improved performance compared to 
ChromAgar/MRSA  [  69  ] . Comparable results were reported with MRSA Select 
(Bio-Rad). Important efforts are still underway by these manufacturers to develop the 
fourth generation of chromogenic medium of this “gold standard culture method.” 
However, performances—quite appreciable—tend to stagnate both in terms of TAT 

  Fig. 31.2    Illustrative 
examples of chromogenic 
media. ( a ) ORSAB plates 
(Oxoid) contain oxacillin and 
a tracer of mannitol 
fermentation yielding blue 
 S. aureus  colonies. 
( b ) Selective ChromAgar 
plate (ChromAgar), yielding 
 pink S. aureus  colonies 
(pictures are visible on 
the respective Web sites 
of the companies). Standard 
mannitol-salt agar plate 
showing colony aspects 
resulting from negative ( c ) or 
positive ( d ) MRSA cultures       
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and of sensitivity/speci fi city. Several recent studies published by different groups 
described similar performances of these different commercial products  [  34,   70–  74  ] . 
All these media represent appreciable improvement of the current situation in the 
 fi eld of MRSA screening and identi fi cation, albeit these culture-based methods 
require at least 20–24 h to yield identi fi cation results. This timing remains theoreti-
cal as in real conditions, TAT appears signi fi cantly more important. During this 
period of time, infection control measures cannot be optimally applied. And, in case 
of empirical treatment, options include usually glycopeptide prescription leading to 
important costs and suboptimal use of last barrier drugs. A nice summary of the 
main properties of these chromogenic agar-plates appears in a recent review by 
Harbarth et al.  [  75  ] .   

   Molecular Methods for MRSA Identi fi cation 

 Rapid detection of MRSA by standard clinical microbiological procedures 
appears then tedious and time consuming, since it  fi rst requires identi fi cation of 
isolated  S. aureus  colonies from mixed  fl ora samples before assessing their antibi-
otic susceptibility pro fi le. Direct or indirect particle agglutination assays using antibody-
coated beads offer a rapid alternative to oxacillin susceptibility testing. The 
commercial test MRSA-Screen, manufactured by Denka Sieken (Tokyo, Japan), 
provides sensitive and speci fi c immuno-detection of MRSA in a pure culture by 
using anti-PBP2 ¢  antibody-coated latex beads, reveals similar to standard oxacillin 
disk diffusion or oxacillin salt agar screening     [  76,   77  ] . However, the speci fi c 
immuno-detection of MRSA based on PBP2 ¢  cannot be performed in the presence 
of other methicillin-resistant staphylococcal species, organisms that are frequently 
recovered as commensal contaminant of mixed  fl ora samples  [  76  ] . Indeed, the high 
level of sequence homology of the  mecA  gene present in  S. aureus ,  S. epidermidis , 
and potentially other CNS species  [  78,   79  ]  precludes discrimination of methicillin-
resistant strains of  S. aureus  from CNS. Furthermore, the sensitivity of the latex 
agglutination based on detection of PBP2 ¢  antigenic motif requires the induction of 
its expression to reliably obtain detectable levels of the protein  [  80  ] . The fourth 
generation of agglutination test has been recently evaluated but the performances 
appear similar to the previous version  [  81  ] . Since the  mecA  gene, encoding the low-
af fi nity penicillin-binding protein (PBP2 ¢ )  [  82  ] , represents the “gold standard” for 
detecting methicillin resistance  [  83  ] , several assays based on the direct detection of 
the  mecA  gene have been described, using chemiluminescent probes  [  84  ] , cycling 
probe technology  [  85  ] , or a two-step immuno-PCR assay based on the ampli fi cation 
and immuno-detection of  mecA  and  femB  amplicons, and performed after overnight 
culture enrichment of clinical samples  [  86  ] . These techniques appear promising in 
terms of sensitivity but also of turnaround time as they generally require a few hours 
before obtaining results. However, a common drawback is the requirement for 
induction of protein expression and the fact that they are not designed to identify 
MRSA among other MR-CNS, rather they appear much more adapted to isolated 
pathogens or sterile samples containing a single bacterial species. 
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 Improved knowledge about genome sequences has allowed the design of numerous 
PCR-based methods. Rohrer and colleagues reported the utilization of a duplex 
PCR recognizing the genes  mecA  and  femA  (a gene speci fi c for and recovered in all 
 S. aureus  strains  [  87,   88  ] ) on a collection of isolated MRSA  [  80  ] . Other similar 
multiplexed PCR assays, using different targets (coagulase and  femA  genes)  [  89, 
  90  ]  or  S. aureus  toxins  [  91  ] , yielded promising results with good speci fi city. More 
recently, other promising results were also obtained by using triplex PCR assays 
based on the detection of  S. aureus  rRNA,  mecA , and  nuc   [  92,   93  ]  or clfA genes 
 [  94  ] . Very recently, a smart approach was reported by Cuny and colleagues who 
used a simplex PCR ampli fi cation using primers complementary to a conserved 
region of  orfX  and a  S. aureus -speci fi c region selected by the authors (personal 
communication). Overall, PCR-based methods perform extremely well when 
applied to isolated strains or samples containing a pure culture, not exactly what is 
required for direct MRSA screening. 

 Multiplexed real-time qPCR techniques using  fl uorescently labeled detection of 
PCR products  [  95  ]  combine accurate identi fi cation with limits of detection close to 
a single gene copy/sample. They have provided a signi fi cant technological advantage 
for the rapid and large-scale identi fi cation of various microorganisms  [  96–  103  ] . 
These techniques outperform conventional detection methods by providing rapid 
and sensitive detection, and avoiding the use of acrylamide gel. Using the  nuc  gene 
as target, Fang and Hedin reported a fast screening and identi fi cation assay applicable 
to isolated bacteria  [  104  ] . More recently, using  fi ve speci fi c primer pairs in the 
SCCmec and  orfX  regions, Huletsky et al. reported a very fast assay allowing direct 
identi fi cation of MRSA in 2 h, even in the presence of other staphylococcal species 
 [  105  ] . Note, however, that the emergence of new SCCmec elements warrants further 
modi fi cations of the design and revalidation of the whole assay as new molecular 
variants continuously emerge  [  61,   62,   106  ] . Donnio et al. nicely described that the 
partial excision of the SCCmec cassette occurs not infrequently in MSSA strains, 
and might compromise the ef fi ciency of this assay  [  107  ]  whereas following 
geographical speci fi cities, prevalent clones failed to be detected by tests based on 
SCC mec  junction  [  19,   108,   109  ] . 

 In this  fi eld, our group reported recently the use of a novel immuno-qPCR proce-
dure allowing rapid detection of MRSA from mixed  fl ora samples  [  110  ] . The proce-
dure consists in a direct one-step enrichment of MRSA present in either nasal or 
inguinal swabs, followed by DNA extraction of immune-captured bacteria and their 
identi fi cation by a triplex qPCR. The speci fi city of MRSA identi fi cation is based on 
the quantitative correlation of the  mecA  gene and that of the  S. aureus -speci fi c  femA  
signal, a probe that does not cross-react with other bacterial species, including  S. 
epidermidis . This assay allows detection and identi fi cation of MRSA in less than 6 h 
after sample collection, thus allowing same-day identi fi cation (Fig.  31.3 ). We have 
successfully applied this method to the rapid screening of patients admitted to the 
ICU and shown that infection control measures could be implemented earlier than 
with optimized culture-based methods (22.2 h vs. 93.1 h, respectively). Finally, this 
molecular screening strategy resulted in decreased MRSA infections in the MICU 
after coupled implementation of strict control measures  [  111  ] . More recently, in a 
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low prevalence area (around 5 %), large-scale screening in our hospital setting 
revealed of questionable value according to the results obtained by    Harbarth et al. 
 [  30  ] . The main properties and performances of these commercially available molec-
ular assays relying on the detection of the SCC mec  junction are summarized in a 
recent review by Harbarth et al.  [  75  ] .  

   Impact of Recent Hybridization Technologies on the 
Identi fi cation of MRSA 

 Hybridization technologies bene fi t from the efforts in high-throughput sequencing 
and allow the deposition onto solid surfaces of thousands of capture oligonucle-
otides able to hybridize with complementary target sequences. PCR-ampli fi ed 
products are detectable with low-density oligoarrays, enabling the parallel detection 
of several targets during the same experiment. The basic principle of DNA probe 
technology is hybridization, relying on denaturation of double-stranded DNA and 

  Fig. 31.3    Flowchart of an immuno-qPCR assay for rapid MRSA identi fi cation. After sampling 
and conditioning, mixed  fl ora-containing samples are adsorbed using  S. aureus- speci fi c antibodies 
coupled to metallic particles (step 1). After washes, antibody-coated bacteria are disrupted by bead 
beater, and then puri fi ed on columns (step 2). The lysis medium is subjected to qPCR analysis (step 3). 
Note that turnaround time required for the complete procedure requires only a few hours whereas 
culture-based methods imply a minimum of 24 h       
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detection of hybridized labeled DNA. Recent reports relying on ribosomal or other 
speci fi c markers demonstrated the identi fi cation of  Staphylococcus  at the species 
level  [  85,   112  ]  and even provided an overview of the virulence factors harbored 
by clinical isolates during the same experiment  [  58,   113  ] . 

 Despite parallelism and robustness, these analyses based on PCR product 
hybridization require several time-consuming steps (e.g., enzymatic ampli fi cation, 
product isolation, and labeling), thus impairing real-time screening demand. 
Sensitivity issue is another major challenge that has to be addressed before transfer-
ring direct hybridization technologies into routine laboratories. Efforts have been 
recently realized in this  fi eld, using direct labeling of target nucleic acids and/or 
optimized optic for the detection of hybridized products  [  114  ] . 

 Note that commercially available low-density microarrays manufactured by 
ClonDiag and evaluating the presence of important accessory elements (virulence 
factors, regulators, and mobile genetic elements) allow the rapid characterization 
and genotyping of epidemiological strains  [  115,   116  ] .  

   Impact of Mass Spectrometry on the Rapid 
Identi fi cation of MRSA 

 The rapid identi fi cation of  S. aureus  in various biological samples by using mass 
spectrometry has been documented some years ago  [  117  ]  and predicted the possi-
bility to identify directly MRSA on speci fi c peptide traces in adapted database. 
The method used has been recently optimized and appears robust  [  118  ] . Various 
mass spectrometry methods require a minimum amount of material to prove reliable but 
show a particularly interesting discriminative power that allows clustering of isolates 
within their respective clonal complexes  [  119,   120  ] . Future developments of these 
methods in terms of analytical sensitivity as well as for the identi fi cation of speci fi c 
signatures could rapidly contribute to revolutionize the  fi eld in terms of bacterial 
identi fi cation but also for the rapid determination of antibiotic susceptibilities, at 
least those requiring translation of speci fi c target genes.  

   Conclusions 

 Nosocomial infections due to MRSA are frequent and represent an economical bur-
den, requiring prompt isolation measures and utilization of last barrier drugs. Rapid 
detection and identi fi cation of MRSA is an absolute prerequisite. Tight collabora-
tion with clinicians involved in prevention or infection control can contribute to the 
reduction of transmission and control of costs. Until recently, microbiological meth-
ods dedicated to MRSA identi fi cation relied on the utilization of selective growth 
media, which are time-consuming and preclude same-day diagnosis. This remains 
true nowadays with the fourth generation of chromogenic media. Nucleic acid-based 
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assays have raised the promise to revolutionize the diagnosis of infectious diseases 
during the 1990s. For more than 1 decade, nucleic acid-based assays have demon-
strated their usefulness for the detection of hardly cultivable, non-cultivable, and 
even killed microorganisms, as well as for the identi fi cation of speci fi c pathogens 
against the background of a mixed micro fl ora. The current view is still that molecu-
lar methods are used to supplement, but not to replace, cultures. MRSA molecular 
detection nicely illustrates this paradigm: it provides early warning but cultures are 
still required for further antimicrobial susceptibility testing or epidemiological typ-
ing. Molecular assays based on target nucleic acid ampli fi cation, and especially real-
time PCR, have proven rapid, affordable, and successful in terms of sensitivity and 
speci fi city even when performed in complex medium containing a mixture of organ-
isms. Detection of speci fi c ampli fi cations is still improving and future development 
coupled to the parallelism of hybridization techniques might provide more broadly 
usable tools allowing not only to identify but also to obtain genotyping characteriza-
tion providing genetically encoded antibiotic resistance and virulence determinants 
in a single experiment. Protein-based methods are currently evolving rapidly and 
will likely allow a rapid and reliable identi fi cation at a moderate unit cost   .       
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         Traditional Methods 

 The detection of bacterial and viral foodborne pathogens has been in practice for 
many decades to assure the safety and cleanliness of human food. During this long 
and storied history of food safety, the most traditional methods for detection have 
been employed with great success, consisting of bacterial and viral culture of the 
food sample using microbiological media and biochemical identi fi cation of bacte-
rial genera or cell culture techniques. The current method accepted by the Food and 
Drug Administration for detection of bacteria, viruses, yeast and mold is FDA’s 
Bacterial Analytical Manual (BAM) method  [  1  ] . These fundamental microbiologi-
cal assays remain the cornerstone of most pathogen detection schemes, in spite of 
the fact that traditional culture methods are slow and labor intensive. In a bacterial 
foodborne disease outbreak, a minimum of 5–7 days are required to obtain an 
identi fi ed isolated colony, which delays the proper diagnosis and treatment regime, 
resulting in longer hospital stays  [  2  ] . Therefore, a signi fi cant demand for the rapid 
detection of pathogens in minutes, rather than days, has arisen. Alternate molecular 
methods have been developed to attempt reduce or eliminate this rate limiting step 
and provide identi fi cation and characterization information to public health of fi cials 
in the event of a foodborne disease outbreak. A partial list of some rapid methods 
and alternative molecular methods are listed in the FDA BAM in Appendix I, 
although these are not methods of fi cially used or endorsed by the FDA  [  1  ] . 
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 The top four foodborne pathogens, according to the CDC’s latest estimation, are 
norovirus, nontyphoidal  Salmonella ,  Clostridium perfringes , and  Campylobacter  
spp.  [  2  ] . The leading cause of foodborne illness-related hospitalization and deaths 
was attributed to  Salmonella enterica  serotypes, and therefore, a major focus of this 
chapter is on detection and characterization of  S. enterica  serotypes  [  2  ] .  

   Antibody Mediated 

 After identi fi cation of a bacterial foodborne pathogen utilizing selective media and 
biochemical testing, a common and successful method for further characterizing 
strains involves the use of antibodies. For microbes such as  S. enterica  strains, 
serotyping according to the Kauffman/White scheme is one of the oldest and most 
successful subtyping methods available  [  3  ] . Serotyping is based on antibody recog-
nition of the O and the H antigens present on  S. enterica   fl agella, and typing is 
achieved via agglutination testing using monoclonal antibodies speci fi c for each 
variant. There are recognized to be over 2,500 serotypes of  S. enterica , with varying 
degrees of af fi nity for particular hosts. For example,  Salmonella enterica  serotype 
Dublin (or  S. Dublin ) has shown to be isolated almost exclusively from cattle, and 
 S. choleraesuis  has been isolated mostly from swine. Whole genome sequence 
analysis of  S. enterica  serotypes has given some credence to host speci fi city in the 
case of serotypes with an af fi nity for a particular animal host  [  4  ] . Many zoonotic 
serotypes exist that do not display host-animal af fi nity, such as  S .  Typhimurium , 
which are the main focus of surveillance and outbreak identi fi cation. Although sero-
typing is a widely used and speci fi c method to characterize  S. enterica  strains, it is 
laborious and time consuming. Molecular serotyping methods, such as multiplex 
polymerase chain reaction (PCR) or real-time PCR systems, have been established 
for some of the most common foodborne serotypes of  S. enterica  in the USA and 
Europe  [  5–  7  ] . Leader et al.  [  6  ]  tested over 700 strains of  Salmonella  using a multi-
plex PCR system capable of detecting the 50 most common serotypes in the USA 
with an accuracy of 89 %, when compared to traditional serotyping. Microarray 
methods to determine serotype of  S. enterica  strains have been developed, but do 
not have a 100 % correlation with the traditional Kauffman–White method to date 
 [  8  ] . Koyuncu et al.  [  8  ]  tested feed samples for  S. enterica  strains using two microar-
ray platforms and found that 56 and 81 % of serotypes were correctly identi fi ed. 
Molecular serotyping methods are much faster and orders of magnitude less labor 
intensive, but are not 100 % accurate and have not been established for all 2,500 
serotypes of  S. enterica , particularly veterinary strains. Additionally, very limited 
information can be gleaned from establishing a serotype, and this method of detec-
tion is considered a  fi rst step in the broad characterization of a  S. enterica  strain. 

 Additional antibody-mediated detection methods for foodborne pathogens 
include enzyme-linked immunosorbent assays or ELISA. An example of a 
commercially available automated system is the VIDAS system (bioMerieux SA, 
Marcy l’Etoile, France), which detects  S. enterica ,  Escherichia coli ,  Campylobacter , 
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 Vibrio , and  Listeria  strains from a mixed culture via an immunoassay strip-based 
method, whose inner surfaces are coated with speci fi c antibodies. The VIDAS 
allows for automated rapid detection of  Salmonella  in 1–2 days, versus the longer 
process of identifying via traditional culture methods (5–7 days) and serotyping 
(5–7 days). Meyer et al.  [  9  ]  conducted a study to compare detection of  Salmonella  
using the VIDAS system and traditional microbiological methods from raw retail 
meats and meat byproducts in Germany. These investigators found the results to be 
comparable; however, the VIDAS detected twofold more  Salmonella  in the samples 
than the traditional methods, leading to the suggestion that VIDAS may be more 
sensitive at detecting low levels of bacterial strains which were outcompeted by 
other  fl ora, or that the VIDAS detected unculturable bacteria. Although these inves-
tigators compared the VIDAS results with traditional microbiological culture 
identi fi cation, the possibility of false positives cannot be ruled out. 

 Although traditional ELISA methods can be sensitive and speci fi c for the 
detection of foodborne pathogens, those conducted using a plate/well scheme are 
time consuming and can require large volumes of antibody or sample for 
accurate detection. Therefore, immunoassays which function similarly to ELISA 
have been developed which are faster, can detect more samples or further character-
ize the strains, and are more sensitive. Karoonuthaisiri et al.  [  10  ]  developed an 
antibody-based microarray to detect the foodborne pathogens  E. coli  and  Salmonella  
and compared its ef fi cacy to the traditional ELISA method. These researchers tested 
the antibody-based microarray for simultaneous detection of each pathogen as well 
as cross-reactivity to other similar bacteria and common foodborne pathogens such 
as  Listeria ,  Staphylococcus ,  Klebsiella , and  Corynebacterium  spp. The study 
showed that the antibody-based microarray was as speci fi c as traditional ELISA, 
used about tenfold less antibody to detect the foodborne contaminants, did not cross-
react with other foodborne pathogens and could be run in 1 h, versus a minimum of 4 h 
for a traditional ELISA. Other technologies based on immunoassays, such as 
microbead-based immunoassays (such as the Luminex technology) are replacing 
traditional ELISA methods. Microbead assays are capable of detecting a multiplex 
of 40–100 or more different targets including foodborne pathogens and associated 
virulence genes, are faster, more reproducible, and more sensitive  [  11  ] . In addition 
to Luminex technology, immunoassays to detect foodborne bacteria such as 
 Salmonella  are being developed whereby polyclonal antibodies  fi xed to gold nano-
particles capture the bacterial antigens and the signal is enhanced using a silver-
based chemiluminescent detection system. This system detected  Salmonella  in food 
samples with a limit of 5 cfu/ml  [  12  ] .  

   Bacteriophage Typing 

 Bacteriophage are naturally occurring viruses that target and infect speci fi c strains 
of bacteria. Due to the speci fi city of bacteriophage, typing schemes have been 
developed to further classify very speci fi c strains of bacteria. An example is the 
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de fi nitive phage type (DT) 104, which identi fi ed a speci fi c strain of  S. Typhimurium  
which was resistant to  fi ve antimicrobials (ACSSuT—ampicillin, chloramphenicol, 
streptomycin, sulfamethoxazole, and tetracycline) and has been the cause of 
foodborne illness from the 1980s to today  [  13,   14  ] . This speci fi c strain was differ-
entiated by the phage type from all other  Salmonella Typhimurium  strains, demon-
strating the ability of phage typing to characterize very similar strains within the 
same serotype. Therefore, phage typing systems have been employed to detect 
and characterize foodborne bacteria such as  Salmonella  serotypes,  E. coli , 
 Campylobacter , and  Listeria  strains with some success  [  15,   16  ] . Bene fi ts to phage 
typing systems include great speci fi city, detection of only live cells (unlike DNA-
based methods like PCR which detect both living and dead cell DNA), and in some 
cases, epidemiological relatedness  [  16,   17  ] . Phage typing systems can demonstrate 
positive detection of speci fi c strains via simple plaque assays, or be coupled with 
 fl uorophores, antibodies, or other signal ampli fi cation schemes, or used as part of a 
biosensor system  [  17,   18  ] .  

   Pulsed-Field Gel Electrophoresis 

 Pulsed- fi eld gel electrophoresis (PFGE) is the gold standard for outbreak tracking 
and molecular characterization of zoonotic foodborne bacteria such as  S. enterica , 
 Campylobacter species ,  E. coli ,  Shigella ,  Vibrio cholerae , and  Listeria monocyto-
genes   [  19,   20  ] . The PulseNet program, a system of state and public health labo-
ratories and the CDC, share macrorestriction digest gel  fi ngerprints of each strain of 
foodborne bacteria within a common database, and can identify indistinguishable 
patterns which may be linked in a foodborne outbreak. The National Antimicrobial 
Resistance Monitoring System (NARMS), CIPARS, and other international sur-
veillance systems use PFGE for the primary method of molecular characterization 
of foodborne bacterial pathogens  [  21,   22  ] . The PFGE method is dependent on 
culture and isolation of the bacterial strain from the food product; however, it has 
been identi fi ed nationally and internationally as the gold standard for molecular 
characterization of foodborne outbreaks. The bene fi ts of the PFGE method include 
national and international validation and standardization, a full genome “ fi nger 
print” or banding pattern that is stored electronically, and a shared database between 
the state, local, and federal food safety agencies. Although single or two enzyme 
PFGE analysis provides a whole genomic snapshot of the bacterial strain, and does 
provide a high level of discrimination between very similar strains or serotypes, the 
actual sequence of these genomic differences are not identi fi ed. Additionally, 
plasmids, due to their small size, often are not visible on the PFGE “ fi ngerprint,” 
and often are not identi fi ed when only using the PFGE method. Finally, microbio-
logical culture and isolation/identi fi cation of the bacterial pathogen must be conducted 
before PFGE can be conducted, resulting in a wait time of about 10 days before the 
results are realized.  
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   Optical Mapping 

 Optical mapping is an analytical tool which operates on a similar level as PFGE: the 
genome of a pathogen is restricted and the fragments are measured. PFGE is 
accomplished by separating the restricted bacterial genomic DNA in an agarose gel 
that is subjected to alternating polarities, whereas an optical map is an aligned 
assembly of restricted DNA fragments into a complete genome map on a glass 
surface. Whole chromosomes are  fi xed, immobilized and digested with a restriction 
enzyme on the glass surface for each bacterial strain. Measurements of each contigu-
ous restriction fragment across 20–100 long pieces of DNA are “read,” and 
overlapping chromosomal pieces are assembled by alignment software  [  23  ] . In this 
manner, an entire bacterial genome is analyzed and differences as small as 2 kb can 
be detected between the analyzed strain and a reference strain, including insertions, 
deletions, prophage, or inverted sequences. However, and similar to the PFGE 
method, the exact DNA sequence of the identi fi ed change by optical mapping is 
unknown and must be investigated using sequencing technologies. Kotewicz et al. 
 [  23  ]  used optical mapping to investigate the  E. coli  O157:H7 strains linked to the 
2006 spinach outbreak in the USA. After identifying 14 informative sites using optical 
mapping, 454 sequencing was used to de fi ne the 14 markers speci fi c to the outbreak 
strain. Saunders et al.  [  24  ]  compared optical maps of 20  Salmonella enterica  
serotypes implicated in disease outbreaks to PFGE and microarray data,  fi nding 
agreement between the methods but greater information regarding geographical 
lineages and novel insertions from the optical mapping data. Optical mapping was 
used to characterize the recent  E. coli  O104:H4 outbreak in Germany, suggesting 
that the outbreak strains were single-sourced and clonal, prior to next-generation 
sequencing of the strains  [  25  ] . Although optical mapping gives a genomic “snap-
shot” and elucidates novel insertions, deletions, inversions, and prophage, the level of 
resolution provided by this method is far outweighed by next-generation sequenc-
ing technologies of foodborne pathogens.  

   PCR 

 Polymerase chain reaction (PCR) is one of the gold standard methods for detecting 
and characterizing foodborne pathogens, be they bacterial or viral. Because PCR 
can be conducted on impure samples, mixed samples, and can be performed without 
the time consuming microbiological culture and isolation methods, it is one of the 
fastest, most robust, and most reliable methods to date. Methods to detect and 
characterize the major foodborne pathogens ( Salmonella ,  Campylobacter ,  E. coli , 
 Listeria ,  Vibrio , and Norovirus, to name a few) have been developed for contami-
nation detection in a variety of food products  [  26–  28  ] . Other methods of bacte-
rial characterization and inter- and intrastrain discrimination based on PCR 
methods have been developed, such as MultiLocus Sequence Typing (MLST). 
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This method measures the single or multiple nucleotide changes in well-conserved 
housekeeping genes and uses this method to assess the evolutionary relatedness of 
the tested strains, which can provide information for outbreak tracking or virulence. 
Sangal et al.  [  29  ]  used MLST and a database of thousands of sequence types con-
tributed by researchers all over the world to study the relatedness and population 
structure of  fi ve major serotypes of  Salmonella , with a particular focus on  Salmonella  
Newport and its MDR-AmpC phenotype expressing resistance to nine antimicrobi-
als. Schemes for multilocus virulence typing, plasmid typing, and other hybrid 
housekeeping/virulence gene schemes have been developed for many of the food-
borne pathogens in order to better characterize these strains. However, primary 
identi fi cation systems such as bacteriological culture and isolation must be used 
prior to MLST characterization for strain detection. As useful as MLST or any vari-
ant multilocus scheme is to de fi ne strains, a combination of PFGE and other meth-
ods such as MLST have been shown to be the most discriminatory  [  30,   31  ] .  

   Real-Time PCR 

 Real-time reverse transcriptase (RT) PCR is one of the most common and sensitive 
methods to detect foodborne viruses currently available. Methods to detect noro-
viruses and hepatitis A viruses, which are dif fi cult to propagate using conventional 
cell culture methods, have been developed. A simultaneous real-time RT-PCR 
detection method was developed for noroviruses and hepatitis A virus in contami-
nated oyster and mussel tissue, exhibiting 100 % speci fi city when testing for each 
concurrently  [  32  ] . In addition to being one of the most common methods to detect 
foodborne viruses, real-time PCR methods are some of the most utilized methods to 
detect and quantify bacterial foodborne contamination events.  Vibrio  species 
 parahemolyticus ,  cholerae , and  vulni fi cus  are common bacterial zoonotic contami-
nants of seafood and  fi sh and can be detected simultaneously using a validated real-
time PCR scheme with as little as 10 cfu/ml in food products  [  33  ] . Due to the 
popularity of real-time PCR methods, commercial kits have been developed and 
validated by the AOAC for diagnostic tests for food products. For example, two kits 
were developed by Roche and/or BIOTECHON Diagnostics to individually detect 
 L. monocytogenes  and  S. enterica  in a variety of food matrices using a real-time 
PCR scheme. The FoodProof kit allows for rapid isolation of the DNA from food 
matrices such as peanut butter, milk, vegetables, retail meats, and many other food 
products  [  34,   35  ] . These FoodProof real-time PCR detection kits have been shown 
to be validated to be equivalent in performance to the FDA-BAM reference method, 
however much more rapidly. The ability to test for more than one pathogen concur-
rently is a characteristic essential to the rapid diagnosis of a foodborne illness. 
Real-time PCR is easily manipulated to test for multiple targets, and was used by 
Fukushima et al.  [  36  ]  to detect the causative agents of 21 foodborne outbreaks in 
2 days. Therefore, the bene fi ts of using real-time PCR to detect the foodborne 
pathogen contamination in food products or in an outbreak include increased 
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sensitivity and speci fi city, quanti fi cation of the pathogen, the ability to multiplex 
the reaction, and the detection of live bacteria or virus within the sample, versus the 
potential to detect dead cells for traditional PCR.  

   Biosensors 

 Biosensors convert a biological event or response to an electrical signal. These 
devices or molecular complexes are composed of a recognition element or biore-
ceptor and a transducer, which converts the biological recognition of the speci fi c 
receptor element into a measurable electronic signal  [  18  ] . These receptors can consist 
of antibodies, nucleic acids, enzymes, or other organic tissues or microorganisms. 
The transducer can report the recognition event of the bioreceptor through an 
electrochemical, thermal, magnetic, or optical transmission. Depending on the 
system, combinations of transducers can be coupled to amplify detection. 
Therefore, the general function of a biosensor is the biological recognition of a 
speci fi c analyte, the transduction of that interaction into a measurable electrical 
transmission, and the capture of that transmission for further analysis. 

 Because biosensors must be customized to a speci fi c molecular process, the 
system must suit the biological process being measured. The most common types of 
bioreceptors include enzymes, nucleic acids, and antibodies. Biosensor systems that 
utilize the very speci fi c antibody–antigen interaction to detect foodborne pathogens 
are some of the most common systems. Tokarskyy and Marshall  [  37  ]  reviewed a 
number of  E. coli  O157:H7 immunosensor systems utilizing antibody-based 
detection systems of this common foodborne illness causative agent for use in the 
meat processing industry. Although immunosensors have been investigated to 
detect  E. coli  O157:H7 since the 1990s and can be much more rapid and sensitive 
than traditional cultural or ELISA methods, direct detection of the bacterial cells via 
antibody-based immunosensor methods have some drawbacks. Immnunosensors 
lack the ability to detect bacterial cells within the meat matrix, can result in false 
positive/false negative results due to cross-reactivity with other foodborne 
bacteria in the food matrix, and have displayed some variability within lots of 
immunosensors  [  37  ] . Commercially available immunosensor kits are available 
to detect  E. coli  O157:H7; however, performance validation according to AOAC 
standards has been a challenge. 

 PCR-based systems are another common type of biosensors. Chua et al.  [  38  ]  
used DNA biosensors consisting of oligonucleotides speci fi c to  V. cholerae  labeled 
with biotin or  fl uorescein, detectors consisting of gold nanoparticles bioconjugated 
with anti fl uorescein antibodies, and capture molecules consisting of streptavidin-
coated microspheres labeled with antidigoxigenin antibodies, with detection accom-
plished using lateral- fl ow. Chua et al.  [  38  ]  tested this DNA biosensor system against 
a panel of 174 bacteria spiked into healthy stool specimens and found 100 % sensitivity 
and speci fi city with a limit of detection of 5 ng of target  V. cholerae  DNA. Geng 
et al.  [  39  ]  used magnetic beads capped with speci fi c DNA sequences to magnetically 
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separate and bind  E. coli  in an electrochemical biosensor system with a detection 
limit of 50 cells/ml. With whole genome sequencing of outbreak strains for particular 
markers, this method of sensitive and rapid detection has great potential.  

   Microarrays 

 Microarrays have been used with success to identify and characterize foodborne 
pathogens such as  E. coli ,  Salmonella , and  Campylobacter  in puri fi ed or mixed 
samples since their  fi rst description in 1995  [  40–  43  ] . Microarrays are composed of 
substrate-coated glass slides or “chips,” which have been printed with probes, or 
25–75 bp pieces of DNA that are speci fi c to particular genes or genetic elements. 
Labeled DNA (bacterial or viral samples) are hybridized these chips, the labeled 
sample binds to the probe immobilized on the chip, and detection is achieved by the 
visualization of the  fl uorescence of the probe–sample complex after scanning at a 
particular wavelength. 

 Microarrays have been used to detect antimicrobial resistance genes, mobile 
genetic elements, and virulence genes individually and concurrently  [  40,   44–  47  ] . 
Microarrays are a high throughput and information dense tool that are particularly 
useful when screening multiple pathogen types with multidrug resistant phenotypes 
in a foodborne pathogen surveillance program such as NARMS. Given the threat of 
outbreaks due to enteric bacteria resistant to drugs of choice for human clinical 
treatment, Lascols et al.  [  48  ]  used a microarray designed to detect, among other 
genes, extended spectrum beta-lactamase genes in 235 enteric bacteria from human 
patients including  E. coli ,  Klebsiella ,  Enterobacter , and  Citrobacter  strains. 28 % of 
isolates contained a carbapenemase gene, and only isolates from India carried the 
recently discovered bla 

NDM-1
  gene. All but one isolate carrying the bla 

NDM-1
  gene 

carried multiple carbapenemase genes concurrently. This study showcases the use 
of microarrays to characterize multidrug resistance in clinical isolates with a par-
ticular focus. Lindsey et al.  [  49  ]  constructed a microarray which additionally 
identi fi es a number of common plasmid backbones which are associated with enteric 
foodborne bacteria, and used the microarray to screen isolates from food animals to 
investigate the prevalence and coincidence of antimicrobial resistance genes and 
particular plasmid types. Beutlich et al.  [  50  ]  used DNA microarrays to perform an 
in-depth investigation of virulence and virulence associated genes in  Salmonella  
strains of with serotypes of clinical importance, and identi fi ed differences in the 
 Salmonella  Genomic Island (SGI) variants that are associated with particular sero-
types. Coupled with antimicrobial resistance phenotypes, these types of studies can 
provide data indicating host adaptation associated with particular serotypes. 
Traditional printed microarrays can accommodate up to 40,000 probes which are 
speci fi c for DNA sequences. Photolithographic microarrays, such as Affymetrix 
arrays, are being designed for foodborne pathogens, which can accommodate millions 
of probes due to the photolithographic technology (Affymetrix Inc., Santa Clara, 
CA). These very information dense and high-throughput microarrays contain probes 
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for entire genomes of foodborne pathogens, and can de fi ne a single strain. Jackson 
et al.  [  51  ]  used this technology to de fi ne and describe the genomic content of  E. coli  
isolates from a reference collection and human illnesses. This type of microarray 
which can de fi ne entire genomes of particular strains will be very useful for 
outbreak source tracking. 

 Although bacterial foodborne pathogens are more commonly detected using 
microarray technology, platforms to detect foodborne viral pathogens are becoming 
more commonly available. With cell culture methods and PCR/RT-PCR methods 
representing the gold standards, the higher-throughput methods are an attractive 
alternative for rapid diagnostics. Tiling microarrays, or arrays with overlapping 
oligonucleotides capable of detecting single nucleotide polymorphisms, were devel-
oped to detect and characterize hepatitis A virus, human coxsackieviruses A and B 
(CVA and CVB), genogroups I and II of norovirus (NV), and human rotavirus (RV) 
 [  52,   53  ] . As the technology improves, microarrays will be very useful for use in 
outbreak investigation and source tracking, and thereby aid in food safety risk 
strategy development.  

   Multiplexed Microsphere-Based Flow Cytometry 

 Flow cytometry using  fl uorescent microspheres was pioneered commercially by the 
Luminex Corporation and now a number of companies offer this technology  [  54  ] . 
This platform is a high-throughput assay system that uses polystyrene microspheres 
that can be coupled to either nucleic acids or protein using straightforward chemis-
tries. Up to 100 spectral addresses can be measured in each sample mixture provid-
ing the potential for rapid, large scale screening of complex sample mixtures. The 
feasibility of this approach was tested using nucleic acid targets for common bacte-
rial pathogens in 2003 and further developed into a high sensitivity assay system for 
the simultaneous discrimination of  Salmonella  from other enteric microorganisms 
 [  55,   56  ] . A single-step RT-PCR multiplexed assay has been recently developed for 
norovirus GI and GII, rotavirus, astrovirus, sapovirus, and adenovirus  [  57  ] . A mul-
tiplex RT-PCR assay system is now commercially available from Luminex 
Corporation and combines bacterial, viral, and parasitic detection in a single assay 
tube (xTAG ®  Gastrointestinal Pathogen Panel). 

 The versatility of this assay system is suggested by an antibody-based approach 
to detect abrin, botulinum toxins, ricin, and  Staphylococcus  enterotoxins A, B, and 
C in food. This assay used paramagnetic  fl uorescent microspheres so a magnetic 
separation step prior to spectral analysis could be performed on samples containing 
large amounts of particulates  [  58  ] . The immunoassay format has been used for sero-
typing  E. coli  O157 and detecting Stx(1) and/or Stx(2) and for  Salmonella , 
 Campylobacter ,  E. coli ,  Listeria , and staphylococcal enterotoxin B  [  11  ] . Overall, 
the versatility and sensitivity of the system should make assay development for the 
detection of human pathogens in food more attractive.  
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   Next-Generation Sequencing (NGS) Technologies 

 The advancements in the last decade from the  fi rst generation automated Sanger 
sequencing used for the human genome project to the current NGS platforms repre-
sent a remarkable advancement for the molecular epidemiologist (for a technology 
review see Metzker  [  59  ] ). The ability to identify and subtype strains involved in a 
disease outbreak is now a reality. Within the next decade, the projected cost for 
de novo sequencing of a microbial genome will be well within the reach of most 
diagnostic laboratories, and its widespread use is inevitable  [  60,   61  ] . 

 A number of retrospective studies have provided the “proof of principle” for this 
emerging technology in the study of food-related disease outbreaks. The likely long-
term persistence of a  L. monocytogenes  strain in a food processing plant was con fi rmed 
by the NGS approach. Isolates from 1988 and 2000 were virtually identical at the 
chromosomal level and differed only in prophage recombination events  [  62  ] . In this 
case, all isolates were of a rare PFGE subtype, but it is also likely that different PFGE 
subtypes could be generated by such events. A related investigation of a listeriosis 
outbreak originating from ready-to-eat meat products in Canada in 2008 highlighted 
the ability of NGS to map microevolutionary changes during a disease outbreak  [  61  ] . 
Recently, a salmonellosis outbreak has been addressed using NGS and was able to 
identify the origin for the Montevideo strain associated with this event, even though 
the strain was judged identical to other tested isolates by conventional typing meth-
ods  [  63  ] . A different sort of investigation was conducted on the origin of the Haitian 
cholera outbreak. NGS provided investigators with evidence that the current outbreak 
was most likely caused by a strain introduced by “human activity”  [  64  ] . The speed 
with which investigators are able to sequence an entire genome in response to an 
outbreak is increasing as the technology improves. A team at the Beijing Genomic 
Institute and in Germany concomitantly sequenced and assembled the recent German 
 E. coli  O104:H4 outbreak strain in 2–3 days using a new integrated semiconductor 
nonoptical genomic sequencer (Ion Torrent from Life Technologies)  [  25,   65  ] . This 
allowed the outbreak investigators to analyze and identify the newly emergent and 
recombinant  E. coli  in a matter of a few short months, lightening fast for this type of 
whole genome analysis. Moreover, this genotyping approach allowed investigators to 
discover that the  E. coli  outbreak strain was a hybrid of enteroaggregative (EAEC) 
and enterohemorrhagic (EHEC) pathotypes, allowing for rapid symptom prediction 
and improved development of appropriate treatment regimes  [  25  ] . 

 The NGS technology has spawned the  fi eld of “metagenomics,” or the 
identi fi cation of genetic material isolated directly from environmental samples. 
This approach was tested for a case of human illness using DNA from a patient’s 
feces during and after an idiopathic diarrhea. In this case,  Campylobacter jejuni  
sequences were identi fi ed only from the illness sample  [  66  ] . This approach has also 
been used in the detection of viral diarrheal illness  [  67  ] . Metagenomics is suited not 
only for the investigations of food contamination but also for the identi fi cation of 
commensal and food spoilage organisms as well as assisting the development of 
metabolic models for commercial fermentation  [  68,   69  ] . 
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 Overall, full genome sequencing is coming to the forefront for follow-up 
investigations of epidemiological and source tracking studies, and will likely be 
used in a real-time format to identify contaminant point sources. The latter is especially 
important during high priority public health events, and will become more ef fi cient 
and “user-friendly” as the data pool increases and the technology advances.  

   Conclusions 

 With food safety at the forefront of the mind due to a number of recent outbreaks 
involving retail meats, peanut butter, and fresh vegetables, it is imperative that the 
programs which protect our food supply from accidental or intentional contamination 
are strengthened. Traditional methods, while validated and internationally accepted, 
are often too laborious and time consuming to provide information that could curtail 
a foodborne pathogen outbreak or provide information useful for treatment strate-
gies. New and advanced technologies, such as high density microarray and whole 
genome sequencing, are becoming more rapid and affordable for regular use for 
surveillance of our food supply. Multilaboratory validations must be conducted to 
put these exciting and advanced technologies into the hands of testing agencies 
to protect and preserve the quality of our food.      
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         De fi nition and Limitation of Point of Care Tests 

 A point of care (POC) device is one that is used outside of a central laboratory 
environment; generally near, or at the site of the patient/client. Point of care testing 
(POCT) varies from tests performed in physician’s of fi ce labs, or “satellite” or “stat” 
labs, to tests performed on tabletop instruments in a clinic area, to testing performed 
with hand-held instruments at the bedside. In peripheral lab settings, POCT may be 
performed by trained laboratory staff, but clinic and bedside POCT is frequently 
performed by staff who lack specialized laboratory training and whose primary job 
is something other than doing lab tests. 

 In the industrialized world POCT is most commonly used to provide results 
within medical decision-making or infection control intervention actionable 
timeframes in order to accelerate and streamline care. That timeframe differs 
depending on the nature and seriousness of the infectious process, but for purposes 
of this discussion, a maximum of 4 h may be a reasonable upper limit from sample 
collection to results delivery within the scope of a POC test. In some clinical situa-
tions, this will be too long, and clinical decisions must be made without test results 
for guidance. POCT is also used (especially in resource-limited settings) to provide 
laboratory results unavailable in any other way. This may be provided by simple test 
systems that use stable reagents and provide rapid results. Novel systems for remote 
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testing (e.g., viewing of malaria smears via mobile phones) are also coming into 
use which might  fi t an operational de fi nition of POCT  [  1  ] . 

 There are several reasons to develop a POC test for an infectious disease. These 
include:

   The need to quickly provide highly targeted therapy. Current algorithms for • 
seriously ill patients depend on empiric treatment based on the most likely pathogens 
for a given clinical presentation; however, this method involves broad-spectrum 
therapy to cover the likely contingencies. Knowing the exact identi fi cation of the 
pathogen will allow more focused therapeutic decisions. If a molecular method 
also detects important resistance factors in the pathogen, then a therapeutic 
decision can be made speci fi cally to both treat the pathogen and limit develop-
ment of resistant organisms.  
  POCT infectious disease molecular assays may be developed to detect speci fi c • 
infections for which a rapid response is desirable. Examples include common 
outpatient infections such as group A streptococcal pharyngitis where immediate 
diagnosis saves follow-up effort; or  Chlamydia  and gonorrhea, where rapid 
results may allow immediate treatment of patients who might otherwise be lost 
to follow-up. There is the potential for both clinical and public health bene fi ts 
from this class of test.  
  Another potential objective of a POCT is to recognize quickly which patients • 
require infection control precautions as they are admitted to the healthcare 
institution to prevent the spread of the agent to other patients or to caregivers. 
Some POC assays are meant for surveillance only and in such cases, interventions 
are taken to break transmission routes and prevent the development of infections. 
Increasingly, healthcare institutions are being asked to become more cost-effective, 
and rapid applications of infection control activities have been shown to be most 
effective. The potential for POCT to impact on infection-control is particularly 
signi fi cant for long-term care facilities and other health care settings without 
on-site laboratories.     

   Clinical Situations for Which POC Molecular Tests 
Are Currently Available 

 Platforms employing molecular technology which are simple enough for potential 
POC use are just beginning to come to market. No molecular test has yet achieved 
CLIA “waived” status (although some are being developed for FDA submission), so 
POC molecular tests are still physician’s of fi ce lab or “satellite lab” tests rather than 
true bedside methods. Several comparatively simple, rapid molecular methods, 
though, are available and increasingly used. 

 The most widely used molecular test at patient POC sites is the real-time PCR 
(RT-PCR) assay for detection of nasal colonization of methicillin-resistant 
 Staphylococcus aureus  (MRSA)  [  2  ] . Colonized patients can be placed into contact 
isolation, decolonization protocols can be initiated, and appropriate surgical 
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prophylaxis can be used  [  3  ] . The use of this assay within the United States 
Veterans’ Administration hospitals is one factor credited with lowering health-
care-associated MRSA infections 59 % since universal screening and additional 
infection control interventions were implemented. Selected nosocomial infections 
due to  Clostridium dif fi cile  and vancomycin-resistant enterococci (VRE) also 
decreased  [  4  ] . Two further reports on the use of surveillance for MRSA illustrate 
the effectiveness of this intervention. With rapid results available within hours of 
patient admission, the Northshore Hospital System showed 69.6 % decrease in 
hospital-associated MRSA disease over the study period  [  5  ] . In contrast, another 
healthcare institution used a slower method for MRSA nasal surveillance with 
results available more than a day later and results were disappointing  [  6  ] . 
Molecular POC tools are virtually the only method possible to achieve the most 
effective infection control. Additional assays that detect both MRSA and methicillin-
susceptible staphylococci in patients’ skin and soft tissue wound sites and in nares 
are also available  [  7  ] . 

 Testing feces for the presence of toxigenic  C. dif fi cile  is another use of rapid 
molecular technology today  [  8  ] . An RT-PCR platform and a loop-mediated isothermal 
ampli fi cation (LAMP) platform are FDA-cleared. They each employ different 
targets. The LAMP assay seeks a genetic locus in the TcdA gene of  C. dif fi cile  
whereas the PCR assays either identify a portion of the toxin B gene (TcdB)  [  9  ]  or 
a second FDA-cleared assay presumptively identi fi es the epidemic, hypervirulent 
027 strain by detecting both a binary toxin sequence and a deletion in the toxin 
regulatory gene, in addition to the TcdB gene  [  10,   11  ] . 

 The same RT-PCR platform is FDA-cleared for detection of in fl uenza A, B, 
and in fl uenza A H1N1 novel 2009 in respiratory secretions, which is a modi fi cation 
of a previous test available for a limited time during the 2009 H1N1 In fl uenza A 
outbreak  [  12  ] . In addition, a self-contained PCR technology using packets of 
reagents in plastic pouches has also been FDA-cleared for detection of respiratory 
viruses  [  13  ] . Another rapid molecular test has been FDA-cleared for multiplex 
detection of 15 respiratory viruses, including adenovirus, 2 coronavirus strains, 5 
in fl uenza strains, human metapneumovirus, parain fl uenza virus types 1–4, RSV, 
and rhino-enterovirus, with a time-to-result of 1–1.5 h using a novel multiplex PCR 
and array detection format  [  14  ] . Although other PCR methods for virus detection and 
identi fi cation in respiratory secretions are available and show excellent sensitivities 
and speci fi cities, they are not candidates for POC tests due to their complexity, long 
performance time, or format that leads to inef fi ciencies when performing non-batch 
(such as stat) testing  [  14  ] . 

 An FDA-cleared RT-PCR assay can be used to detect gastrointestinal colonization 
with VRE using rectal swabs  [  15  ] . The US version of the test was developed to 
detect the vanA gene only because vanB VREs are uncommon in the United States 
today, and because there are more vanB-containing non-enterococci than entero-
cocci in feces. A commonly used FDA-cleared PCR platform has another 
enterococcal assay that detects vanA and vanB, but speci fi city of the vanB marker 
is poor and the format is not optimized for POC  [  16  ] . 

 The same platform as described for VRE and staphylococci is FDA-cleared 
for direct detection of group B streptococci (GBS) in vaginal/rectal swabs  [  17  ] . 
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This assay has been used at the time of delivery to test women who never received 
antenatal surveillance cultures for GBS, or for women who tested negative in their 
surveillance cultures but whose colonization status may have changed between the 
time of the culture and presentation in labor  [  18  ] . 

 In addition, this platform has an FDA-cleared test for the presence of enterovirus 
in cerebrospinal  fl uid  [  19  ] . Unlike all the other tests available on this platform, the 
CSF enterovirus assay is designated “high complexity” due to the need for the test-
ing person to pipette a speci fi c 200  m L volume of CSF into the cartridge. 

 Lightcycler ®  and other RT-PCR platforms have been used to develop tests for 
herpes simplex and varicella zoster virus in cerebrospinal  fl uid. They could be con-
sidered borderline POC tests because if ordered stat, a highly trained laboratory 
scientist could theoretically perform the test and report results within the 4 h time-
frame  [  20  ] . It is unlikely, however, that in cases of severe disease, the clinicians 
treating the patient would be willing to wait that long before treating based on clini-
cal presentation and CSF cell count separate from microbiology laboratory results. 

 A direct DNA hybridization assay for identi fi cation of  Gardnerella vaginalis  (as a 
marker for bacterial vaginosis),  Candida albicans , and  Trichomonas vaginalis  has 
been in use in large physician of fi ces and reference laboratories for many years  [  21  ] . 
Tests can be run in batches of 6 or fewer samples and results are available within 2 h. 

 In countries other than the United States, the RT-PCR method is used to detect 
 Mycobacterium tuberculosis  and rifampin-resistance in  M. tuberculosis  using a 
hemi-nested PCR protocol that uses  fi ve molecular beacons to bind to different 
regions of the ribosomal polymerase B gene in which most mutations conferring 
rifampin resistance are found  [  22  ] . If all  fi ve regions bind to their speci fi cally colored 
 fl uorescent beacons, the organism is a wild-type  M. tuberculosis . If one or more of 
the regions fails to bind its speci fi c beacon, but at least two regions are present, the 
 M. tuberculosis  strain is reported as resistant  [  23  ] . This test can be used with unpro-
cessed respiratory tract secretions at the patient location and results are available 
within 2 h. Studies have shown that even unskilled workers can achieve high levels 
of accuracy with this assay  [  24  ] . After achieving endorsement by the World Health 
Organization, it is being broadly disseminated throughout the resource-poor world. 

 It should not be overlooked that there are several POC diagnostics for detection 
of agents of bioterrorism. Anthrax,  Yersinia pestis , and  Francisella tularensis  are all 
easily weaponized agents, and tests have been developed and  fi eld tested for their 
detection in both the environment (e.g., powders) and in or on patients  [  25  ] .  

   Clinical Situations for Which POC Tests 
Should Be Developed in Future 

 Several attractive targets for POC infectious disease diagnostics exist. These include:

   Diagnosis of bacteremia and fungemia. Current culture-based technology • 
requires incubation for at least 8 hours before the  fi rst indication of a positive 
result, after which some organisms can be rapidly identi fi ed using molecular 
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methods  [  26  ] . However, appropriate therapy within the  fi rst few hours often 
makes the difference between severe morbidity or death and recovery  [  27  ] . 
Because the numbers of circulating bacteria or yeast in the bloodstream of septi-
cemic patients can be low, the volume of blood necessary to detect small numbers 
of organisms has limited the application of molecular methods. Once an effective 
front-end concentration system is developed, the diagnosis of these extremely 
severe infections can be approached as a POC test.  
  Meningitis and encephalitis are potentially severe infections that bene fi t from • 
early diagnosis so that patients can be appropriately managed. The limited number 
of common pathogens associated with CNS infections makes development of 
such tests feasible. Additional agents for which rapid, simple molecular tests are 
needed include  Neisseria meningitidis ,  Streptococcus pneumoniae , GBS, 
 Listeria ,  Haemophilus in fl uenzae , herpes simplex and varicella zoster virus.  
  Tests for diagnosis and management of diseases seen in outpatients, particularly • 
those in hard-to-manage populations. POC tests for STDs, for respiratory viruses 
and group A streptococci, and for HIV and HCV viral load can potentially 
streamline care for these conditions, allowing same-visit management and 
decreasing both the effort of follow-up and the potential public health impact of 
patients who cannot be contacted to deliver their results.  
  Many clinicians and infection preventionists are concerned about the rising • 
incidence of multidrug-resistant gram-negative rods. Metallo-beta-lactamases, 
carbapenemases, cephalosporinases, etc., pose risks to patients and problems for 
infection control. A rapid molecular test to detect major determinants of resistance, 
regardless of the organism carrying them, would be a desirable rapid or POC test.     

   Limitations and Current POC Technologies 

 Several pathogens can be detected in patient samples using molecular tests within 
4 h. However, there are formidable obstacles to moving molecular diagnostics into 
the POC setting. There include:

   The impracticality of performing some methods in a random access, non-• 
batched mode.  
  The need for highly trained individuals to perform the test; and if they must be • 
located at the POC, the inef fi ciency of having such individuals waiting during 
the time between test requests.  
  The need for space for instruments and other supplies and physical infrastructure • 
that do not exist at most POC locations.  
  The delay incurred when an additional sample is received for testing once a testing • 
process has commenced that cannot be stopped in the middle.  
  The need to test all necessary controls with individual samples rather than groups • 
of patient samples.  
  The need for additional instruments for sample preparation or pre-ampli fi cation.  • 
  The possibility of contamination.    • 
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 After these factors have been considered, the remaining current technologies 
include polymerase chain reaction, isothermal loop-mediated ampli fi cation, and 
direct DNA hybridization. Other methods are in earlier stages of development but 
may show potential in the future. 

 Molecular methods, when brought to routine POC use, have the potential to provide 
performance equivalent to that of laboratory-based methods. Methods must be chosen 
to have extreme sensitivity to detect small numbers of organisms in limited sample 
volumes, and further automation and miniaturization of platforms is desirable  [  28  ] . 
This is the situation in a number of infectious diseases; for example, tuberculous 
meningitis, where the paucibacillary nature of the cerebrospinal  fl uid has challenged 
the development of effective molecular assays  [  29  ] . 

 Molecular methods at POC will bring new challenges to those who administer 
and perform POCT. In addition to the usual QA and QC associated with any POCT, 
molecular POCT will require procedures for controlling contamination with both 
ampli fi ed material and patient-derived materials. QC of each stage of the analytical 
procedure; extraction, ampli fi cation, and detection, may make trouble-shooting 
more challenging. The phenomenon of inhibited specimens may require operators 
to report more complex results than “positive” or “negative.” POC molecular instru-
ments are likely to be more complex than current systems such as glucose testing 
systems and may, initially, lack some of the sophisticated POC management tools 
associated with traditional POC platforms  [  30  ] . 

 Molecular diagnostic technologies are transforming the diagnosis of infectious 
diseases. Current and emerging clinical needs; increased acuity of inpatient care, 
expanded outpatient care, and an increasingly mobile population; the need to 
control healthcare-acquired infections, and novel antibiotic resistance mechanisms, 
will all drive molecular microbiology to the POC  [  31  ] .      

   References 

    1.    Breslauer DN, Maamari RN, Switz NA, Lam WA, Fletcher DA (2009) Mobile phone based 
clinical microscopy for global health applications. PLoS One 4:e6320  

    2.    Kim DH, Spencer M, Davidson SM et al (2009) Institutional prescreening for detection and 
eradication of methicillin-resistant  Staphylococcus aureus  in patients undergoing elective 
orthopaedic surgery. J Bone Joint Surg Am 92:1820–1826  

    3.    Bode LG, Kluytmans JA, Wertheim HF et al (2010) Preventing surgical-site infections in nasal 
carriers of  Staphylococcus aureus . N Engl J Med 362:9–17  

    4.    Jain R, Kralovic SM, Evans ME et al (2011) Veterans Affairs initiative to prevent methicillin-
resistant  Staphylococcus aureus  infections. N Engl J Med 364:1419–1430  

    5.    Robicsek A, Beaumont JL, Paule SM et al (2008) Universal surveillance for methicillin-resis-
tant  Staphylococcus aureus  in 3 af fi liated hospitals. Ann Intern Med 148:409–418  

    6.    Huskins WC, Huckabee CM, O’Grady NP et al (2011) Intervention to reduce transmission of 
resistant bacteria in intensive care. N Engl J Med 364:1407–1418  

    7.    Wolk DM, Picton E, Johnson D et al (2009) Multicenter evaluation of the Cepheid Xpert 
methicillin-resistant  Staphylococcus aureus  (MRSA) test as a rapid screening method for 
detection of MRSA in nares. J Clin Microbiol 47:758–764  



62533 Technical and Clinical Niches for Point of Care Molecular Devices

    8.    Voelker R (2010) Increased  Clostridium dif fi cile  virulence demands new treatment approach. 
JAMA 303:2017–2019  

    9.    Noren T, Alriksson I, Andersson J, Akerlund T, Unemo M (2011) Rapid and sensitive loop-
mediated isothermal ampli fi cation (LAMP) test for  Clostridium dif fi cile  diagnosis challenges 
cytotoxin b cell test and culture as gold standard. J Clin Microbiol 49(2):710–711  

    10.    O’Connor JR, Johnson S, Gerding DN (2009)  Clostridium dif fi cile  infection caused by the 
epidemic BI/NAP1/027 strain. Gastroenterology 136:1913–1924  

    11.    Tenover FC, Akerlund T, Gerding DN et al (2011) Comparison of strain typing results for 
 Clostridium dif fi cile  isolates from North America. J Clin Microbiol 49:1831–1837  

    12.    Sambol AR, Iwen PC, Pieretti M et al (2010) Validation of the Cepheid Xpert Flu A real time 
RT-PCR detection panel for emergency use authorization. J Clin Virol 48:234–238  

    13.    Rand KH, Rampersaud H, Houck HJ (2011) Comparison of two multiplex methods for detec-
tion of respiratory viruses: FilmArray RP and xTAG RVP. J Clin Microbiol 49(7):2449–2453  

    14.    Ginocchio CC (2011) Strengths and weaknesses of FDA-approved/cleared diagnostic devices 
for the molecular detection of respiratory pathogens. Clin Infect Dis 52(Suppl 4):S312–S325  

    15.    Gazin M, Lammens C, Goossens H, Malhotra-Kumar S (2012) Evaluation of GeneOhm VanR 
and Xpert vanA/vanB molecular assays for the rapid detection of vancomycin-resistant entero-
cocci. Eur J Clin Microbiol Infect Dis 31(3):273–276  

    16.    Stamper PD, Cai M, Lema C, Eskey K, Carroll KC (2007) Comparison of the BD GeneOhm 
VanR assay to culture for identi fi cation of vancomycin-resistant enterococci in rectal and stool 
specimens. J Clin Microbiol 45:3360–3365  

    17.    Church DL, Baxter H, Lloyd T, Miller B, Gregson DB (2011) Evaluation of the Xpert(R) 
group B streptococcus real-time polymerase chain reaction assay compared to StrepB Carrot 
Broth for the rapid intrapartum detection of group B streptococcus colonization. Diagn 
Microbiol Infect Dis 69:460–462  

    18.    El Helali N, Nguyen JC, Ly A, Giovangrandi Y, Trinquart L (2009) Diagnostic accuracy of a 
rapid real-time polymerase chain reaction assay for universal intrapartum group B streptococcus 
screening. Clin Infect Dis 49:417–423  

    19.    Kost CB, Rogers B, Oberste MS et al (2007) Multicenter beta trial of the GeneXpert enterovirus 
assay. J Clin Microbiol 45:1081–1086  

    20.    Petitjean J, Vabret A, Dina J, Gouarin S, Freymuth F (2006) Development and evaluation of a 
real-time RT-PCR assay on the LightCycler for the rapid detection of enterovirus in cerebro-
spinal  fl uid specimens. J Clin Virol 35:278–284  

    21.    Brown HL, Fuller DD, Jasper LT, Davis TE, Wright JD (2004) Clinical evaluation of af fi rm 
VPIII in the detection and identi fi cation of  Trichomonas vaginalis ,  Gardnerella vaginalis , and 
 Candida  species in vaginitis/vaginosis. Infect Dis Obstet Gynecol 12:17–21  

    22.    Boehme CC, Nabeta P, Hillemann D et al (2010) Rapid molecular detection of tuberculosis 
and rifampin resistance. N Engl J Med 363:1005–1015  

    23.    Helb D, Jones M, Story E et al (2010) Rapid detection of  Mycobacterium tuberculosis  and 
rifampin resistance by use of on-demand, near-patient technology. J Clin Microbiol 48:
229–237  

    24.    Boehme CC, Nicol MP, Nabeta P et al (2011) Feasibility, diagnostic accuracy, and effectiveness 
of decentralised use of the Xpert MTB/RIF test for diagnosis of tuberculosis and multidrug 
resistance: a multicentre implementation study. Lancet 377:1495–1505  

    25.    Lim DV, Simpson JM, Kearns EA, Kramer MF (2005) Current and developing technologies 
for monitoring agents of bioterrorism and biowarfare. Clin Microbiol Rev 18:583–607  

    26.    Loiez C, Herwegh S, Courcol RJ (2011) Usefulness of real-time PCR for the diagnosis of 
sepsis in ICU-acquired infections. Infect Disord Drug Targets 11(4):348–353  

    27.    Garnacho-Montero J, Aldabo-Pallas T, Garnacho-Montero C et al (2006) Timing of adequate 
antibiotic therapy is a greater determinant of outcome than are TNF and IL-10 polymorphisms 
in patients with sepsis. Crit Care 10:R111  

    28.    Kiechle FL, Holland CA (2009) Point-of-care testing and molecular diagnostics: miniaturiza-
tion required. Clin Lab Med 29:555–560  



626 E.J. Baron and S. Campbell

    29.    Baron EJ, Carroll K (2005) Rapid diagnosis of tuberculous meningitis: what is the optimal 
method? Infect Med 22:633–637  

    30.    Kim JY, Lewandrowski K (2009) Point-of-care testing informatics. Clin Lab Med 
29:449–461  

    31.   American Academy of Microbiology Report (2008) Clinical microbiology in the 21st century: 
keeping the pace. American Academy of Microbiology, Washington, DC. Available at   http://
www.escmid.org/ fi leadmin/src/media/PDFs/4ESCMID_Library/5Directives_Reports/other_
reports/Clinical_Microbiology_in_the_21st_Century.pdf          

http://www.escmid.org/fileadmin/src/media/PDFs/4ESCMID_Library/5Directives_Reports/other_reports/Clinical_Microbiology_in_the_21st_Century.pdf
http://www.escmid.org/fileadmin/src/media/PDFs/4ESCMID_Library/5Directives_Reports/other_reports/Clinical_Microbiology_in_the_21st_Century.pdf
http://www.escmid.org/fileadmin/src/media/PDFs/4ESCMID_Library/5Directives_Reports/other_reports/Clinical_Microbiology_in_the_21st_Century.pdf


627Y.-W. Tang and C.W. Stratton (eds.), Advanced Techniques in Diagnostic Microbiology, 
DOI 10.1007/978-1-4614-3970-7_34, © Springer Science+Business Media New York 2013

         Introduction: The Needs, Wants, and Challenges 

 We are entering the age of personalized medicine where treatments are designed to 
target speci fi c causes, rather than a group of patients with similar symptoms. 
However, personalized medicine is impossible without a personalized diagnosis that 
considers all the possible causes of a person’s disease. Traditional molecular diag-
nostic methods, such as PCR and qPCR, cannot provide the necessary information to 
practice personalized medicine, because they cannot be multiplexed, allowing the 
detection of only one or a few (no more than 3) targets at a time in one sample. 
Practicing personalized medicine, therefore, requires multiplex PCR (mPCR), which 
can evaluate many molecular targets at once, in one reaction, from one sample. 

 For most infectious diseases, the clinical presentations are often not speci fi c 
enough to allow for a de fi nitive diagnosis of the causative pathogen. Coughing and 
fever, for example, are symptoms that may be caused by many different bacterial or 
viral infections. Thus, for better treatment and disease control, a molecular differential 
diagnostic (MDD) assay that can pinpoint the offending pathogen associated with a 
clinical syndrome is needed. MDDs are essential tools for effective infectious 
disease surveillance, biodefense, and personalized medicine. 

 MDDs are  needed  for emerging infectious disease surveillance and control. 
When outbreaks such as SARS occur, public health of fi cials and laboratory scien-
tists often struggle for weeks, if not longer, to identify the offending pathogen. With 
MDDs available, scientists involved in an outbreak investigation can quickly rule 
out many pathogens associated with similar clinical symptoms and focus on new, 
emerging infections. An MDD test can also aid in the management of a public 
health crisis by helping healthcare personnel in triaging patients and determining 
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which patients should be isolated, as well as identifying environmental sources of 
contamination within an intensive care unit (ICU) or patient hospital room. 

 MDDs are needed for homeland security and biodefense. With the current global 
political atmosphere, biodefense threats are a reality. A  fi rst-response technology 
could quickly identify a bioterrorism agent and control the spread of the pathogen. 
Without the availability of MDDs for rapid pathogen identi fi cation, the bioterrorism 
agent may go undetermined for days. Every hour wasted in determining the causative 
agent provides a greater opportunity for pathogen spread and panic to occur. 

 MDDs are needed for delivering true personalized medicine, which focuses on 
treating the patient, rather than the disease. It is genotype-based, rather than 
phenotype- or symptom-based medicine. An MDD test also makes it possible to 
practice  theranosis  (therapy guided by a diagnosis) by developing or reclassifying 
drugs that speci fi cally target the molecular cause of the disease. If pharmacogenom-
ics is the development of drugs based on individual genotypes, then theranosis is the 
administration of drugs based on individual (or infectious agent) genotypes. 

 It is clear that MDDs are  needed , but in order to make the assays practical, we 
 want  them to have the following advanced features:

    • Multiplex capabilities . The de fi nition of multiplexing is “receiving multiple 
signals from the same source.” For MDDs, multiplexing refers to the ability to 
conduct multiple genotyping tests at the same time and within the same sample. 
We  want  multiplexing because it requires only small amounts of precious patient 
sample; it allows the clinician to run fewer tests, while acquiring more relevant 
information; it reduces the amount of reagents, consumables, and time involved; 
and, most importantly, it can save lives. For infectious disease MDDs, we  want  a 
multiplex test that can identify all pathogens related to a clinical syndrome or 
detect all the genes and mutations responsible for the drug-resistance 
phenotype.  
   • Speci fi city . Even though multiple microorganisms are studied simultaneously, 
we want only the pathogens associated with the infection to be identi fi ed and 
with a high level of con fi dence.  
   • Sensitivity . We want an MDD to be able to identify a pathogen or drug resistance 
 directly  from a patient sample rather than from an enrichment culture. Using 
the patient sample directly eliminates the time required for bacterial or viral 
culture preparation and enzymatic testing. However, in order to bypass this 
propagation step, the assay must be sensitive enough to detect only a small amount 
of pathogen material in the patient sample.  
   • Reliability . For clinical application of MDDs, a consistent performance from 
assay to assay and from lot to lot is required.  
   • Speed . For an MDD to be practical for infectious disease diagnosis and treat-
ment, it must be locally available and produce results within a few hours.  
   • Automation . An MDD should not require a PhD scientist: it should be user-
friendly, and no special training should be required to perform the assay. The 
MDD system should also be easily integrated into standard molecular laboratory 
practice and should be automatable.  
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   • Closed system . A challenge to widespread use of MDD is the risk of template or 
amplicon contamination of the work environment, which may lead to false 
positives. One advantage of qPCR is that the speci fi c detection step is carried out 
inside the PCR tube, in real time, without the need to reopen the tube. To make 
MDD practical, it must be carried out in a closed system.  
   • Affordability . MDDs should be cost-effective.    

 The technology advances in this postgenomic era have made sequence information 
readily available for almost all known pathogenic microorganisms. Based on this 
information and armed with standard molecular tools, scientists have developed 
molecular assays, usually PCR-based, for almost every infectious pathogen. A simple 
internet keyword search for a pathogen name together with “PCR” will produce 
several pages referencing speci fi c tests for that pathogen. From this exercise, it 
seems possible that the basic  needs  for molecular differential diagnosis can be met. 
However, to produce the MDD assay we really  want , some unique technical challenges 
must be addressed. 

 The most dif fi cult challenge is multiplexing. While PCR technology has been 
established for nearly 30 years, multiplex PCR is still very dif fi cult to accomplish. 
There are many publications that claim multiplex PCR applications, but here we 
consider true multiplexing to be the detection of 5 or more targets in one reaction. 
The following is a list of common challenges associated with multiplexing.

    • Incompatible loci . Each target in a multiplex PCR requires its own optimal 
conditions, and these may be incompatible between targets; therefore, increasing 
the number of multiplex targets makes  fi nding satisfactory common conditions 
dif fi cult and, in many instances, impossible.  
   • Lack of speci fi city . Multiple sets of high-concentration primers in a system often 
generate primer dimers or nonspeci fi c background. Lack of speci fi city also adds 
operational burdens by requiring post-PCR cleanup and multiple posthybridization 
washes, which make automation very dif fi cult.  
   • Lack of sensitivity . Crowded primers reduce ampli fi cation ef fi ciency and waste 
resources by occupying enzymes and consuming substrates.  
   • Uneven ampli fi cation . Differences in ampli fi cation ef fi ciency may lead to large 
discrepancies in amplicon yield. In a multiplex system, some loci may amplify 
very well, while others may amplify poorly or even fail to amplify. Uneven 
ampli fi cation makes it impossible to accurately perform end-point quantitative 
analysis.  
   • Lot-to-lot variation . Because large amounts of primers are consumed in each 
reaction, and manufacturers can generate only a limited number of assays per lot, 
quality control and quality assurance can be dif fi cult. The resulting poor repeat-
ability makes it very dif fi cult to gain FDA approval and therefore restricts large-
scale use of the technology.    

 In the following discussions of this chapter, we present several mPCR methods 
and describe their applications. We also introduce multiplex hardware platforms.  
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   Novel Multiplex PCR Technologies 

 The dif fi culty of mPCR assays may be appreciated by an analogy to a three-legged 
race: each primer pair is like two people tied together at the ankle who must work 
together to reach the  fi nish line (amplify their target). However, the goal of an mPCR 
race is not for one team to  fi nish  fi rst, but for all teams (primer pairs) to reach the 
 fi nish line at about the same time (obtain equal ampli fi cation of all targets). 

 This is why mPCR is so dif fi cult. There are two major con fl icts: for a particular 
ampli fi cation target, the forward and reverse primers need to be compatible and in 
sync, while for all the targets, the ampli fi cation ef fi ciency also need to be in sync. 
The following table (Table  34.1 ) outlines four recently developed methods that have 
tried to resolve these con fl icts to make mPCR work.  

   Target-Enriched Multiplex PCR or tem-PCR 

 The tem-PCR method was  fi rst reported in 2006 by Han and colleagues  [  1  ] . In 2010, 
the US patent (7,851,148) was awarded, and the technology has been commercial-
ized by Qiagen (Products) and Diatherix (Services). Figure  34.1  illustrates the tem-
PCR method.  

 For each target in the multiplex PCR reaction, nested gene-speci fi c primers are 
designed and included in the reaction ( Fo  forward out,  Fi  forward in,  Ri  reverse in, 
and  Ro  reverse out). These primers are used at extremely low concentrations and are 
used only to enrich the targets during the  fi rst few cycles of PCR. Some of these 
gene-speci fi c primers have tag sequences that can be recognized by a universal set 
of primers, called SuperPrimers™, which are included in the same reaction system 
together with the gene-speci fi c nested primers. Only the SuperPrimers are included 
at a concentration necessary for exponential ampli fi cation, and only the reverse 
SuperPrimer is labeled. For detection, labeled PCR products are detected with a 

   Table 34.1    Current multiplex nucleic acid ampli fi cation techniques   

 Method  Reference  Patent#  Company 

 Target enriched 
multiplex PCR 
(tem-PCR) 

 Han et al.  [  1  ]   7,851,148  Qiagen/Diatherix 

 Dual-priming 
oligonucleotide 
PCR (DPO) 

 Chun et al.  [  2  ]   WO/2008/143367  Seegene 

 Nested Patch PCR  Varley and Mitra  [  3  ]   20100129874 
(pending) 

 Kailos Genetics 

 Amplicon rescued 
multiplex PCR 
(arm-PCR) 

 Wang et al.  [  4  ]   7,999,092  HudsonAlpha Institute 
for Biotechnology 
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complementary capture probe that is covalently coupled to a color-coded bead 
(Luminex platform) or printed array, or are sequenced. 

 tem-PCR addresses two of the most dif fi cult problems inherent in multiplex 
PCR: (1) incompatibility of ampli fi cation conditions between different primer sets 
and (2) background ampli fi cation associated with high concentrations of primers. 

 First, in a standard multiplex PCR reaction, if there are six targets to be ampli fi ed, 
each may require a different optimal annealing temperature or buffer formula. When 
the number of multiplex targets increases, it forces all primer sets to work under a 
single ampli fi cation pro fi le; therefore, multiplex PCR is nearly impossible under 
standard conditions. With tem-PCR, there are two sets of nested primers for each 
target in the enrichment stage. This design gives rise to four possible forward and 
reverse primer combinations for ampli fi cation. Each combination may have its own 
optimal ampli fi cation pro fi le, but given four ampli fi cation opportunities, a common 
condition that satis fi es all targets can be attained. 

 Second, standard multiplex PCR utilizes multiple sets of labeled primers at high 
concentrations, which can associate with one another to form dimers or create 
nonspeci fi c background ampli fi cation. Reduced ampli fi cation ef fi ciency can also 
occur when primers occupy active sites on the polymerase. In addition, unused 
labeled primers produce background signal and use up reagents during the detection 
part of the assay. Because of these issues, post-PCR cleanup (such as spin column 
puri fi cation) is often required to remove these labeled primers before they can be 
used as probes. Yet, high-concentration primers are only required in the last cycles 
of a PCR reaction. With tem-PCR, the amounts of gene-speci fi c primers used is 
only enough to enrich the targets and incorporate the SuperPrimer tag into the PCR 
products. After enrichment and tag incorporation, ampli fi cation is carried out with 
only one pair of primers. Because only one pair of primers is labeled, the back-
ground is low; therefore, no post-PCR cleanup is required. The PCR reaction is also 
very speci fi c and sensitive, and no posthybridization washes are necessary. This 
feature makes it feasible to fully automate the laboratory procedures and perform 
high-throughput clinical studies. 

 The tem-PCR method also allows semiquantitative analysis of coinfections. 
With traditional multiplex PCR, each primer set, or each locus, has its own 
ampli fi cation ef fi ciency. Hence, at the end of ampli fi cation cycling, the signal ratio of 

  Fig. 34.1    In the tem-PCR method (target-enriched multiplex PCR), nested gene-speci fi c primers 
are designed to enrich the targets during the initial cycles. Later, a SuperPrimer™ pair is used to 
amplify all targets       
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PCR products from different loci will not re fl ect the original ratio of the templates. 
With tem-PCR, the only primers used for exponential ampli fi cation are the pair of 
SuperPrimers. Consequently, all coampli fi ed loci will have the same ampli fi cation 
ef fi ciency. As a result, the end-point reading re fl ects the original copy number ratios 
between the coampli fi ed targets. 

 tem-PCR is a  fl exible technology. Increased compatibility among multiple 
targets means that existing panels can be reorganized and remixed to build new 
panels. In addition, new ampli fi cation targets can be added without signi fi cantly 
reducing the sensitivity of the panel. 

 Continuing with the three-legged race analogy, the tem-PCR method does not 
rush all the paired runners to the  fi nish line, but instead gives each time to run at 
their own pace at the beginning of the race. Once all the pairs (all the targets) have 
learned how to run in sync, the “SuperPrimer bus” will pick everyone up and carry 
them to the  fi nish line together.  

   Dual-Priming Oligonucleotide (DPO) mPCR 

 The DPO mPCR method was  fi rst reported by Chun and colleagues  [  2  ] . The 
International patent (WO/2008/143367) describing the application of the method 
was awarded in 2008, and the technology has been commercialized by Seegene 
(Korea). Figure  34.2  illustrates the DPO method.  

 The DPO system has two separate primer segments, one of which is longer than 
the other, joined by a polydeoxyinosine linker. Deoxyinosine is known to have a 
relatively low melting temperature compared to the natural bases, due to weaker 
hydrogen bonding. Thus, the authors hypothesized that the poly(I) linker inserted 
between two stretches of natural bases would form a bubble-like structure and 

  Fig. 34.2    Schematic diagram of long conventional primer-based and dual-primer oligonucleotide 
(DPO)-based PCR strategies       
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separate a signal primer into two functional regions at a certain annealing temparature: 
a 5 ¢ -segment 18–25 nt in length and a 3 ¢ -segment 6–12 nt in length. This unequal 
distribution of nucleotides leads to a different annealing preference for each 
segment. The longer 5 ¢ -segment preferentially binds to the template DNA and initi-
ates stable annealing, whereas the short 3 ¢ -segment selectively binds to its target site 
and blocks nonspeci fi c annealing. Therefore, only target-speci fi c extension will 
result from the successive priming of both the 5 ¢  and 3 ¢  segments of the DPO. 

 The DPO mPCR method successfully addresses the nonspeci fi c priming issue. 
If we use the three-legged race analogy again here, the DPO method is successful 
by preselecting the athletes: only those  fi t to run are allowed in the race. There is no 
SuperPrimer bus to pick up teams in the middle of the race (no universal primers), 
so every pair has to run their own race from beginning to end.  

   Nested Patch PCR Method 

 The Nested Patch mPCR method was  fi rst reported by Varley and Mitra  [  3  ] . The 
patent (20100129874) is pending, and the technology is commercialized by Kailos 
Genetics (US). Figure  34.3  illustrates the Nested Patch method.  

 Like the DPO mPCR method, the Nested Patch PCR also intends to solve the 
problem of mispriming events that are typical of standard multiplex PCR. Like tem-
PCR, the Nested Patch PCR method also requires four oligonucleotide hybridiza-
tions per locus, giving more speci fi c ampli fi cation than standard multiplex PCR, 
which requires only two hybridizations per target locus. 

 Nested Patch PCR begins with a regular PCR reaction using primers with uracil 
substituted for thymine. PCR is  fi rst carried out for only a few cycles, which aims 
to de fi ne the ends of the targeted regions. The primers are then cleaved from the 
amplicons by the addition of an enzyme mix containing uracil DNA glycosylase. 
The ends of the target region are then internal to the PCR primer sequences. Next, 
Nested Patch oligonucleotides are annealed to the target amplicons and serve as a 
patch between the correct amplicons and universal primers. The universal primers 
are then ligated to the amplicons. The ligation reaction is highly speci fi c, because 
thermostable ligases are used and will discriminate against mismatches at the junc-
tion. Signal is further enhanced by exonuclease digestion to remove mis-priming 
products or genomic DNA. The selected amplicons are protected from digestion by 
a 3 ¢  modi fi cation of the universal primer. The selected amplicons are then ampli fi ed 
together by PCR with the universal primers. Even though there are many enzymatic 
steps involved in the protocol, it is an addition-only process; therefore, it is quite 
easy to perform and can be automated. 

 With Nested Patch PCR, the exponential phase of the ampli fi cation is carried out 
with the universal primers. Again, using the three-legged race analogy, all the paired 
runners are picked up by a universal primer bus after the initial enrichment of 
speci fi c targets; in this case, the target enrichment is carried out with the aid of 
specially designed primers and a series of enzymes.  
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   Amplicon Rescued Multiplex PCR (arm-PCR) 

 The arm-PCR method was  fi rst reported in 2010 by Wang and colleagues  [  4  ] . The 
patent (7,999,092) describing the arm-PCR process was awarded in 2011, and the 
technology has been assigned to the HudsonAlpha Institute for Biotechnology (US) 
and licensed to iCubate and iRepertoire for commercialization in diagnostic and 
immune repertoire sequencing applications, respectively. Figure  34.4  illustrates the 
arm-PCR method.  

  Fig. 34.3    Schematic diagram of Nested Patch PCR. ( a ) Using primers with uracil substituted for 
thymine, multiple primer pairs PCR amplify different targets from genomic DNA. The primers are 
then cleaved from the amplicons by the addition of heat-labile uracil DNA glycosylase, endonu-
clease VIII, and single-strand-speci fi c exonuclease I. ( b ) The ends of the target regions are now 
internal to the PCR primers (nested). ( c ) Nested-patch oligonucleotides are annealed to the target 
amplicons and serve as a patch between the correct amplicons and universal primers. The universal 
primers are then ligated to the amplicons. The universal primer on the 3 ¢  end of the amplicon is 
modi fi ed with a three-carbon spacer that protects the selected amplicon from the  fi nal exonuclease 
reaction that degrades nonspeci fi c products. ( d ) The selected amplicons are then PCR ampli fi ed 
together using universal primers       
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 Similar to tem-PCR, the arm-PCR method also uses nested gene-speci fi c primers 
to solve the loci incompatibility problem. There are, however, two major differ-
ences between tem-PCR and arm-PCR: (1) with tem-PCR, the concentrations of 
gene-speci fi c nested primers are very low, but with arm-PCR, the primer concentra-
tions are high in order to increase ampli fi cation sensitivity and ef fi ciency; (2) 
with tem-PCR, the universal SuperPrimers are included in the initial reaction 
together with the nested gene-speci fi c primers, but with arm-PCR, the universal prim-
ers are not included in the initial reaction. The amplicons from the  fi rst round of 
PCR are rescued after removing the nested primers, and the universal, communal 
primers are then added for a second round of PCR. 

 If we refer to the three-legged race analogy again, like the tem-PCR and Nested 
Patched PCR methods, the arm-PCR method uses a SuperPrimer bus to carry all the 

  Fig. 34.4    Schematic diagram of amplicon-rescued multiplex PCR (arm-PCR). For each target in 
a mPCR reaction, a set of nested sequence-speci fi c primers is designed ( Fo  forward-out,  Fi  
forward-in,  Fa  additional forward primers,  Ro  reverse-out,  Ri  reverse-in,  Ra  additional reverse 
primers). A pair of common sequence tags is linked to all internal primers (Fi and Ri). Once these 
tags are incorporated into PCR products in the  fi rst few PCR cycles, an exponential phase of 
ampli fi cation can be carried out with a pair of communal primers, which can pair with the tag 
sequences. In the  fi rst round of ampli fi cation, only sequence-speci fi c nested primers are used. 
The nested primers are then removed by exonuclease digestion and the  fi rst-round PCR products 
are used as templates for a second round of ampli fi cation by adding communal primers and a 
mixture of fresh enzyme and dNTP       
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runners to the  fi nish line once initial target enrichment is achieved. The  fi rst round 
of ampli fi cation is used to achieve speci fi city and introduce the universal tag into 
the PCR products. The second round of ampli fi cation is used to achieve sensitivity 
by ef fi cient and semiquantitative ampli fi cation of all targets by using only one pair 
of primers. 

 We have described four mPCR methods, and there are many additional publi-
cations claiming multiplexing capabilities. When it is time to decide which method 
to use for infectious disease molecular diagnosis, however, we need to ask a few key 
questions: (1) Is the technology really a multiplex ampli fi cation method or it is only 
a multiplex detection method? (2) Is it easy to develop assays based on the method? 
(3) Is the method easy to use and can it be automated? (4) How is this multiplex 
ampli fi cation method incorporated with a downstream detection platform? 
(5) Finally, what about the assay speci fi city and sensitivity?   

   Vertical Integration to Provide a Complete Molecular 
Diagnostic Solution 

 MDD is a comprehensive process that includes three major steps: nucleic acid 
isolation, ampli fi cation, and detection (Fig.  34.5 ). There are many methods for 
completing each of the three steps in this process. Furthermore, a wide variety of 
instrument platforms are available to facilitate or automate each of these methods. 
To make MDD a routine clinical practice, these choices must be weighed against 
each other to obtain the best possible combination of methods and platforms to carry 

  Fig. 34.5    System integration to achieve practical multiplex PCR solutions       
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out the task. This process of vertical integration can produce multiple possibilities. 
Thus, if MDD is to be the next breakthrough in modern medicine, we must choose 
wisely which technology integration path to take.  

 The biotech industry is very much like the information technology industry 
(Table  34.2 ), where an application is developed by using a combination of hardware 
(the platform) and software (the basic methodology and reagent system). A research 
tools company may choose different combinations of methods and platforms, so 
that a particular ampli fi cation method can be followed by one of many different 
detection methods. For example, to build a molecular diagnostic system, PCR 
ampli fi cation may be paired with multiple detection methods, such as direct hybrid-
ization, gel analysis, or sequencing. One should also note that a particular method 
can be performed on multiple platforms. The most successful biotech companies 
and clinical laboratories are those that are able to develop such applications through 
technology integration and innovation.  

   Detection Methods and Platforms 

 We have described four novel mPCR technologies in this chapter. The next step 
after ampli fi cation is detection of the speci fi c PCR products. Currently, there are 
two major detection methods: sequencing and hybridization. Table  34.3  lists several 
methods and representative platforms.  

   Table 34.2    Comparison of information technology and biotechnology for multiplex PCR   

 IT  Biotech 

 Hardware  PC or Apple  Luminex xMAP, Affymetrix chip,  fl ow 
cytometry, next-gen sequencing, iCubate 

 Operation systems  Windows, Mac 
OS, Linux 

 PCR, qPCR, mPCR 

 Applications  Word, Excel, 
Powerpoint 

 HIV, bloodstream infection panels, HPV 
typing 

   Table 34.3    Comparison of different nucleic acid detection methods and platforms   

 Method  Platform  Throughput  Speci fi city  Sensitivity 
 Ease 
of use  Company  Price 

 Sequencing  HiSeq  +++++  +++++  ++  ++  Illumina  High 
 Sequencing  MiSeq  ++++  +++++  ++  ++  Illumina  Medium 
 Sequencing  454  +++++  +++++  ++  ++  Roche  High 
 Sequencing  454 Jr  ++++  +++++  ++  ++  Roche  Medium 
 Hybridization  Luminex  +++  +++  ++++  +++  Luminex  Medium 
 Hybridization  eSensor  ++  +++  +++  +++  GenMark Dx  Medium 
 Hybridization  Verigene  ++  +++  +++  +++  Nanosphere  Medium 
 Hybridization  iCubate  ++  +++  ++++  ++++  iCubate  Medium 
 Invader assay  Invader  ++  +++  +++  ++  Hologic  Medium 
 Electrophoresis  Gel box  +  +  +  +  Bio-Rad  Low 
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 Before discussing detection platforms, it will be helpful to address a common 
misunderstanding regarding the use of next-generation sequencing in molecular 
diagnosis of infectious diseases. It is sometimes believed that, with the advance of 
high throughput sequencing technology and the accompanying rapid price drop, 
PCR will soon become an outdated technology and will no longer be needed. This 
is not true. Because sequencing is only a detection technology, it cannot increase the 
signal-to-noise ratio, which is critical in infectious disease diagnosis. For example, 
in bloodstream infections, peripheral blood samples from patients may have only 20 
copies of the bacterial genome per milliliter of blood, but will have millions copies 
of the host genome. At that low signal-to-noise ratio, false positive rates will be 
extremely high and unacceptable for clinical applications. High-throughput sequenc-
ing will be useful in infectious disease diagnosis only if the signal-to-noise ratio can 
be increased signi fi cantly, and that requires mPCR. 

 mPCR products can be sequenced directly with relatively low cost thanks to 
technology advances in this  fi eld. To further reduce the cost, a molecular tag (bar-
code) system can be used during ampli fi cation; then, after ampli fi cation, hundreds 
of samples can be pooled together for one sequencing run, and software can be used 
to identify and differentiate the samples. The most promising sequencing platforms 
are Illumina MiSeq (  www.ilumina.com    ) and Roche 454 Jr (  www.roche.com    ), which 
both cost around $120,000 USD, while the reagents cost a few hundred dollars per 
run. If 10–20 samples are pooled in one run, the sequence analysis cost per sample 
will be under $50. 

 If abundant and speci fi c DNA targets can be generated by an ef fi cient ampli fi cation 
method, detection is more straightforward and rapid. The challenge then becomes 
providing an accurate measurement of the ampli fi cation products in a rapid, high-
throughput, and low-cost format. 

 The simplest detection method is hybridization, which occurs without an enzy-
matic reaction. One strand of DNA binds to its complementary strand in solution via 
hydrogen bonding, and speci fi city is controlled by temperature and salt concentra-
tion. Typically, a detectable molecule ( fl uorescent dye or radioisotope) is attached 
to one strand of DNA, which can be recognized by a detection device. Because of 
its ease of use, hybridization is the method of choice for many detection platforms. 

 High-throughput DNA hybridization is performed with arrays. Currently, nucleic 
acids are arrayed on solid supports that are either glass slides or nylon membranes. 
Depending on the type of array, targets can be composed of oligonucleotides, PCR 
products, cDNA vectors, or puri fi ed inserts. The sequences on an array may represent 
entire genomes, including both known and unknown sequences, or they may be 
collections of sequences, such as apoptosis-related genes or cytokines. Many premade 
and custom arrays are available from commercial manufacturers, though many labs 
prepare their own arrays with the help of robotic arrayers. The methods of probe label-
ing, hybridization, and detection depend on the solid support to which the sequences 
are bound. Typically,  fl uorescent-labeled probes are used with glass arrays. 

 Luminex xMAP technology (  www.luminexcorp.com    ) is also an array of sorts; 
however, unlike other arrays, the solid support for probe binding is provided by 
microspheres in suspension. Therefore, Luminex xMAP technology is also known 

http://www.ilumina.com
http://www.roche.com
http://www.luminexcorp.com
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as a “liquid chip” or “suspension array.” With xMAP technology, molecular 
reactions take place on the surface of color-coded beads (microspheres). For each 
pathogen, target-speci fi c capture probes are covalently linked to a speci fi c set of 
color-coded microspheres. Labeled PCR products are captured by the bead-bound 
capture probes in a hybridization suspension. A micro fl uidics system delivers the 
suspension hybridization reaction mixture to a dual-laser detection device. A red 
laser identi fi es each bead by its color-coding, while a green laser detects the hybrid-
ization signal associated with each bead. Software is used to collect the data and 
report the results in a matter of seconds. 

 This platform is speci fi c, because only the probes that are captured by the beads 
are recognized by the green laser as signal. Any signal not associated with a speci fi c 
set of color-coded beads is considered background. The platform is also very sensitive. 
Each bead has as many as 10 8  COOH groups on its surface for linking capture oligos. 
The green laser can detect the signal for as few as eight  fl uorescent-labeled probes 
that are captured by a bead. Another important feature of the xMAP platform is its 
repeatability. Because everything occurs in a homogeneous solution (from bead 
manufacture, color-code staining, and capture probe coupling to product hybridiza-
tion and data collection), highly repeatable results are obtained with this platform. 
The xMAP method for collecting and reporting data also contributes to repeatability. 
Typically, there are 5,000 beads added per reaction for each color-coded bead set. 
Each bead set is speci fi c for a particular disease marker, such as a mutation or a 
pathogen. The laser counts 100 microspheres from each bead set and reports the 
median  fl uorescent intensity (MFI). Thus, the data represents 100 microbead-
associated data points, not just one data point produced by a standard array. 

 The eSensor XT-8 system developed and marketed by GenMark Dx (  www.
GenMarkdx.com    ) is also an array-based detection platform. Capture oligos are 
printed onto an electronic circuit board directly and eSensor detects electronic 
signals from the hybridized PCR products. The system is compact, very sensitive, 
and GenMark Dx has obtained FDA approval for several products for genetic muta-
tion detection. 

 The Verigen ®  system developed by Nanosphere (  www.nanosphere.us    ) is another 
very sensitive detection system, with a benchtop molecular diagnostic workstation 
that utilizes patented gold nanoparticle technology to detect nucleic acids. To use 
the Verigenii ®  system, target nucleic acid is simultaneously hybridized to capture 
oligonucleotides arrayed in replicate on a solid support (an array) and sequence-
speci fi c mediator oligonucleotides, with gold nanoparticle probes, that detect 
single-copy DNA regions in each target of interest. A washing step is carried out to 
remove unhybridized gold nanoparticle probes. Silver signal ampli fi cation is 
performed on the gold nanoparticle probes that are hybridized to captured DNA 
targets of interest. One more washing step is performed to remove unreacted signal 
ampli fi cation reagents. Qualitative analysis of results (reading the array) can then be 
performed on the Verigen ®  Reader. 

 The iCubate system (  www.icubate.com    ) is a new molecular diagnostic platform 
that uses a disposable cassette, a processor, and a reader to carry out sample prep, 
mPCR, array hybridization, washing, and detection steps. The detection is carried 

http://www.GenMarkdx.com
http://www.GenMarkdx.com
http://www.nanosphere.us
http://www.icubate.com
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out on a glass array, where capture probes are printed onto a 1-cm 2  piece of glass. 
mPCR products are captured by the array, and a gene-speci fi c detection probe is 
then hybridized to the PCR products for detection.  

   Integrated Solutions 

 An integrated solution is one that incorporates different methodologies and 
instruments to allow sample-to-answer results. Table  34.4  lists some examples of 
companies providing integrated solutions for molecular diagnosis of infectious 
pathogens. These companies are compared in the following categories: ampli fi cation 
methods; detection platforms; multiplexing capability of more than  fi ve targets; 
fully integrating sample prep, ampli fi cation, and detection steps to allow a maximum 
hands-on time of <3 min; and a closed reaction system so that amplicon contamina-
tion can be eliminated.  

 The Luminex Corporation, for example, has incorporated PCR (also reverse 
transcription PCR) with their xMAP/xTag detection platform and is offering an 
FDA-approved respiratory viral panel (RVP)  FAST  that detects eight viruses and 
subtypes: in fl uenza A, in fl uenza A subtype H1, in fl uenza A subtype H3, in fl uenza B, 
respiratory syncytial virus (RSV), human metapneumovirus (hMPV), rhinovirus, 
and adenovirus  [  5  ] . While Luminex is a highly ef fi cient detection platform, if 
traditional PCR is used to amplify multiple targets, the poor ampli fi cation ef fi ciency 
and low signal-to-noise ratio has forced users to perform post-PCR cleanup and 
posthybridization washes. These steps are dif fi cult to automate and perform in an 
enclosed system, risking amplicon contamination that may lead to false-positive 
results or high background. 

 Qiagen (  www.Qiagen.com    ) and Diatherix (  www.Diatherix.com    ) are using 
tem-PCR and Luminex xMAP technologies to provide infectious disease detection 
products and services. The tem-PCR method was  fi rst reported for HPV typing, 

   Table 34.4    Comparison of different integrated multiplex PCR solutions   

 Company 
 Ampli fi cation 
method  Detection platform 

 Multiplex 
capability 

 Sample-to-
answer 
automation 

 Closed 
system 

 Luminex  PCR  Luminex xMAP  Yes  No  No 
 Qiagen/Diatherix  tem-PCR  Luminex xMAP  Yes  No  No 
 Seegene  DPO PCR  Gel electrophoresis  Yes  No  No 
 iCubate  arm-PCR  iCubate  Yes  Yes  Yes 
 Roche  Real-time PCR  Light Cycler™  Limited  No  Yes 
 Cepheid  Real-time PCR  GeneXpert™  Limited  Yes  Yes 
 Gentura Dx  Real-time PCR  IDbox™  Limited  Yes  Yes 
 Idaho Technology  Real-time PCR  FilmArray  Limited  Yes  Yes 

http://www.Qiagen.com
http://www.Diatherix.com
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where 25 types of HPV were ampli fi ed and detected with one assay  [  1  ] . Since then, 
this mPCR method has been used to develop many multiplexed assays. 

 In 2006, Brunstein and Thomas reported the use of a tem-PCR-based multiplex 
respiratory pathogen identi fi cation assay on clinical specimens  [  6  ] . The same group 
also conducted a large-scale clinical study. From 1,742 clinical samples, they found 
that rapid molecular multiplex assays signi fi cantly increased the detection rate when 
compared with rapid direct  fl uorescent-antibody (DFA) assays, with an overall 
detection rate of 68 %, compared to 35 %. More interestingly, they found that over 
30 % of the patients had coinfections by detecting more than one pathogen in a 
sample  [  7  ] . Using the same tem-PCR technology, Li and coworkers evaluated a 
respiratory viral panel  [  8  ] , Zou and coworkers reported the development of a human 
in fl uenza typing panel that identi fi ed 15 human H5N1 infections in China  [  9  ] , and 
Tang and coworkers reported an evaluation of the StaphPlex System with 360 GPCC 
(gram-positive cocci in clusters) specimens  [  10  ] . This system detected 18 molecular 
targets in a multiplex assay for Staph identi fi cation and drug resistance gene 
detection. The StaphPlex system demonstrated 100 % sensitivity and speci fi city 
ranging from 95.5 to 100 % when used for staphylococcal cassette chromosome 
 mec  typing and PVL detection  [  10  ] . Benson and coworkers at the CDC reported the 
development of a respiratory bacterial panel that detected six pathogens, including 
 S. pneumoniae ,  Neisseria meningitidis , encapsulated or nonencapsulated  Haemophilus 
in fl uenzae ,  L. pneumophila ,  Mycoplasma pneumoniae , and  C. pneumoniae   [  11  ] , 
while Media Gegia and coworkers reported the evaluation of a tem-PCR based panel 
that detects 24  Mycobacterium tuberculosis  gene mutations responsible for resis-
tance to isoniazid, rifampin, streptomycin, and ethambutol  [  12  ] . 

 Even though Qiagen/Diatherix has also used Luminex xMAP technology for 
detection, the incorporation of tem-PCR multiplex ampli fi cation technology has 
made their assay much more user friendly. The Luminex RVP product uses several 
enzymatic steps, but the Qiagen ResPlex uses only one enzymatic step and elimi-
nates the washing steps after ampli fi cation and hybridization. However, the poten-
tial risk of amplicon contamination still exists, because the ampli fi cation and 
hybridization reactions are still set up in an open environment. 

 Seegene (  www.Seegene.com    ) has also developed a mPCR method (DPO PCR) 
that has made them a powerhouse of multiplex assay development. However, their 
detection platform lags behind and still uses gel electrophoresis to separate PCR 
products. This low-cost solution, however, has made their products more acceptable 
in emerging markets. The lack of automation and potential amplicon contamination 
may limit the ability of their products to penetrate the western market. 

 iCubate (  www.iCubate.com    ) has developed a novel mPCR method (arm-PCR) 
and also a fully automated system that can carry out magnetic bead-based DNA/
RNA extraction, arm-PCR ampli fi cation, array hybridization, washing, and signal 
acquisition steps. At the core of the iCubate technology is a single-use cassette that 
comes preloaded with all the reagents necessary to perform extraction, ampli fi cation, 
and detection steps. The closed design of the cassette guarantees that the high-
concentration amplicons contained inside have no chance of contaminating the lab. 
The iCubate iC-Processor allows for the automated processing of iCubate cassettes. 

http://www.Seegene.com
http://www.iCubate.com
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Computer-controlled robotics allow for automated sample prep, arm-PCR, 
hybridization, and washing procedures to be performed. Each processor can run from 
1 to 4 cassettes in a random access fashion; if more throughput is needed, up to 12 
units can be linked together to run up to 48 samples simultaneously. The iCubate iC-
Reader allows for automated data collection from iCubate cassettes. A high-speed 
rotating platter, laser, and photomultiplier tube allow the acquisition of data from 
each cassette in just seconds. The iCubate iC-Report software performs automated 
data analysis and generates individual reports for each cassette. It also monitors and 
tracks cassette progress, as well as system performance. 

 iCubate is also an open platform. The company launched the iCubate 2.0 open 
platform (  www.icubate2.com    ) recently, allowing researchers to develop their own 
assays with the aid of the free online software iC-Architect, which incorporates the 
patented arm-PCR technology and novel algorithm called PPI (Polymerase 
Preference Index, patent pending). The PPI can help improve primer design by 
identifying the priming sites that are preferred by thermostable polymerases. 

 Table  34.4  also lists several fully integrated platforms that are based on real-time 
PCR technology. Companies like Cepheid, Gentura Dx, and Idaho Technology have 
all developed sample-to-answer solutions that allow molecular assays to be 
performed in a contamination-free closed system. However, in these real-time PCR-
based platforms, multiplexing to amplify more than  fi ve targets in one reaction is 
very dif fi cult. Nevertheless, the ease of use of these platforms has revolutionized 
the molecular diagnostics industry and bene fi ted millions of patients.   

   Delivering Value Through Reducing Cost and Saving Lives 

 The advances of genomic technology have changed the way we de fi ne diseases 
from a phenotypic, symptomatic description of clinical presentations to a genotypic, 
molecular classi fi cation of underlying causes. Molecular differential diagnosis has 
become the hallmark of 21st century medical practice. 

 Every infectious disease starts with an invasion by a microorganism’s genetic 
material into the human body. The expression of pathogen genes inside human cells 
can interrupt normal cellular function and induce systemic responses or clinical 
syndromes. The goal for infectious disease MDD is to investigate all possible causes 
of a common clinical syndrome and identify the offending pathogen. To achieve this 
goal, we need a multiplex technology that uses one sample, one test, one technician, 
one machine, and a short period of time to obtain multiple answers. 

 MDD is necessary for controlling an outbreak, such as avian  fl u or SARS. Poorly 
controlled outbreaks that lead to public health crises are costly. During the SARS 
outbreak, for example, it is estimated that East Asian countries suffered a loss of 
almost 2 % GDP in the second quarter of 2003. A dif fi cult cycle is often set into 
motion: a lack of rapid and accurate diagnostic tests combined with a lack of com-
munication to the public and lack of scienti fi c knowledge about the disease lead to 
panic and disruption of economic systems. With an early and accurate differential 

http://www.icubate2.com
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diagnosis, infected patients can be identi fi ed, isolated, and treated. In addition, the 
general population can be informed and protected. 

 Following the recent swine  fl u pandemic, Koon and coworkers reported mPCR 
results on 10,624 clinical samples with respiratory symptoms  [  13  ] . Of those tested, 
about 71.5 % of the patients with respiratory symptoms were  not  sick from the 
pandemic strain of H1N1  [  13  ] . Health-care practitioners therefore quickly identi fi ed 
and properly treated those with pandemic  fl u infection and those requiring regular 
care. Furthermore, these  fi ndings contradicted the conventional wisdom at the time, 
which was that anyone with  fl u-like symptoms probably had the H1N1 virus and 
should be treated accordingly. 

 The Koon study revealed a second critical point: among those with the H1N109 
infection, 28 % were also infected with at least one other bacterial or viral pathogen 
 [  13  ] . These patients with coinfections require more medical care. A Center for 
Disease Control (CDC) study has shown that a large percentage of deaths associated 
with H1N109 were due to coinfection with pathogenic bacteria; thus, a multiplex 
diagnostic test could help physicians to better triage patients and better allocate 
treatment resources. 

 Antibiotic treatment depends even more on MDD. The genes and mutations that 
lead to resistance can be detected by studying bacterial DNA. Almost all genomes 
of human pathogens have been sequenced, and newly emerging resistant strain 
genomes are being sequenced as quickly as possible. This DNA sequence information 
is publicly available in the federally funded GenBank database, allowing scientists 
to develop speci fi c assays to detect these genes and mutations. However, without 
mPCR, scientists usually study only one gene segment at a time. This is a problem 
because, for a particular bacterial strain, drug resistance capability may come from 
many different genes and mutations. Therefore, a multiplex PCR assay that detects 
multiple targets in one reaction, instead of just one molecular target like other PCR 
tests, allows scientists to immediately identify multiple pathogens and multiple 
segments of a speci fi c viral or bacterial genome. 

 Healthcare-associated bloodstream infections (BSIs) are the tenth leading cause 
of death in the United States, with over 350,000 cases reported every year, resulting 
in an estimated 90,000 attributable deaths. Studies have estimated the cost of 
treating BSIs to be approximately $27,000 per patient for community-associated 
bloodstream infections and $58,000–101,000 per patient for healthcare-associated 
(hospital-acquired) bloodstream infections. Eiland and coworkers showed that for 
each BSI patient, when mPCR technology is used, drug costs can be reduced by 
$100 and ICU stay reduced by 3 days, which represents an additional savings of 
over $10,000 per patient after the cost of the test has been deducted  [  14  ] . Multiplex 
PCR technology allowed for the optimization antimicrobial therapy in 27 % of the 
patients and de-escalation therapy in 23 % of the patients evaluated  [  14  ] . 

 mPCR-enabled MDDs are exciting methods that are bringing revolutionary 
changes to many aspects of medical practice, especially to infectious disease 
management. First, it changes the way a doctor treats a patient. Instead of waiting 
days for culture results, a doctor can now act immediately based on a comprehensive 
molecular diagnosis. Instead of guessing what may be the offending pathogen, 
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a doctor can identify the microorganism with con fi dence. Instead of ordering the 
blood cultures to gain knowledge for future empirical treatment, a doctor can 
prescribe the test to seek immediate solutions. Instead of offering antibiotics to put 
families or parents (and sometimes the doctor) at ease, a doctor can now provide 
accurate treatment to actually improve a patient’s condition. 

 Second, MDDs will change the way hospitals operate. Hospitals can implement 
MDDs as an active surveillance measure to prevent hospital-acquired infections 
(HAIs). Many studies have shown that active surveillance, plus patient isolation, is 
one of the most effective methods to reduce HAIs  [  15  ] . Regularly scheduled surveys 
of critical environments (such as the ICU), instruments, and healthcare providers 
will raise the level of awareness and identify problems early. When an outbreak of 
HAI occurs, MDDs can quickly identify the source of an infection, helping health-
care providers determine which patients should be isolated to prevent the spread of 
the microorganisms. In an increasing number of states, hospitals are required to 
publish their rate of HAI, which is calculated based on discharge records. However, 
some patients may be misclassi fi ed as having an HAI because they were asymptom-
atic carriers before being admitted to the hospital. MDDs can help hospitals better 
identify, control, and report HAIs, thereby lessening their liability. As a result, 
MDDs can help reduce costs, shorten hospital stays, and improve the quality of 
care, while protecting pro fi ts. 

 Third, MDDs will lead to many changes in the healthcare industry. Healthcare 
spending in the United States has grown rapidly over the past few decades—from $27 
billion in 1960 to $900 billion in 1993 to $1.8 trillion in 2004  [  16  ] . Depending on how 
you measure it, the healthcare industry represents between 15 and 16 % of the gross 
domestic product. Traditionally, these  fi nancial activities occurred in three subcatego-
ries: providers (such as hospitals, nursing homes, and diagnostic laboratories), payers 
(such as insurance companies), and life sciences (such as biotechnology and pharma-
ceuticals). For example, the cost of developing a new drug can be as high as $800 
million  [  17  ] . That cost is passed on from the life science sector to the payers and then 
to the providers. How could MDDs help in this situation? They can help by allowing 
the three healthcare sectors to work with each other instead of against each other. 

 In the life science sector, biotech companies with MDD technologies can work 
with pharmaceutical companies to develop pharmacogenomic or theranostic solu-
tions. This kind of collaboration will improve treatment outcomes without 
signi fi cantly increasing development costs. Instead of developing blockbuster drugs 
that are one-size- fi ts-all, more effective treatment can be obtained by utilizing an 
MDD to tailor the treatment options to the patient’s needs. MDDs will make drugs 
more effective by providing a genotype-based targeting system. 

 For payers in the healthcare industry, MDDs will change the risk calculation 
equations used by the insurance companies, such as health maintenance organizations 
(HMOs) and preferred provider organizations (PPOs). The healthcare payers make 
money by managing the “risk capital” associated with healthcare services. Reducing 
costs and risks will directly result in increased revenue. Hallin and coworkers studied 
the clinical impact of a PCR assay for identi fi cation of MRSA directly from blood 
cultures  [  18  ] . They found that, on average, results were available about 39 h earlier 
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than with the culture method, and about 25 % of the treatments were modi fi ed 
following diagnosis  [  18  ] . MDDs can provide faster, more accurate diagnosis 
that directly in fl uences the clinical outcome and reduces the risks and costs associ-
ated with traditional diagnostic methods. 

 For healthcare providers, the bene fi t of MDDs is even more apparent. An MDD 
can help doctors make the right treatment decisions much sooner, thereby shortening 
the patients’ hospital stay and improving the overall quality of care. 

 Fourth, MDDs will bring about societal changes. Society is threatened by emerg-
ing infectious diseases, including many drug-resistant super bugs. The global econ-
omy, with its traveling professionals, makes the spread of diseases much faster. 
Rising costs make quality healthcare more dif fi cult to manage. Moreover, the cost of 
developing new antibiotics is too high and the process is too slow. We have been 
promised a better system, and have been awaiting the arrival of MDDs for a long 
time. Now that the technology has  fi nally arrived, we must maximize its utility and 
bene fi t. 

 Finally, MDDs offer all of the bene fi ts needed for patient care, at once. Using 
current bacterial or viral culture methods, patients and physicians often need to wait 
for days before a result is available. Conventional PCR-based molecular analyses 
are labor-intensive, expensive, and often inconclusive. Powerful mPCR methods 
can provide a faster answer, leading to a faster recovery. The ultimate value of 
MDDs is found in its ability to save lives.      
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         Introduction 

 Forming a signi fi cant part of biomass on earth, microorganisms are renowned for 
their abundance and diversity. From submicroscopic infectious particles (viruses), 
small unicellular cells (bacteria and yeasts) to multinucleate and multicellular 
organisms ( fi lamentous fungi, protozoa, and helminths), microorganisms have 
found their way into virtually every environmental niche, and show little restrain in 
making their presence felt. While a majority of microorganisms are free-living and 
involved in the degradation of plant debris and other organic materials, others lead 
a symbiotic, mutually bene fi cial life within their hosts. In addition, some microor-
ganisms have the capacity to take advantage of temporary weaknesses in animal and 
human hosts, causing notable morbidity and mortality. Because clinical manifesta-
tions in animals and humans resulting from infections with various microorganisms 
are often nonspeci fi c (e.g., general malaise and fever), it is necessary to apply 
laboratory diagnostic means to identify the culprit organisms for treatment and 
prevention purposes. 

 Veterinary diagnostic microbiology is devoted to the identi fi cation and detection 
of microorganisms that cause diseases in animals. Considering the close similarity 
among microorganisms causing diseases in humans and animals, many laboratory 
techniques that have been developed for the identi fi cation and detection, subtyping 
and phylogenetic analysis, virulence determination, and drug resistance assessment 
of human pathogens, have been thus readily adopted for the investigation of animal 
pathogens, or vice versa. Furthermore, apart from zoonotic pathogens that occur in 
both human and animals, animals of different classes and categories often have 
unique pathogens of their own. Therefore, veterinary diagnostic microbiology faces 
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even greater challenges than its medical counterpart in achieving accurate, sensitive, 
and rapid identi fi cation and detection of pathogenic microorganisms in animals. 

 In view of the fact that many human pathogens have originated/evolved from 
microorganisms commonly occurring in animals, accurate identi fi cation and 
tracking of animal pathogens are crucial for the control and prevention of zoonotic 
infections in human populations. The threat of zoonotic pathogens (e.g.,  Bacillus 
anthracis ) being used in bioterrorism attacks, and the emergence of rapidly evolving 
antibiotic-resistant microorganisms and animal pathogens causing severe diseases 
in humans (e.g., SARS coronaviruses, and avian in fl uenza viruses), have made the 
development and application of improved diagnostic methods for animal pathogens 
increasingly important.  

   Identi fi cation and Detection 

 Accurate identi fi cation and detection of pathogenic microorganisms in animals have 
been and will remain the primary objective for veterinary diagnostic microbiology. 

 Similar to its medical counterpart, veterinary diagnostic microbiology has 
traditionally relied on various phenotypic procedures for microbial characterization. 
These procedures assess the morphological, biological, biochemical, serological, 
in vitro and in vivo characteristics as well as other phenotypic properties of micro-
organisms, and have played an essential role in the identi fi cation and detection of 
microbial pathogens affecting humans and animals. More recently, molecular tech-
niques have been increasingly applied for identi fi cation and detection of microbial 
pathogens (Table  35.1 )  [  1  ] .  

 Morphological characterization is based on the premise that various classes of 
microorganisms often show distinct morphological features (e.g., size, shape, internal 
and external components, colony morphology) which allow their initial identi fi cation 
upon macroscopic and microscopic examination. Application of light microscopy 
or transmission and scanning electron microscopy (EM) together with stains/dyes 
helps reveal additional morphological details. Hematoxylin and eosin (H&E), Gram, 
Giemsa, crystal violet stains are common stains used to enhance the contrast of 
microbes to their background. Additionally, Gimenez’ and Pinkerton’s stains are 
useful for detection of rickettsial organisms in tissue sections; Ziehl-Nielsen, 
Kinyoun, or auramine O stains for initial detection of mycobacteria; KOH, lacto-
phenol cotton blue, India ink, and Southgate’s mucicarmine stains for detection of 
fungi; periodic acid-Schiff (PAS), Grocott’s methenamine silver (GMS), Fontana-
Masson, Gridley’s, and H&E stains for detection of mycotic elements in tissue 
biopsies. In general, morphological characterization is rapid and inexpensive, but 
has relatively low sensitivity and speci fi city, and its result interpretation is some-
what subjective. To improve the sensitivity and speci fi city of microscopic detection 
of pathogenic microorganisms (especially viruses),  fl uorescently labeled antibodies 
may be utilized. Application of highly sensitive and speci fi c  fl uorescent sensor mole-
cules in electron microscopy,  fl uorescence microscopy, or time-lapse microscopy 
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has further enhanced morphological characterization of microorganisms. Besides 
unraveling paradigms of pathogen entry and pinpointing the exact intracellular loca-
tion, these new techniques permit direct monitoring of the intracellular lifestyle of 
microbial pathogens and yield insights into the underlying mechanisms of their 
pathogenicity  [  2,   3  ] . Furthermore, atomic force microscopy (AFM) techniques offer 
a powerful platform for analyzing the structure, properties and functions of micro-
bial pathogens as well as the localization, mechanics, and interactions of the indi-
vidual cell wall constituents, contributing to the elucidation of the molecular bases 
of cell adhesion (nanoadhesome) and mechanosensing (nanosensosome)  [  4,   5  ] . 

 Biochemical characterization focuses on the metabolic or enzymatic products of 
microorganisms, including distinct patterns of carbohydrate, protein, amino acid, fat 
metabolisms and production of particular enzymes. Biochemical tests are often con-
ducted to distinguish between aerobic and anaerobic breakdown of carbohydrates, 
to show carbohydrates that can be attacked, to detect speci fi c breakdown products of 

   Table 35.1    Common laboratory techniques for identi fi cation and detection of microbial pathogens   

 Technique  Key features 

 Morphological  Macroscopic and microscopic examination of morphological features (e.g., 
size, shape, internal and external components, colony morphology) allows 
for rapid, inexpensive identi fi cation of microorganisms. Use of general or 
specialized stains/dyes further enhances the contrast of microbes to their 
background. Nonetheless, morphological characterization often lacks 
desired sensitivity and speci fi city 

 Biochemical  Examination of metabolic or enzymatic products of microorganisms (e.g., 
carbohydrate, protein, amino acid, fat, and enzyme) using biochemical 
techniques permits their discrimination at genus- and species-levels. 
However, the performance of biochemical tests is impacted by factors that 
affect microbial growth and metabolism 

 Serological  Detection of speci fi c interactions between host antibodies and microbial 
antigens (e.g., protein or carbohydrate) by serological techniques provides 
indirect evidence for causal relationships between diseases and microbial 
pathogens. Serological tests have a relatively high sensitivity, speci fi city 
and quick turn-around time, but may show cross-reactivity with closely 
related microbial species 

 Biological, 
in vitro and 
in vivo 

 Assessment of biological features (e.g., host range, transmission pattern, 
pathological effects, geographical origin) of microorganisms helps 
diagnose microbial infections in cases where other relevant data are scarce 

 In vitro culture techniques using laboratory media and cell lines facilitate 
isolation and propagation of target microorganisms for subsequent 
morphological, biochemical, serological, and molecular characterization 

 In vivo assays using laboratory animals and chicken embryos allow for 
recovery of microorganisms that fail to grow on culture media or cell lines, 
and help determine host susceptibility and immune response to, and 
pathogenic effects of microorganisms 

 Molecular  Detection of nucleic acids using molecular techniques offers direct evidence on 
the presence of microorganisms. Application of nucleic acid ampli fi cation 
technologies further improves the speed, sensitivity, and speci fi city of 
microbial identi fi cation and detection 
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carbohydrates (e.g., the formation of acids, alcohols and gases when grown in selec-
tive liquid or solid media), to determine the ability of carbohydrates to utilize sub-
strates such as citrate and malonate, to examine the metabolism of protein and amino 
acids (e.g., gelatine liquefaction, indole production, amino acid decarboxylase test, 
and phenylamine deaminase test) as well as of fats (e.g., hydrolysis of tribtyrin), and 
detect production of enzymes (e.g., catalase test, oxidase test, urease test, ONPG 
test, and nitrate reduction). Assessment of fungal primary metabolites such as ubiqui-
nones (coenzyme Q) is useful for the taxonomy of black yeasts and  fi lamentous 
fungi, whereas examination of fungal secondary metabolites (e.g., steroids, terpenes, 
alkaloids, cyclopeptides, and coumarins) by chromatographic techniques provides 
another means for fungal identi fi cation. A recent approach for biochemical charac-
terization of microorganisms centers on the characteristic outer surface charges of 
microbes that contribute to their distinct migration under a direct-current electric 
 fi eld such as capillary electrophoresis (CE), leading to rapid and ef fi cient separation, 
identi fi cation, quantitation, and characterization of intact microorganisms (i.e., bac-
teria, viruses, and fungi)  [  6  ] . Another useful technique for biochemical characteriza-
tion of microbes is matrix-assisted laser desorption/ionization time-of- fl ight mass 
spectrometry (MALDI-TOF), which has been shown to be useful for speci fi c 
identi fi cation of  Francisella  and other microbial pathogens  [  7  ] . 

 Serological characterization on the basis of speci fi c reactions between host 
antibodies and microbial antigens (usually protein or carbohydrate) provides highly 
sensitive, speci fi c, and rapid identi fi cation of microorganisms. Detection of rising 
levels of speci fi c IgA, IgM, and IgG antibody titers or seroconversion in blood, 
urine, and fecal materials offers indirect evidence for causal relationships between 
diseases and microbial pathogens  [  8  ] . An interesting development in the serological 
characterization of disease-causing microorganisms is the use of chemically syn-
thesized peptides. Generated by chemical approaches, these peptides are composed 
of two or more amino acids linked together by peptide bonds. By mimicking natu-
rally occurring peptides or segments of proteins, these peptides serve as synthetic 
antigens in peptide microarrays as potential diagnostic tools in high-throughput 
immunoassays  [  9  ] . Other new developments in serological characterization of 
microorganisms include biosensors and nanotechnology (nanoarrays and nanochips). 
Biosensors involve the use of a microbe-speci fi c antibody and a transducer (e.g., 
electrochemistry, re fl ectometry, interferometry, resonance, and  fl uorimetry) to con-
vert a biological interaction into a measurable signal. In the particle concentration 
 fl uorescence immunoassay (PCFIA) for brucellosis, submicron polystyrene parti-
cles are coated with antigen and placed in a 96-well vacuum plate. After addition of 
 fl uorescent conjugate followed by vacuum  fi ltration to remove unbound conjugate, 
the total particle-bound  fl uorescence is measured by front surface  fl uorimetry. 
Nanotechnology (nanoarrays and nanochips) offers small scale platforms to identify 
an array of infectious agents or serotypes on a single chip. 

 Biological characterization focuses on the issues related to the host susceptibility, 
transmission patterns, pathological effect(s), and geographical origin of microbial 
pathogens, which are critical in helping achieve correct diagnosis of microbial 
infections in cases where other relevant data are scarce  [  10  ] . In vitro isolation and 
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propagation on laboratory media and cell lines offers a valuable tool for identi fi cation 
and diagnosis of microbial infections. The size, color, shape and form of colonies 
formed by microorganisms on nutritional agar and other selective media are diag-
nostically informative. In case of viral pathogens, the formation of a region of dead 
cells resulting from viral growth (called a “plaque”) suggests their cytopathogenic 
effects (CPE). Parasitic protozoa may also be cultivated as a means of identi fi cation 
 [  11  ] . However, because not all microorganisms will grow in laboratory media and 
cell lines, embryonated eggs, insect vector, and laboratory animals (e.g., rodents) 
may be utilized. For example,  Trypanosoma cruzi , the causal agent for Chagas 
disease, is grown in the guts of its vector triatomine bug for con fi rmation and diagnosis. 
The availability of cultured isolate/strain permits further antigenic studies, antibi-
otic susceptibility testing, and genetic studies. Despite their relatively high expense 
and length of time required, in vitro and in vivo techniques have contributed to the 
studies of microbial taxonomy, biology, epidemiology, pathogenesis, and treatment 
response. A recent development in the use of in vivo techniques for microbial 
characterization relates to the in vivo bioluminescence imaging or biophotonic 
imaging (BPI). Based on genetically engineered bioluminescent/ fl uorescent micro-
organisms, this technique enhances the study of microbial infections and host 
immune responses  [  12  ] . Application of genetically engineered mice with luciferase 
reporters for speci fi c microbial or host genes helps overcome the limitations of 
in vivo bioluminescence imaging for assessment of microbial replication, activation 
of key genes in host immunity, and response to tissue damage in vivo  [  13  ] . 

 Because of their time-consuming, occasionally variable nature, and/or their 
limited sensitivity and speci fi city, phenotypic approaches (e.g., morphological, 
biochemical, serological, and biological characterization) to the identi fi cation of 
microorganisms are increasingly supplemented with molecular techniques. 
Progresses in the areas of genetic target selection, template preparation, transition 
from nonampli fi ed to ampli fi ed approaches, and product detection over the past two 
decades have made molecular methods an indispensable tool in the laboratory 
diagnosis of microbial pathogens in veterinary medicine  [  1  ] . 

 With regard to the selection of genetic targets, the following three types may be 
considered: nonspeci fi c, shared, and speci fi c genetic targets. Nonspeci fi c genetic tar-
gets include the guanine and cytosine composition (or G + C content), short random 
primer sites, randomly dispersed repetitive extragenic palindromes (REP), enter-
obacterial repetitive intergenic consensus sequences (ERIC), variable-number 
tandem repeats (VNTR) (also known as simple sequence repeats (SSRs), or micro-
satellites), restriction enzyme sites, and so on. Shared genetic targets include ribo-
somal RNA (rRNA) genes (e.g., 16/18S rRNA, 23/25/28S rRNA), internal transcribed 
spacer (ITS) regions, mitochondrial DNA (mtDNA), and housekeeping genes, etc. 
Speci fi c genes are uniquely present and represent ideal targets for the identi fi cation 
of pathogenic bacteria, fungi and parasites. 

 Preparation of nucleic acid templates from cultured isolates and clinical speci-
mens represents an important initial step for molecular identi fi cation and detection 
of microorganisms. This often involves (1) disruption of cell walls, (2) denaturation 
of nucleoprotein complexes, (3) inactivation of endogenous DNase/RNAse, and 
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(4) removal of contaminating proteins, polysaccharides, polyphenolic pigments, 
and other compounds  [  14  ] . While enzymatic digestion (e.g., using lyticase, zymolase, 
chitinase, gluculase, and/or proteinase K) and occasionally acid and alkali treatments 
may be effective for breaking up bacterial and yeast cells, mechanical grinding, 
sonication or bead-beating is often necessary to disrupt the mycelial and helminth 
cell walls. Following extraction with organic solvents (e.g., phenol/chloroform) and 
detergents (e.g., sodium dodecyl sulfate, SDS; hexadecyltrimethylammonium 
bromide, CTAB; and  N -lauroylsarcosine), which denatures cytosolic proteins and 
lipid membranes and inactivates endogenous DNase/RNAse, nucleic acids of high 
purity are obtained after precipitation with ethanol or isopropanol. The recent devel-
opment of various easy-to-use commercial kits has negated the need to use hazardous 
organic solvents in the isolation of microbial DNA/RNA. Furthermore, automated 
nucleic acid extraction systems have become increasingly sophisticated and afford-
able, contributing to the streamlining of template preparation and reduction of 
potential cross-contamination during manual handling. 

 The early generation molecular procedures rely on nonampli fi ed, hybridization 
approaches, such as DNA–DNA hybridization (for estimation of guanine–cytosine 
ratio or G-C content), and use of gene probes in dot blot, Southern blot, and  fl uorescence 
in situ hybridization (FISH), etc.  [  15  ] . A more recent development in the DNA hybridization-
based approach is DNA microarray, in which high-density oligonucleotide probes (or 
segments of DNA) are immobilized on a solid surface, and used to hybridize (catch) 
any complementary sequences (labeled with  fl uorescent nucleotides) in a test sample. 
Subsequent detection and quanti fi cation of  fl uorescence signal permits identi fi cation 
and determination of the relative abundance of nucleic acid sequences in a sample 
 [  16  ] . Although these nonampli fi ed procedures have adequate speci fi city, they are rela-
tively insensitive, often requiring large quantity of starting materials for reliable detec-
tion. Nonetheless, some of these nonampli fi ed techniques remain valuable for 
comparison of microbial genomes and for identi fi cation of species- and virulence-
speci fi c gene regions. For example, dot blot hybridization was employed for screening 
genomic DNA libraries of  Dichelobacter nodosus  strains causing virulent and benign 
footrot, and several virulent- and benign-speci fi c gene regions for subsequent differ-
entiation of virulent and avirulent  D. nodosus  strains were identi fi ed as a result  [  17,   18  ] . 
This approach was also applied for identi fi cation of novel virulence-speci fi c gene 
regions in zoonotic bacterial pathogen  Listeria monocytogenes  and novel species-
speci fi c gene in animal bacterial pathogen  Listeria ivanovii   [  19,   20  ] . 

 The mid-1980s witnessed the advent of a novel, highly ef fi cient in vitro nucleic 
acid ampli fi cation technique known as polymerase chain reaction (PCR). This tech-
nique has the capacity to synthesize billions of copies from a single nucleic acid 
template within 3–4 h, and demonstrates superior sensitivity, exquisite speci fi city, 
rapid turnover time and amenableness to automation for high throughput testing. 
Since then, PCR and its variants (e.g., nested PCR, multiplex PCR, real-time PCR, 
quantitative PCR, reverse transcription PCR (RT-PCR), arbitrarily primed PCR 
(AP-PCR), random ampli fi ed polymorphic DNA (RAPD), degenerate oligonucle-
otide primed PCR (DOP-PCR), sequence-independent single primer ampli fi cation 
(SISPA), and rolling circle ampli fi cation (RCA)) have been widely applied in research 
and clinical laboratories for identi fi cation and phylogenetic analysis of microorganisms 
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 [  21–  24  ] . Apart from PCR, other nucleic acid ampli fi cation procedures include 
nucleic-acid-sequence-based ampli fi cation (NASBA), ligase chain reaction (LCR), 
strand displacement ampli fi cation, Q- b  replicase-mediated ampli fi cation, linear-
linked ampli fi cation, and loop-mediated isothermal ampli fi cation (LAMP), etc. 

 Conventional methods for detection of nucleic acid products are based on 
electrophoretic separation followed by staining with ethidium bromide, gelstar, or 
SYBR Green. Whereas agarose gel electrophoresis provides a convenient, inexpen-
sive way for separation and semiquantitation of DNA and RNA, polyacrylamide gel 
electrophoresis (PAGE) is useful for separating small nucleic acid fragments 
(<500 bp). Among the various PAGE-based procedures, single strand conforma-
tional polymorphism analysis (SSCP), denaturing gradient gel electrophoresis 
(DGGE) and temperature gradient gel electrophoresis (TGGE) are widely applied. 
SSCP is capable of detecting single nucleotide variations, and in combination with 
capillary electrophoresis (CE), SSCP-CE provides an automated system for rapid 
separation of nucleic acid products. Recent advances in instrument automation and 
 fl uorescent dye chemistry permit real-time monitoring of PCR amplicons (so-called 
real-time PCR). Besides the use of double-stranded DNA intercalating dye (e.g., 
SYBR Green), speci fi cally designed probes such as hydrolysis dual-labeled probes 
(TaqMan ® ), hybridization probes (LightCycler), molecular beacons, peptide nucleic 
acid (PNA) probes, TaqMan minor groove binding (MGB™) probes, locked nucleic 
acid (LNA ® ) primers and probes, and scorpions™ may be utilized  [  25  ] . 

 Other nucleic acid detection approaches include DNA microarray (also known as 
DNA chip, gene or genome chip, or gene array), biochips (biosensors), line probe 
assay (LiPA), enzymatic signal ampli fi cation (e.g., ELISA and  fl ow cytometry), and 
DNA sequencing. Biochips (biosensors) are small analytical devices designed for 
nucleic acid-based electrical/optic detection ( fl uorescence or chemiluminescence) 
 [  26  ] . DNA sequencing analysis provides a most accurate way to determine the 
identity of microbial organisms. While the classic Sanger method (also known as 
“chain termination method” or “dideoxy sequencing”) can read up to 900 bp per and 
produce 100 kb of sequence data per run, the “next generation sequencing” tech-
nologies (e.g., the 454 pyrosequencing-based instrument (Roche Applied Sciences), 
genome analysers (Illumina), and the SOLiD system (Applied Biosystems)) show 
improved ef fi ciency for DNA sequencing analysis. Although Illumina and 454 
sequencing technologies read 76–106 bp and 250–400 bp, they have the capacity to 
generate 20 Gb and 400 Mb of sequence data per run, respectively.  

   Subtyping and Phylogenetic Analysis 

 Microbial pathogens are noted for the diversity and their ability to adapt and survive 
in challenging environments. The ability to identify and track microbial strains and 
varieties involved in disease outbreaks is crucial for their control and prevention. 
For this reason, a number of phenotypic and molecular procedures have been 
developed and applied for subtyping and phylogenetic analysis of microbial strains 
and varieties causing animal diseases (Table  35.2 )  [  27  ] .  
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   Table 35.2    Common laboratory techniques for typing and phylogenetic analysis of microbial 
pathogens   

 Technique  Key features 

 Biotyping  Biotyping separates microbial strains into “biotypes” on the basis of 
their metabolic and enzymatic activities (e.g., sugar fermenta-
tion, amino acid decarboxylation/deamination, urease activity, 
hydrolysis of compounds, hemagglutination, and hemolysis), 
colonial morphology, and environmental tolerances (e.g., 
tolerance to pH, chemicals, dyes, and heavy metals). Biotyping 
is generally reproducible and easy to perform and interpret. 
However, it has poor discriminatory power due possibly to 
variation in gene expression and point mutation 

 Phage typing  Phage typing distinguishes microbial strains into “phage types” by 
their patterns of resistance or susceptibility to a standard set of 
bacteriophages, depending on the presence or absence of 
particular receptors on the bacterial surface for phage (virus) 
binding. Phage typing shows good reproducibility, discrimina-
tory power and ease of interpretation, but requires maintenance 
of biologically active phages and demands technical skills. In 
addition, many strains are nontypeable 

 Serotyping  Serotyping differentiates microbial strains into serotypes (serovars) 
according to the antigenic variations present on the surface 
structures (e.g., lipopolysaccharides, membrane proteins, 
capsular polysaccharides,  fl agella and  fi mbriae). Agglutination, 
latex agglutination, coagglutination, or  fl uorescent and enzyme 
labeled assays may be used for serotyping. Serotyping has good 
reproducibility, and ease of interpretation and performance. 
However, serotyping depends on the availability of good quality 
reagents, and some autoagglutinable (rough) strains are 
nontypeable. Additionally, the technique tends to have poor 
discriminatory power due to cross-reactive antigens 

 Bacteriocine typing  Bacteriocine typing assesses microbial strains for their susceptibility 
to a set of bacterial peptides (bacteriocine), and has been 
employed to type stains of  Pseudomonas aeruginosa , 
 Escherichia coli , and  Yersinia pestis , etc. The technique has good 
reproducibility, discriminatory power, and ease of interpretation, 
but it is technically demanding and many strains are nontypeable 

 Multilocus enzyme 
electrophoresis 
(MLEE) typing 

 MLEE typing separates strains into “electromorphs” (typically 
re fl ecting amino acid substitution that alters the charge of the 
protein) in accordance with their distinct electrophoretic mobilities 
of a set of metabolic enzymes. The technique has excellent 
reproducibility and ease of interpretation, but shows moderate 
discriminatory power, and requires expensive equipments 

 Antibiogram typing  Antibiogram typing compares different microbial isolates in their 
susceptibility to a set of antibiotics. The technique has ease of 
performance and interpretation and reasonable reproducibility. 
However, it has poor discriminating power 

 Restriction endonuclease 
analysis (REA) or 
restriction fragment 
length polymorphism 
(RFLP) 

 Digestion of chromosomal DNA with certain restriction endonuclease 
produces various fragments whose number and sizes (from 0.5 to 
50 kb) are distinct among microbial strains and varieties. This 
technique has good reproducibility, but generates complex pro fi le 
of hundreds of bands that may be dif fi cult to interpret 

(continued)
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Table 35.2 (continued)

 Technique  Key features 

 Pulse- fi eld gel electro-
phoresis (PFGE) 

 Based on restriction fragment length polymorphism (RFLP), PFGE 
uses selected restriction enzymes to yield between 8 and 25 
large DNA bands of 40–600 kb in size, and alternating currents 
to cause DNA fragments to move back and forth, resulting in a 
higher level of resolution of large fragments. This technique has 
good reproducibility, and ease of interpretation. However, it 
requires costly reagents and equipment 

 Ribotyping  Ribotyping uses a ribosomal RNA (rRNA) probe derived from the 
 Escherichia coli  to detect the restriction fragment patterns of 
16S rRNA, 23S rRNA, and tRNAs after digestion of chromo-
somal DNA with appropriate restriction enzymes. 
Microorganisms are classi fi ed as separate species if their 
sequences show <98 % homology and are classi fi ed as different 
genera if their sequences show <93 % identity. As a derivative of 
RFLP, this technique is reproducible and is easy to interpret. 
However, it requires costly reagents and equipment 

 Ampli fi ed fragment length 
polymorphism (AFLP) 

 AFLP is a modi fi cation of RFLP through the addition of adaptors to 
restriction enzyme-digested DNA followed by PCR 
ampli fi cation and electrophoretic separation of PCR products, 
generating highly informative, polymorphic patterns of 40–200 
bands for individual microbial strains. An obvious shortcoming 
of AFLP is its requirement for the ligation of linkers and 
indexers to enzyme-digested DNA from individual strains 

 PCR-restriction fragment 
length polymorphism 
(PCR-RFLP) 

 PCR-RFLP involves PCR ampli fi cation of one or more microbial 
housekeeping or virulence-associated genes followed by 
digestion with selected restriction enzymes and separation by 
agarose gel electrophoresis. The resultant band patterns allow 
differentiation of microbial subtypes. The technique obviates the 
need to ligate linkers and indexers before PCR ampli fi cation (as 
in AFLP), and represents a sensitive, discriminatory, and 
reproducible method for tracking and epidemiological investiga-
tion of microbial strains and varieties 

 Multilocus sequence 
typing (MLST) 

 In MLST, multiple DNA segments are ampli fi ed by PCR and examined 
by DNA sequencing analysis, leading to phylogenetic comparison 
of multiple isolates, and de fi nitive identi fi cation of microbial strains 
and subtypes. MLST is reliable and easy to interpret 

 Mobile genetic element-
PCR (MGE-PCR) 

 MGE-PCR uses a single primer in PCR to amplify particular MGEs 
followed by electrophoresis to discriminate amplicon pro fi les. 
This technique has been utilized to characterize different isolates 
of  Trypanosoma brucei  by targeting RIME which has a 
relatively high copy number in the genome 

 The common phenotypic subtyping procedures include biotyping, phage typing, 
serotyping, bacteriocine typing, multilocus enzyme electrophoresis (MLEE) typing, 
and antibiogram typing (Table  35.2 ). The genotypic subtyping ( fi ngerprinting) 
approach targets the microbial chromosome and plasmid DNA such as their 
composition, homology, and presence or absence of speci fi c genes. The genotypic 
subtyping techniques consist of two categories: nonampli fi ed techniques (e.g., 
restriction endonuclease analysis (REA) or restriction fragment length polymorphism 
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(RFLP), pulse- fi eld gel electrophoresis (PFGE), and ribotyping) and ampli fi ed 
techniques (e.g., ampli fi ed fragment length polymorphism (AFLP), PCR-restriction 
fragment length polymorphism (PCR-RFLP), and multilocus sequence typing 
(MLST), and mobile genetic element-PCR (MGE-PCR)) (Table  35.2 )  [  28  ] .  

   Virulence Determination 

 Many microbial species encompass a diversity strains with varied virulence potential. 
The availability of laboratory techniques to accurately assess the pathogenic poten-
tial of these microorganisms is vitally important to their control and prevention. For 
example, gram-negative bacterium  Dichelobacter nodosus  harbors strains that cause 
virulent, intermediate or benign footrot in sheep. As virulent and some intermediate 
footrot induces lameness and severe pain in affected sheep, leading to ill-thrift and 
reduced weight gain, it is necessary to apply control measures to stem the economic 
losses. On the other hand, benign footrot causes minimal harm to affected sheep and 
has the tendency to self-cure, it is unnecessary and indeed wasteful to treat benign 
footrot. Traditionally, the virulence of  D. nodosus  strains is determined by elastase 
test and gelatin gel test, which may take up to 4 weeks to complete, and often dem-
onstrate notable variability. After comparative analysis of recombinant DNA librar-
ies from  D. nodosus  virulent and benign strains, a panel of virulent- and benign-speci fi c 
genes was identi fi ed. Use of gene probes and primers derived from these genes facili-
tate rapid and sensitive determination of  D. nodosus  virulence  [  17,   18  ] . 

 Gram-positive bacterium  L. monocytogenes  is a zoonotic pathogen that encom-
passes a spectrum of strains with various pathogenic inclination. While some 
 L. monocytogenes  strains are highly pathogenic and sometimes deadly, others are 
relatively avirulent and cause little harm in the host. The current laboratory tech-
niques for assessing the virulence of  L. monocytogenes  strains include the mouse 
virulence assay and in vitro cell assays. While the mouse virulence assay is capable 
of providing an in vivo measurement of all virulent determinants, its high expense 
limits its application. Representing a low-cost alternative to the mouse virulence 
assay for assessing  L. monocytogenes  virulence, in vitro cell culture techniques mea-
sure the ability of  L. monocytogenes  to cause cytopathogenic effects in the entero-
cyte-like cell line Caco-2, to form plaques in the human adenocarcinoma cell line 
HT-29, or to cause death in chicken embryos. Several other cell lines (e.g., hepato-
cyte Hep-G2, macrophage-like J774, epithelial Henle 407 and L2) are also useful for 
studies on  L. monocytogenes  ability to adhere, invade, escape from vacuoles, grow 
intracellularly and spread to neighboring cells. However, these techniques are time-
consuming, and occasionally variable. Following recent identi fi cation of novel 
virulence-speci fi c genes (e.g.,  inlJ ), the virulence of  L. monocytogenes  strains can be 
rapidly and speci fi cally determined by PCR  [  19,   29  ] .  
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   Drug Resistance Assessment 

 Microorganisms have the ability to acquire resistance to drugs that are used for their 
treatment. As drug are often used in animals (e.g., such as cows, pigs, chickens,  fi sh, 
etc.) that provide an important source of human food, microorganisms exposed to 
these drugs can develop antibiotic resistance through horizontal gene transfer events 
(e.g., conjugation, transduction, or transformation) and point mutations  [  30  ] . The 
resistant bacteria in animals due to antibiotic exposure can be transmitted to humans 
through the consumption of meat, from close or direct contact with animals, or 
through the environment. For example, use of  fl uoroquinolone in poultry production 
has been linked to the emergence of  fl uoroquinolone resistant campylobacter 
infections in humans. Some bacteria (e.g.,  Staphylococcus aureus , enterococci, 
gonococci, streptococci, salmonella, and  Mycobacterium tuberculosis ) have devel-
oped multidrug resistance  [  31  ] . For example, methicillin-resistant  S. aureus  (MRSA) 
are resistant to non-beta-lactam antimicrobial drugs as well. Identi fi cation of MRSA 
has implications not only for treatment of infected animals, but for potential zoonotic 
transmission  [  32,   33  ] . While application of in vitro culture technique facilitates 
determination of MIC (medium inhibition concentration) of the strains, detection 
of speci fi c gene mutations provides an alternative approach for assessment of 
antimicrobial drug resistance in microorganisms such as  B. hyodysenteriae   [  34  ] .  

   Conclusion 

 Given the diversity of animal hosts that are susceptible to a wide variety of microbial 
infections, veterinary diagnostic microbiology faces a greater challenge than its 
medical counterpart in achieving a correct and timely identi fi cation of culprit micro-
organisms causing signi fi cant economic losses in agricultural production. Although 
phenotypic procedures are useful for microbial identi fi cation, their time-consuming 
nature and occasional variability have provided the impetus for the development of 
nucleic acid detection methodology. With a high sensitivity, exquisite speci fi city 
and speed, molecular procedures especially those involving nucleic acid ampli fi cation 
(e.g., PCR) have been widely adopted in clinical and research laboratories for 
identi fi cation, typing, virulence determination, and drug resistance assessment of 
microorganisms of veterinary and medical importance. Further improvement 
through miniature and multiplexing will help reduce the cost of conducting molecu-
lar testing in diagnostic microbiology.      
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         Introduction 

 Infectious diseases have a very high impact on animal and human health and welfare 
today, despite of strong efforts and good results in diagnostics, vaccine develop-
ments and control measures, including the early warning systems. There are many 
reasons, which contribute to the spread of infectious diseases, such as the open 
borders of the European Union, allowing rather free movement of animals over a 
whole continent, the globalization, the released and accelerated international and 
national trade and animal transfer. Simultaneously, the emergence and re-emergence 
of new or already known pathogens is a serious issue in veterinary and in human 
medicine. This scenario is clearly illustrated by the regular occurrence of trans-
boundary animal diseases (TADs), such as foot-and-mouth disease (FMD), classi-
cal swine fever (CSF), African swine fever (ASF), among others. The recent 
occurrence of African swine fever in the Caucasus region and the spread afterwards 
to large territories of Russia clearly illustrates that our health authorities require a 
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very strong preparedness, including prompt and powerful diagnosis, for the suc-
cessful  fi ght against the novel scenarios. 

 Considering these requirements the European Union (EU) is strongly supporting 
the development of powerful novel diagnostic methods, which are assured by inter-
national comparison, standardization and validation. Thus, the EU has launched and 
supported a large range of various projects for these purposes recently. 

 At the  World Organization for Animal Health (OIE) Collaborating Centre for the 
Biotechnology-Based Diagnosis of Infectious Diseases in Veterinary Medicine , at 
the National Veterinary Institute (SVA) and the Swedish University of Agricultural 
Sciences (SLU) in Uppsala, Sweden, we have participated/participate in a high num-
ber of these projects, such as LAB-ON-SITE, EPIZONE, FLUTRAIN, FLUTEST, 
CSFV_goDIVA, ASFRISK, ConFluTech, AsemDialog, among others. As an exam-
ple, the LAB-ON-SITE project (coordinated by SB) strongly contributed to the devel-
opment of veterinary diagnostic virology. Ten infectious TADs, listed as noti fi able to 
the OIE—FMD, swine vesicular disease (SVD), vesicular stomatitis (VS), CSF, ASF, 
bluetongue (BT), African horse sickness (AHS), Newcastle disease (ND), highly 
pathogenic avian in fl uenza (HPAI) and swine in fl uenza (SI)—were the subjects of 
this international research project of the EU. A range of new diagnostic assays were 
developed to to improve the current detection of the targeted ten viruses, such as 
novel real-time PCR assays, isothermal ampli fi cation methods, padlock probes, and 
novel ELISA systems. In order to improve the front-line, on-site diagnosis in the 
 fi eld, simple methods and equipment were adapted, such as portable PCR machines, 
simple thermo-platforms for isothermal ampli fi cation, dipsticks and lateral  fl ow 
devices. Many of the developed methods were compared in the large international 
consortium, validation was performed and standard operating procedures (SOPs) 
of the new methods were disseminated via international organizations, such as the 
OIE with its 178 member countries and the International Atomic Energy Agency 
(IAEA) with its large networks in Asia, Africa and South America. Honouring the 
strong output, this project was considered as one of the Success Stories in FP6 of the 
European Union (  http://ec.europa.eu/research/agriculture/success_labonsite_en.htm    ). 

 Considering the above-listed scenarios and requirements,  the prompt detection 
and very rapid and exact identi fi cation of various pathogens  is a very important 
and essential task in veterinary virology. While classical diagnostic methods, such 
as virus isolation, remain technically unaltered or show rather little steps of 
changes and development, the molecular diagnostic methods have advanced 
dramatically in the last decades. These new techniques provide powerful novel 
tools for the rapid detection and identi fi cation of a wide range of causative agents, 
as well as for supporting disease control and surveillance. For example, real-time 
quantitative PCR assays are highly sensitive and speci fi c methods, which are 
widely used for detection of various pathogens in diagnostic units, including the 
Reference Laboratories and the Collaborating Centres of the World Health 
Organization (WHO;   http://www.who.int    ) and of the World Organization for 
Animal Health (OIE;   www.oie.int    ). 

 At the  OIE Collaborating Centre for the Biotechnology-Based Diagnosis of 
Infectious Diseases in Veterinary Medicine , Uppsala, Sweden, great efforts have 
been made for the development, standardization and dissemination of new diagnostic 

http://ec.europa.eu/research/agriculture/success_labonsite_en.htm
http://www.who.int
http://www.oie.int
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assays within the frame of several large EU and other projects in the recent years. 
Some achievements have been summarized in previously published review articles 
 [  1,   2  ] . Herewith, an update and selected examples are given in order to illustrate the 
trends of recent advances in veterinary diagnostic virology at our OIE Collaborating 
Centre, in collaboration with a wide network of partner laboratories in Europe and 
on other continents. 

   Sample Collection, Transportation, Storage, Enrichment 
and Nucleic Acid Preparation 

   Sample Collection, Preparation and Transportation 

 Proper sample collection, storage, transportation and enrichment are crucial for 
the reliable diagnosis of infectious diseases. To avoid potential degradation of the 
targeted nucleic acids, the samples are normally transported at low temperature 
using dry ice, cooling batteries and/or are stored in −20/70 °C freezers before further 
processing. Heat- and/or chemical inactivation of samples is required to avoid the 
transmission and spread of infectious agents. In order to diagnose the various known 
and “unknown” diseases in a safe and reliable way, proper methodologies are needed, 
which simplify the handling, processing of the samples, and the transport to the diag-
nostic laboratories. Currently, several simple tools, such as different  fi lter papers or 
cards are commercially available for such purposes. For example, FTA™ Cards, 
produced by Whatman plc, now a part of GE Healthcare, are suitable for the collec-
tion, transportation and storage of samples at room temperature. The company 
claimed that such FTA Cards contain chemicals that lyse cells, denature proteins 
and protect nucleic acids from nucleases, as well as from the damages caused by 
heat, oxidative and UV effects. At the Collaborating Centre, our colleagues have 
used these types of cards for transportation of samples from other countries and 
continents to Sweden. For example, ASF serum samples were collected in Uganda, 
placed on the  fi lter papers, and transported to Sweden at room temperature. The 
same type of  fi lter papers was used for transportation of Peste des Petits Ruminants 
(PPR) samples from Pakistan. Bat coronavirus samples were sent from Brazil to 
Sweden in an envelope, by post. Viral nucleic acids, eluted from the cards, are suc-
cessfully ampli fi ed by various PCR assays or detected by other means of molecular 
diagnostic virology. We perform real-time PCR assays, using small pieces of cards 
containing samples as templates and various viruses are detected in a convincing 
way after this simple way of sample transportation.  

   Sample Enrichment 

 The diagnosis in veterinary virology is frequently complicated by the fact that the 
amount of targeted viruses in the certain types of clinical samples, in food and feed 
products or in water samples, as well as in other diagnostic specimens, is often very 
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low. The low target content may lead to false negative results in the various PCR 
assays and in other molecular diagnostic procedures. In order to avoid or to reduce 
this very important bottleneck effect, diagnostic laboratories develop and apply a 
range of sample enrichment methods, in order to “ fi sh out” the targeted pathogens 
or their components, such as nucleic acids or proteins, from the analyzed specimens. 
For example, DNA enrichment is achieved by functionalized magnetic nanoparti-
cles that are coupled with probes to which the target DNA could be hybridized  [  3  ] .  

   Nucleic Acid Preparation Processes 

 The proper preparation of viral nucleic acids as targets of PCR and other molecular 
diagnostic assays is also a very important task in the diagnostic laboratories. 
Simplicity and high-throughput capacity are major concerns in case of outbreaks 
where a huge number of samples are processed within a relatively short period of 
time. It is almost impossible to complete such a task by manual extraction methods 
such as TRIzol reagent or spin columns. The manual extraction processes are labour- 
and time-consuming and expensive. In addition, personnel costs and working pro-
cesses have to be considered. For those reasons, various kinds of automated 
equipment have been developed and commercialized for nucleic acid preparation 
and/or handling of samples. At our OIE Collaborating Centre the automated nucleic 
acid extraction steps are performed with robotic extraction machines.  

   International Comparison and Standardization 

 In an exercise to compare the performance of nucleic acid extraction robots 
(12 separate instruments, comprising eight different models) in  fi ve European 
veterinary laboratories, similar results were observed from best performing robots 
when dilutions of a cell culture supernatant were tested, whereas up to 1,000-fold 
difference was obtained from less optimized robots when dilutions of a serum 
sample were tested  [  4  ] . It was observed that the same instrument performed differ-
ently when tested with different types of samples. Therefore, a pro fi ciency test or 
“ring trial” of different clinical samples would be of great help to validate in-house 
assays, identify critical steps and improve performance of downstream PCR tests.   

   Real-Time Quantitative PCR Assays 

 Since the publication of quantitative real-time PCR in 1996  [  5  ] , it has become a 
very reliable, powerful, high-throughput and robust molecular tool for early, rapid 
and sensitive detection of pathogens in both human and veterinary medicine. 
Compared to the conventional gel-based PCR, the real-time PCR has several advantages, 
including high-throughput capacity, less hands-on time, lower risk of contamination, 
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and the potential to be fully automated  [  6  ] . By using a gene-speci fi c probe, the 
speci fi city and analytic sensitivity of the real-time PCR may be further improved. 
The research activities at our Collaborating Centre aimed to develop real-time PCR 
assays for diagnostics to differentiate infected from vaccinated animals (DIVA), for 
speci fi c detection of emerging viruses, and for detection of zoonotic agents, in par-
ticular water- and food borne pathogens. 

 Herewith, several examples are presented regarding speci fi c problems, illustrating 
the diagnostic application of various real-time quantitative PCR assays developed 
and used at our OIE Collaborating Centre, in collaboration with other European 
veterinary institutes in various research projects of the European Union. Further 
important achievements are also listed here, for example the development of real-time 
RT-PCR assay using a minor-groove binder probe for the pan-serotypic detection of 
 foot and mouth disease virus  (FMDV)  [  7  ]  and the application of loop-mediated 
isothermal ampli fi cation (LAMP) for detection of wild type  classical swine fever virus  
(CSFV)  [  8  ]  and vaccine strain  [  9  ] , and  swine vesicular disease virus  (SVDV)  [  10  ] . 

   Real-Time PCR Assays for the Detection of Various Variants 
of Classical Swine Fever Virus, Including Vaccine Strains 

 CSFV is a pestivirus within the family of  Flaviviridae . It is the causative agent of 
classical swine fever (CSF), a highly contagious disease affecting both wild boars and 
domestic pigs. In Europe, the virus is largely maintained in the wild boar populations 
that serve as a reservoir for reintroduction to domestic pigs. Recently, a chimeric 
 vaccine candidate, CP7_E2alf has been developed and has the potential to be used as 
a safe and ef fi cient marker vaccine in wild boars, which enables differentiation of 
infected from vaccinated animals  [  11,   12  ] . A vaccine-speci fi c TaqMan real-time 
RT-PCR assay was developed and evaluated, and a second, wild type-speci fi c assay 
was modi fi ed from an established one in such a way that both can be performed in two 
wells side-by-side in a microplate in a single run  [  13  ] . Both assays could be applied in 
CSFV vaccination and control programs in the wild boar population.  

   DIVA Approaches 

 CSF remains endemic in domestic pigs in some countries, for example, China, 
where vaccination with the traditional lapinized live virus is still in practice. DIVA 
diagnostics is a potentially powerful tool to discriminate whether pigs are naturally 
infected with wild type strains or vaccinated with the lapinized live virus. The 
Chinese Hog Cholera Lapinized virus (HCLV) has been through extensive serial 
passages in rabbits in China in 1950s and is completely attenuated, but retains its 
ef fi cacy as vaccine. Due to its safety and ef fi cacy, this vaccine was introduced into 
European countries and named as “Chinese” strain (C-strain). “Riems” C-strain is 
one of the commercial vaccines derived from the Chinese strain. Development of a 
vaccine-speci fi c real-time RT-PCR would be of great value, which could be used in 
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parallel with a wild type-speci fi c or generic real-time RT-PCR for detection and 
 differentiation of wild type viruses from vaccine strains. Leifer et al. studied dif-
ferentiation of Riems C-strain-vaccinated pigs from animals infected by CSFV  fi eld 
strains using real-time TaqMan RT-PCR  [  14  ] . Leifer et al. also reported escape of 
CSF C-strain vaccine virus from detection by C-strain speci fi c real-time RT-PCR 
caused by a point mutation in the primer-binding site  [  15  ] . At the Collaborating 
Centre, we have developed a real-time PCR based on primer-probe energy transfer 
technology (PriProET) for the improved detection of CSFV  [  16  ] . The PriProET 
technology was developed initially as a novel quantitative real-time PCR assay for 
the simultaneous detection of all serotypes of FMDV  [  17  ] , and subsequently was 
used for detection of other pathogens, including SVDV  [  18  ] , and  bluetongue virus  
(BTV)  [  19  ] . Following PCR ampli fi cation, the melting curve analysis allows 
con fi rmation of speci fi c amplicons, and differentiation between wild type CSFV and 
the HCLV vaccine strain (Fig.  36.1 ). Further evaluation of the assay demonstrated 
that in an RNA mixture of both wild type CSFV and C-strain vaccine, the melting 
curves displayed only one curve either a wild type-like or a vaccine-like depending 
on the dominating RNA  [  20  ] . Therefore, the PriProET melting curve analysis 
could identify the presence of CSFV  fi eld strain in equivocal samples or in animals 
vaccinated with C-strain, but would not reliably detect infections with wild-type 
virus in a population vaccinated with the Riems strain. In a recent study, a generic 
real-time TaqMan RT-PCR was developed for the speci fi c detection of three lapin-
ized vaccine strains, namely, the Taiwanese Lapinized Philippines Coronel (LPC), 
the Chinese HCLV, and the European Riems C-strain  [  21  ] . The new assay was able 
to detect the Riemser C-strain vaccine viral RNA in experimental samples, indicat-
ing that the assay could be a useful tool to facilitate outbreak control if a strategy 
using these lapinized vaccines is deployed.   

   Real-Time PCR Assay for the Detection of the Recently 
Detected Atypical Bovine Pestiviruses 

 Over the past few years, new bovine pestiviruses have been detected in biological 
products, e.g., foetal bovine serum (FBS) batches, and in naturally infected cattle. 
Due to nucleotide sequence variations, the identi fi cation of these viruses might fail, 
since primers and probes had mismatches to their target, leading to a false negative 
result. For example, the well-known “pan-pestivirus” primer pair 324/326 failed to 
react with D32/00_‘HoBi’ virus that was found in a batch of contaminated foetal 
calf serum  [  22  ] . To overcome the limitations of current molecular methods, a new 
one-step real-time TaqMan RT-PCR assay was developed for the speci fi c detection 
of atypical bovine pestiviruses in clinical samples and in biological products  [  23  ] . 
This new assay provides a useful tool for highly sensitive and speci fi c detection of 
atypical bovine pestiviruses and can be applied in combination with other diagnos-
tic methods to ensure that biological products, including FBS and vaccines, are free 
from pestivirus contamination. Recently, we have tested 33 batches of commercial 
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FBS by this approach and found all batches were positive for at least one species of 
bovine pestiviruses. The consequence of using contaminated FBS in diagnostic 
laboratories is detrimental. Isolation of bovine viral diarrhea virus (BVDV) in 
bovine turbinate cells is a routine method, which requires FBS during preparation 
of the cell cultures. A batch of contaminated FBS of South American origin had 
disturbed virus isolation. Tests showed presence of both the recognized species and 
the newly described atypical bovine pestivirus in the FBS batch. The contaminating 
atypical pestivirus was further characterized, as it is described by our group  [  24  ] .  

   Broadly Targeting Real-Time RT-PCR Assays for the Generic 
Detection of Viruses 

 Apart from pathogens only affecting animals, a high number of pathogens can cross 
the species barrier(s) and cause diseases in humans, which is referred as zoonosis. 
Of more than 1,400 human pathogens, approximately 60 % are zoonotic, of which 
25 % are estimated being able to be transmitted from human to human  [  25  ] . 
Therefore, it is of great importance to develop broadly targeting real-time RT-PCR 
for the  generic detection of zoonotic viruses at our Collaborating Centre. Herewith, 
several examples are described. 

 Coronaviruses are the causative agents of a broad spectrum of animal and human 
diseases, including the Severe Acute Respiratory Syndrome (SARS) in humans. 
Considering this scenario, it is very important to develop very “general coronavirus” 
PCR assays, which are able to detect a wide range of viruses in various hosts simul-
taneously. In order to ful fi l these requirements, we have developed a pan-coronavirus 
real-time RT-PCR, which is able to detect 36 strains of animal and human corona-
viruses simultaneously, including HCoV-NL63 and SARS-CoV  [  26  ] . In this PCR 
panel the degenerated primers are targeting a conserved region of the ORF1b of the 
viral and have a low annealing temperature. We have compared this real-time 
RT-PCR system with two published TaqMan assays for detection of four animal 
coronaviruses in 75 clinical samples, and obtained the same results. 

 It has to be mentioned that eventhough this SYBR Green-based PCR assay is 
very promising in the general detection of coronaviruses, it also has weakness with 
regards to its speci fi city. Apart from the coronavirus positive samples, primer dimers 
and non-speci fi c amplicons may also produce ampli fi cation curves and this can lead 
to false positive results. In order to avoid false diagnosis, melting curve analysis is 
needed in this assay. The melting curve analysis is a practical tool to verify the truly 
positive results. In summary, it was concluded that this SYBR Green-based real-
time pan-coronavirus PCR assay, along with melting curve analysis, provides a pow-
erful novel tool for the laboratory diagnosis of coronavirus infections and for 
detecting the emerging, yet to be uncharacterized new coronavirus variants. 
Considering the strong emergence rate of many RNA viruses, including the 
coronaviruses, the use of such pan-virus family PCR assays is very important. 
The new assay provides a novel tool for our diagnostic laboratories in veterinary 
and in human virology. 
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 Concerning other real-time PCR approaches, such as the TaqMan principle, we 
have found that it is challenging and dif fi cult to develop a pan-coronavirus detecting 
system using a single probe. Even though the genomic stretches are relatively con-
served, it is almost impossible to design a TaqMan probe for ef fi cient general detec-
tion of coronaviruses. To overcome this limitation, three overlapping TaqMan 
probes were designed and used together with the above-mentioned primers for sen-
sitive and speci fi c detection of coronaviruses of all three groups  [  27  ] . We have found 
this three-probe approach reduced the degree of probe degeneration and maintained a 
high sensitivity and speci fi city. The assay detected coronaviruses in human nasopha-
ryngeal aspirate samples and in duck faecal samples. Furthermore, this method 
was able to detect SARS-CoV in a reference material, and detect the synthetic 
sequences of bat coronaviruses (HKU3-CoV, HKU5-Cov and HKU9-CoV), indi-
cating it is a useful tool for screening samples of animal origin for zoonotic or 
potentially zoonotic pathogens. The assay was used as a tool for epidemiological 
studies on coronaviruses in wild birds from the Bering Strait area  [  28  ] .  

   Molecular Tests for the Improved Detection of Food- 
and Waterborne Zoonotic Pathogens 

 Food- and waterborne zoonotic pathogens frequently cause large outbreaks in 
regions where sanitation is poor.  Hepatitis E virus  (HEV) is an important food- and 
waterborne zoonotic pathogen, which is an emerging virus of global importance. 
This single-stranded, positive-sense RNA virus belongs to the genus  Hepevirus  in 
the family of  Hepeviridae  that includes at least four recognized genotypes. While 
genotypes 1 and 2 are associated with large outbreaks and epidemics in humans in 
developing countries with poor sanitary conditions, genotypes 3 and 4 HEV strains 
are able to infect  both humans and various animal species, in particular, domestic 
pigs and wild boars, and are responsible for sporadic cases of acute hepatitis E not 
only in the developing, but also in the industrialized countries. It has been recog-
nized that hepatitis E is a zoonotic disease. At our OIE Collaborating Centre, 
Gyarmati et al. developed two real-time PCR assays for universal detection of all 
four genotypes of HEV  [  29  ] . Both the TaqMan and PriProET assays were able to 
detect 20 viral genome equivalents per reaction. The results obtained from both real-
time PCR assays were comparable to those from a nested gel-based PCR. However, 
the TaqMan assay had higher reaction ef fi ciency and performed slightly better than 
the PriProET assay. Such tools are important not only for veterinary diagnostics but 
also for molecular epidemiology of HEV in humans, pigs and wild boars  [  30  ] .   

   Proximity Ligation Assays 

 It is not widely known yet that real-time PCR assays can be used not only for the 
detection of viral nucleic acids, but  also for the detection of protein components or 
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antigens of pathogens . This technique is referred to proximity ligation assay (PLA) 
 [  31  ] . In a proximity ligation assay, two oligonucleotides are coupled to antibodies. 
Binding of the antibodies to the same target will bring the two oligonucleotides 
suf fi ciently close to each other (or in proximity) such that the two ends could be ligated 
with the help of a third connector oligonucleotide. The ligation products are then used 
as target DNA for subsequent ampli fi cation and detection by real-time PCR. At the 
OIE Collaborating Centre in Uppsala, Schlingemann et al. used this technique to detect 
antigens of avian in fl uenza viruses in biological samples  [  32  ] . We have found that the 
method is four orders of magnitude more sensitive than a sandwich ELISA, which 
utilized the same antibody. This study opens a new window for diagnostic virology, by 
using PLA for the highly effective detection of viral proteins in clinical specimens.  

   Suspension Microarray Technologies 

 Although real-time RT-PCR offers multiplex detection of pathogens, its capacity is 
limited to no more than approximately  fi ve targets in a single diagnostic block. By 
contrast, suspension microarray technology, such as Luminex xMAP technology 
(Luminex Corporation, Austin, TX) has the capacity of  detecting up to 100 targets 
in a single platform, or even more . At our OIE Collaborating Centre a range of 
Luminex assays have been developed for the multiplex detection of pathogens 
important in human and veterinary medicine. A suspension microarray assay was 
constructed for detection and differentiation of pestiviruses including CSFV, BVDV-
1, BVDV-2,  border disease virus  (BDV) and the atypical bovine pestivirus  [  33  ] . 
Following PCR ampli fi cation of target genetic region, one strand of the amplicons 
was removed by Lambda exonuclease to generate single-stranded PCR products for 
ef fi cient hybridization to the microsphere-coupled oligo probes. After incubation 
with a reporter dye streptavidin-R-phycoerythrin, the median  fl uorescent intensity 
(MFI) of each reaction was measured in a Luminex instrument. The system was 
able to provide positive/negative results and to identify each species by comparing 
MFI values. Such an assay is a useful tool for the genetic detection of various pes-
tiviruses in cattle. 

 Another Luminex suspension microarray assay was developed at our laborato-
ries for the serological diagnosis of bovine viral diarrhoea (BVD)  [  34  ] . In this 
blocking system, microspheres were coupled with a monoclonal antibody (MAb) 
and were incubated with viral antigen and serum samples. After addition of 
another MAb that is biotinylated, R-phycoerythrin-conjugated streptavidin was 
added and the MFI values were measured on a Luminex 200 analyzer. This blocking 
microsphere-based immunoassay had intra- and inter-assay variability of 4.9 % 
and <7 %, respectively, and variability of bead conjugations of <6.6 %. By testing 
a total of 509 serum samples, the assay had a sensitivity of 99.4 % and a speci fi city 
of 98.3 % relative to a commercial blocking ELISA. The new microsphere immu-
noassay provides an alternative to conventional ELISA systems and can be used 
for high-throughput screening in the BVD control and eradication program. 
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As BVDV is one of the pathogens causing bovine respiratory disease (BRD) 
 complex, our ongoing work at the Collaborating Centre is to develop a multiplex 
Luminex assay for the high-throughput, simultaneous detection of antibodies 
against four major viruses that cause BRD, namely, BVDV,  bovine respiratory syncy-
tial virus  (BRSV),  parain fl uenza type-3 virus  (PIV3) and  bovine coronavirus  
(BCoV). This novel multiplex assay not only allows a higher sample throughput 
but also reduces the time and labour required. The Luminex platform has a strong 
potential to replace ELISA as a powerful novel system for the complex diagnosis 
of pathogens.  

   Genome Sequencing and Viral Metagenomics, Detection 
of “Unknown” or Emerging New Viruses in Veterinary Medicine 

 A pathogen’s genome can be determined by various methods, such as the tradi-
tional cycle sequencing and by the advanced “next-generation sequencing” tech-
nologies. While the cycle sequencing is still the method of choice in most laboratories, 
next-generation sequencing is becoming available in some laboratories. Both 
methods are a powerful tool in veterinary diagnostic virology. Furthermore, 
genome sequencing will contribute substantially to a better understanding of patho-
gens, which would be helpful in veterinary diagnostic virology. Particularly, viral 
metagenomics is a generic technology using large-scale sequencing to identify viral 
genome sequences without prior knowledge. Viral metagenomics has helped 
researchers with the  investigation of complex diseases, diseases of unknown aetiol-
ogy, and identi fi cation of emerging novel viruses in samples.  In the followings, sev-
eral examples are given on the use of viral metagenomics at our OIE Collaborating 
Centre to detect new and/or emerging and re-emerging viruses in animals. 

   Detection of Novel Viruses in the Postweaning Multisystemic 
Wasting Syndrome (PMWS) of Pigs 

 PMWS is a viral disease worldwide affecting postweaning pigs of about 2–4 months 
of age.  Porcine circovirus type 2  (PCV-2) has been found to play an important role 
in the complex infection biology of PMWS. PCV-2 is a small circular DNA virus 
belonging to the family  Circoviridae.  The virus is ubiquitously distributed in almost 
all pig populations, not only in PMWS pigs but also in clinically healthy ones. 
Therefore, it is hypothesized that other known or unknown factors may have a 
contribution to the development of PMWS. Aiming to  fi nd possible factors contrib-
uted to PMWS in piglets, our group tested lymph node samples that were collected 
from Swedish pigs with con fi rmed PMWS, by using GS-FLX 454 technology for 
large-scale sequencing of randomly ampli fi ed products  [  35  ] . Analysis of about 
9,000 unique sequences obtained from the 454 run showed presence of PCV-2, 
 Torque Teno virus  genotypes 1 and 2 (TTV-1 and TTV-2), as well as a novel 
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 parvovirus-like agent, termed as porcine boca-like virus in the lymph nodes from 
the diseased pigs. Based on this study, Blomström et al. screened 34 PMWS pigs 
and 24 animals without PMWS by PCR for the presence of PCV-2, TTV-1, TTV-2 
and porcine boca-like virus  [  36  ] . PCV-2 was found in all PMWS pigs and in 80 % of 
pigs without PMWS. Presence of all three viruses TTV-1, TTV-2 and porcine boca-
like virus was found in 71 % of the PMWS pigs and in 33 % pigs without PMWS. 
The exact role of these viruses, particularly the porcine boca-like virus in the devel-
opment of PMWS requires further investigations.  

   Detection of Novel Astroviruses in a Neurological Disease 
of Minks, Termed Shaking Mink Syndrome 

 At our OIE Collaborating Centre viral metagenomic approaches, including the 
GS-FLX 454 technology was also used to investigate the cause of a neurological 
disease of minks termed  shaking mink syndrome . The disease was  fi rst observed in 
farmed mink kits in Denmark in 2000 and subsequently in Sweden, Denmark and 
Finland in 2001, and in Denmark again in 2002  [  37  ] . General virological investiga-
tions, including virus culture, negative-staining electron microscopy, immunoelec-
tron microscopy, broad targeting PCR for herpesviruses, adenoviruses, pestiviruses 
and coronaviruses, and speci fi c tests for six viral diseases, for three protozoa, for 
bacteria and intracerebral inoculation of neonatal mice were conducted but with neg-
ative results. It was postulated that it is likely that the disease was caused by a yet 
unidenti fi ed virus  [  37  ] . To investigate the cause, brain samples from experimental 
infection were prepared for nucleic acid extraction and random ampli fi cation and 
large-scale sequencing using GS-FLX 454 technology  [  38  ] . Analysis of the 454 
sequencing data revealed eight sequence fragments similar to mink astrovirus. Based 
on the result, new primers were designed in order to determine the nucleotide 
sequences of the complete viral genome. The comparative analysis of complete 
genome sequences showed a similarity of 80.4 % to that of a mink astrovirus causing 
pre-weaning diarrhoea in mink. As the virus was not detected in healthy mink kits, we 
suppose an association between the astrovirus and the neurological disease of mink.  

   Genetic Characterization of Novel Bovine Pestiviruses 
in Biological Products, Such as Foetal Bovine Serum 

 Genome sequencing and subsequent phylogenetic analysis have been considered as 
important tools for the exact identi fi cation of the “unknown” or emerging new 
pathogens. From the initial discovery of the pestivirus D32/00_‘HoBi’ in a batch of 
contaminated FBS, it was unclear how this virus is related to the two recognized 
bovine pestivirus species:  bovine viral diarrhoea virus  1 (BVDV-1) and  bovine viral 
diarrhoea virus  2 (BVDV-2). The answer to this question has implication in veterinary 
diagnostic virology as well as in the BVD control and eradication program in vari-
ous countries. Phylogenetic analysis of three genetic regions showed three different 
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relationships to both BVDV-1 and BVDV-2  [  22  ] . To unequivocally solve the 
 relationship, the pestivirus strain Th/04_KhonKaen was recovered from a serum 
sample of a naturally infected calf and the complete genome sequence was deter-
mined  [  39  ] . Phylogenetic analysis of complete genome sequences by Neighbor-
joining, maximum likelihood, and the Bayesian approach, unanimously placed 
Th/04_KhonKaen in a single lineage, distinct from the established pestivirus spe-
cies, and close to BVDV-1 and BVDV-2. A further evolutionary study proposed to 
term these newly described bovine pestiviruses as BVDV-3 (Fig.  36.2 )  [  40  ] .     

   Summary 

 During the last decades substantial progress has been made in veterinary diagnostic 
virology at our laboratories at the National Veterinary Institute (SVA) and the Swedish 
University of Agricultural Sciences (SLU) in Uppsala, Sweden. As the  World 
Organization for Animal Health (OIE) Collaborating Centre for the Biotechnology-
Based Diagnosis of Infectious Diseases in Veterinary Medicine , we have developed 
and tested a wide range of novel molecular diagnostic methods. Many of these novel 
assays provided powerful novel tools for the improved detection of viruses in veteri-
nary and human medical virology. A wide range of the novel molecular diagnostic 
methods has been internationally compared in ring tests and validated. In order to 
illustrate this trend of development, several examples are summarized in this chapter. 
For molecular methods, upstream  nucleic acid extraction  is crucial for the success of 
the downstream diagnostic tests. We came to the conclusion that the  real-time PCR  
principle, using different chemistries, such as TaqMan and PriProET, provides very 
reliable, highly sensitive and speci fi c novel diagnostic tools for the direct detection 
of a wide range of pathogens, as it is demonstrated here with several examples. 
Simultaneously, the real-time PCR technology allows the development of  novel 
DIVA tests , which are highly required for the improved control of infectious diseases, 
using marker vaccines and accompanied diagnostic packages. In parallel, high-
throughput  suspension microarray technologies  enable the simultaneous detection 
and identi fi cation of multiple pathogens in single test platforms. The liquid-phase 
microarray platforms, such as Luminex panels, are accelerating the detection of 
emerging animal viruses and zoonotic, in particular, the water- and foodborne patho-
gens.  Proximity ligation  assay has emerged as a novel method for the highly sensitive 
and speci fi c detection of the viral proteins.  Viral metagenomics and large-scale 
genome sequencing  establish powerful tools for the detection of “unknown” viruses, 
as well for the identi fi cation of emerging and re-emerging pathogens. These novel 
approaches strongly support the investigation of disease complexes and/or emerging 
novel disease scenarios in veterinary diagnostic virology, with regard to diseases in 
domestic animals and in wildlife, with special regard to zoonotic infections, by fol-
lowing the principles of “One World One Health.”      
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         Introduction 

 The ability to generate sequence information for millions of DNA fragments in a 
short time cheaply by next-generation sequencing (NGS) technologies has enabled 
numerous projects covering diverse application areas that include de novo sequencing, 
genome resequencing, transcriptome sequencing, chip-sequencing, and exome 
sequencing. Several sequencing platforms are available in the market and many 
more are being developed at various stages  [  1  ] . Among them, the Roche/454 
Genome Sequencer (GS) has the ability to sequence 400–600 million base pairs per 
run with 400–500 bp read lengths, and the Illumina HiSeq 2000 (HiSeq in brief) has 
the capacity to generate up to 200 billion base pair per run with 100 bp read lengths. 
The long reads by the GS and the high yield by the HiSeq make these two platforms 
stand out among various NGS techniques in the current NGS market. 

 The Roche/454 GS is the  fi rst commercially available NGS instrument, which 
integrates the emulsion PCR (emPCR) for template preparation and array-based 
pyrosequencing for sequence detection  [  2  ] . A library of DNA fragments of 300–
800 bp prepared from genomic DNA are ligated to adaptor which contains universal 
priming sites. After denaturation, single-strand template DNA (sstDNA) fragments, 
beads with adaptor complementary to one adaptor on sstDNA on their surface, 
ampli fi cation reagents, and oil are mixed together under conditions that favor one 
DNA molecule per bead and emulsi fi ed through vigorous shaking to create zillions 
of water-in-oil vesicles. The water-in-oil vesicles serve as micro-bioreactors for the 
PCR reaction. After the successful ampli fi cation and enrichment of emPCR beads, 
clonally ampli fi ed DNA fragments are immobilized onto the surface of each bead. 
Single-stranded template DNA library beads are deposited into individual 
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PicoTiterPlate (PTP) wells and the loaded PTP device is placed into the GS 
instrument for sequencing. The four nucleotides (A, C, T, G) are added sequentially 
in a  fi xed order across the PTP device during a sequencing run. When a nucleotide 
complementary to the template strand is added into a well, the polymerase extends 
the existing DNA strand by adding nucleotide(s) and releases pyrophosphate 
molecule(s). Through a series of enzymatic reactions converting pyrophosphate into 
light where light intensity is proportional to the amount of released pyrophosphate, 
addition of one (or more) nucleotide(s) generates a light signal that is recorded by 
the CCD camera in the instrument and interpreted by a software to generate sequence 
information. 

 The Illumina technology uses solid-phase ampli fi cation to achieve clonal 
ampli fi cation of sequencing templates on the surface of a glass slide where high-
density forward and reverse primers are covalently attached  [  3  ] . Adaptor-modi fi ed 
single-stranded template DNA is hybridized to the anchored oligonucleotides. After 
the successful ampli fi cation, a single DNA molecule is converted into a clonally 
ampli fi ed cluster consisting of approximately 1,000–2,000 molecules, followed by 
chemical reaction to release free ends to which a universal sequencing primer can be 
hybridized to initiate the sequencing reaction. The Illumina HiSeq uses the cyclic 
reversible termination method, which comprises nucleotide incorporation, 
 fl uorescence imaging, and cleavage steps. The Illumina sequencing chemistry uses 
four different  fl uorescent dye-labeled nucleotides and the 3 ¢ -OH group of those 
nucleotides is modi fi ed to ensure that only a single nucleotide is incorporated in each 
sequencing cycle. In each sequencing cycle, all four different modi fi ed nucleotides 
are loaded. An imaging step follows each nucleotide incorporation step to capture the 
incorporated nucleotide at each cluster. The  fl uorescent group and the 3 ¢ -OH blocking 
group are removed after imaging for the next base incorporation cycle. 

 The large volume of sequencing data from NGS instruments demands custom-
ized approaches to extract biologically meaningful information. This includes 
 fi ltering noise, analyzing data, and extracting knowledge. Here I introduce our prac-
tices analyzing NGS data on the context of detecting low-frequency viral drug-
resistant mutants and pro fi ling sequence composition of samples. 

 Prolonged antiviral drug treatment of infections with HIV, HBV, or HCV usually 
leads to the emergence of resistant viruses and consequent treatment failure because 
those viral RNA-dependent DNA or RNA polymerases have no 3 ¢ –5 ¢  proofreading 
activity and are error-prone and virus replication cycle is much shorter. The avail-
ability of genotypic information on the viral drug targets allows doctors to adjust 
treatment regiment and to select a new potent drug combination after failure of 
antiviral therapy. PCR-Sanger sequencing is the conventional approach to gather 
genotypic information on the viral drug targets, where the viral DNA fragments 
encoding drug-targeted enzymes such as polymerase or proteinase are ampli fi ed by 
PCR and sequenced by Sanger sequencing. Due to an associated replication or 
competitive disadvantage compared to the wild-type virus, newly emerged drug-
resistant clone only represents a small proportion of the total viral load. Traditional 
Sanger sequencing is insensitive for minor alleles in a heterogeneous mixture of 
mutant and wild-type sequences with detection limit about 10 %. To detect those 
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minor mutants under 10 % frequencies, traditionally it requires cloning PCR product 
and sequencing hundreds of bacterial clones. According to Poisson distribution, it 
needs to sequence about 300 clones to detect mutants at 1 % frequency with 95 % 
con fi dence. The labor-intensive feature of this approach limits its usage in academic 
research settings. The high-throughput in vitro cloning and sequencing techniques 
offered by NGS techniques such as GS and HiSeq offer a signi fi cant advantage in 
time, cost, and labor over the conventional PCR-Sanger sequencing approach for 
detecting low-frequency mutants. 

 NGS techniques could generate a large amount of sequence data in a week or 
two. However, those sequencing reads are noisier with errors than those generated 
by Sanger sequencing. For instance, pyrosequencing—the underlying sequence 
detection technique in Roche/454 GS—cannot detect the length of long(>3)-stretch 
homopolymers accurately and results in higher error rates in homopolymeric and its 
surrounding regions than other regions  [  4  ] . The Illumina sequencers have more 
substitution-type miscalls than indel-type miscalls, while the Roche/454 sequencers 
have more indel-type miscalls than substitution-type miscalls. For Illumina sequenc-
ers, miscalls are more frequently found in the GC-rich regions and A to C and C to 
G miscalls are observed more often than other substitution errors  [  5  ] . The insertion/
deletion of one or two bases change the frame of coding region, which is lethal to 
viruses. Therefore, it is much easier to distinguish indel-type miscalls from actual 
indel mutations selected under the drug pressure than substitution miscalls from 
actual substitution mutations. Substitution miscalls resemble with actual mutations 
in many aspects and more sophisticated statistical procedures are needed to identify 
them. From those points, it appears that Roche/454 sequencer is more suitable for 
rare mutation detection than the Illumina one in the meantime. The following 
sections describe the data analysis procedures for detecting low-level viral drug-
resistant mutants with the Roche/454 technique.  

   Analyze Pyrosequencing Data for Detecting Low-Level Variants 

   Map Pyrosequencing Reads onto Reference Sequences 

 The output from the Roche/454 sequencing platform includes a quality score for 
every position in a read. Quality score in the Roche/454 sequencing platform is 
originally designed to measure the con fi dence that the homopolymer length at that 
position is correct  [  2  ] ; however, we found that the quality score of a position is also 
a good measurement of con fi dence that the correct base is called at any position, as 
with a traditional Phred score  [  6  ] . The Phred-equivalent quality value ( q ) is given by 
the log-transformed probability  p  of the base call being incorrect according to the 
equation     = − × 1010 logq p   . Thus a base call with a quality value of  q  will have a 
probability of     − /1010 q    of being incorrect. To apply this algorithm, we transformed 
the Phred scores into reliability weights     −= − /101.0 10 qW   , and applied these weights 
in the selectively weighted Smith–Waterman (SW2) algorithm (see Fig.  37.1 ).  
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 In our previous study, we developed an asymmetric Smith–Waterman (ASW) 
algorithm, which, basically, weights everything except gaps occurring in pyrose-
quencing reads, using quality score to map pyrosequencing reads onto reference 
sequences     [  4  ] . Although the ASW algorithm outperforms both BLAST  [  7  ]  and the 
conventional Smith–Waterman algorithm  [  8  ] , our further studies found that quality 
scores for bases preceding to deletion errors are much lower than average while 
quality scores for substitution errors are close to the average (see Fig.  37.1 ). To take 
in account the information, we designed the SW2 algorithm which weights the pen-
alty for opening a gap in reads using the score from the preceding base and weights 
the penalty for both opening a gap and extending a gap in reference sequences (see 
Fig.  37.1 ). As weight (    −= − /101.0 10 qW   ) is always <1, weighting generally lowers 
the penalty and encourages opening or extending gaps, which are largely caused 
by sequencing errors. As scores for bases in other regions are not lower than aver-
age, weighting will not introduce arti fi cial gaps in those regions. We found that the 

  Fig. 37.1    The  upper panel  shows score distributions for sequencing errors in three categories: insertion, 
deletion (the score of the  fi rst upstream base), and mismatch. These distributions are based on 
pyrosequencing data from two DNA sources: PCR product of 1,548 bp HBV genome sequence 
ampli fi ed from a plasmid and an entire (3,221 bp) HBV genome sequence excised from the same 
plasmid. The PCR reaction was performed with the Expand High Fidelity PCR plus system (Roche 
Diagnostics Corporation). The pyrosequencing reactions were carried out using the GS FLX system 
in the 454 Life Sciences Company. Sequencing errors are determined as difference between mapped 
pyrosequencing reads and corresponding reference sequence using the program PyroMap described 
in this manuscript (note that we observed similar distributions for the corresponding categories for 
pyrosequencing reads generated with the GS 20 system). The lower panel describes the SW2 
algorithm.  X  represents a reference sequence and  Y  denotes a pyrosequencing read. To help placing 
gaps in right positions, gap_open in the pyrosequencing read is weighted using score from its 
preceding base (Ix), and both gap_open and gap_extension in the reference sequence are weighted 
using score from their corresponding bases in the pyrosequencing read (Iy)       
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sizes of deletion (and insertion) errors follow the geometric distribution (data not 
shown) and the chance of missing more than one nucleotide due to sequencing 
errors is extremely low, so we did not weight gap-extension at reads (Ix in 
Fig.  37.1 ). 

 We did not weight mismatches to avoid mis-pairing due to low quality score of a 
particular base. We compared the performance of four algorithms: SW2, ASW, SW, 
and BLAST by aligning Roche/454 GS20 reads for HIV-1 subtype B clone sequences 
to a more distantly related (HIV-1 subtype C) sequence as we did in an earlier study 
 [  4  ] . The SW2 algorithm has a slightly lower error rate than the three algorithms. 

 The computational complexity of the Smith–Waterman algorithm is     ( )O n m
  where  n  is the length of a reference sequence and  m  is the length of a pyrosequencing 
read. The average read length from the current Roche/454 sequencing platform 
(GS FLX) is about 250, while the length of reference sequences could be several 
orders of magnitude longer. We implemented a seeding strategy to speed up the 
program. Brie fl y, the reference sequences are preprocessed to build a large lookup 
table of  k -mers called “seeds” in the main memory for determining the positions of 
seeds in the long sequences ef fi ciently. The query sequence (pyrosequencing read) 
is then scanned to associate individual seeds in the query with their positions in 
the reference, thereby listing candidate regions in the reference where the query and 
reference are likely similar. Finally, we attempt to compute the precise alignments 
with the SW2 algorithm between the query and each of candidate regions in the 
reference sequence. Moreover, we implemented a parallel version of the 
PyroMap program using the library pyMPI (  http://pympi.sourceforge.net/    ), which 
could speed up the overall aligning procedure linearly in proportion to the number 
of processors.  

   Filter Sequencing Artifacts 

 Due to imperfection of sequencing technique, variants (mismatches between reads 
and consensus) of varying frequencies were observed at almost every position. It is 
critical to  fi lter out those variants to remove sequencing miscalls and lower the num-
ber of false positives to make the NGS technique really useful for clinical 
applications. 

 The Poisson distribution is commonly encountered in biology in describing 
random occurrences of rare events in time when the events are independent. In other 
words, the occurrence of an event is assumed to have no effect on the probability of 
a second occurrence of the same event. The sequencing miscalls observed in pyrose-
quencing reads are rare in comparison to the correct base-calling and approximately 
independent. Although miscalls within a few bases in the same reads might be 
related, miscalls far away and those in separate reads are absolutely independent. 
With this consideration, we chose the Poisson distribution to model the distribution 
of sequencing miscalls. 

http://pympi.sourceforge.net/


684 C. Wang

 In order to use the Poisson distribution to model miscall, we  fi rst need to estimate 
pyrosequencing error per base. We sequenced some plasmid DNA fragments with 
known sequences and counted mismatches between mapped bases and their 
references. As we described earlier, the pyrosequencing technique tends to make 
more miscalls in homopolymeric regions than non-homopolymeric regions. We 
classi fi ed miscalls into two categories, those in homopolymeric regions and those in 
non-homopolymeric regions, and computed the error rate for each category. 

 With the availability of pyrosequencing error rates, we can compute the probability 
of miscalls observed  n  times for each position with the formula     λ λ= (( � ) / !)kp e k   , 
where   l   is the expected number of errors given  N  reads and is computed by     λ μ= �N    
and   m   is the error rate per site estimated from the sequences of control plasmid clones. 
To classify whether a minor variant with  n  occurrences in  N  reads is sequencing 
miscall or actual mutations in a viral genome, we calculated the probability that such 
a variant would occur  n  or more times if it were a sequencing miscall, using the fol-
lowing formula:     

−

=
= − ∑ 1

0
1 (( � ) / !)

n k

k
p e kλ λ   . Variants that yielded     < 0.001P    were 

considered highly unlikely to be sequencing miscalls and reported as real mutants. 
 Using the Poisson model, we can also estimate the minimum coverage needed 

for the low-level variants of a particular frequency. Figure  37.2  displays relationship 
between the number of required ultra-deep pyrosequencing reads per position 

  Fig. 37.2    Relationship between the number of required ultra-deep pyrosequencing reads per position 
(coverage) and the detection limit of the frequency of a minority sequence variant (detection limit). 
 Different lines  represent different error rates. The excess number of reads required to detect minor 
variants is a result of the Poisson model for handling potential sequencing errors. It is clear that more 
reads are needed to detect the variants of the same frequency in regions with higher error rate       
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(coverage) and the detection limit of the frequency of a minority sequence variant 
(detection limit) at various levels of error rates. The higher the error rate of a region, 
the higher the coverage needed to detect the variants of the same level of frequency. 
For detecting extremely rare variants of the frequency lower than the error rate, 
excess number of sequencing reads are needed to obtain con fi dence.    

   Analyze NGS Data for Pro fi ling Sequence Content 
of Unknown Samples 

 There is always great interest in detecting new viral pathogens. Conventional 
diagnostic techniques include detection of virus-speci fi c antigens and viral-speci fi c 
sequences. With the advent of more powerful and economical DNA sequencing 
technologies, gene discovery and characterization is transitioning from single-
organism studies to revealing the potential biotechnology applications embedded in 
communities of microbial genomes, or metagenomes. Metagenomics has given us 
a powerful new tool for  fi nding virus sequences from a specimen. However, data 
management and sequence analysis of millions, even up to billions, of sequences 
generated by each instrument run pose a great challenge to  fi eld experts who used 
to deal with a few    sequences. To address this challenge, we have developed a viral 
 m etagenomic  s equence  m anagement  s ystem (MS2). MS2 includes sequence analy-
sis pipeline to compare reads to all known sequences from public database and to 
classify reads based on their best-matching hits. MS2 also includes an effective 
data management system to ensure  fi eld experts to use, preserve, and access the 
information.  

   Filter/Preprocess Module 

 Regions with low-complexity sequence have an unusual composition that can cre-
ate problems in sequence similarity searching as it can cause arti fi cial hits. In the 
 fi lter/preprocess module, we have implemented a simple low-complex sequence 
detecting procedure using the Bio.SeqUtils.lcc module from the Biopython pack-
age. The Bio.SeqUtils.lcc module calculates the Shannon entropy  [  9  ]  for a 
sequence. The  fi ltering procedure in this module puts aside all those low-complex 
sequences before moving to the de-multiplexing procedure. 

 Although the NGS techniques have brought down the per-base cost dramatically, 
the reagent cost of each instrument run is very high and around $10,000 for 
Roche/454 FLX system and $25,000 for Illumina HiSeq2000 system. Multiplexing 
is a widely adopted strategy to lower the cost where many samples are pooled and 
sequenced together. To do that, each sample was ampli fi ed with PCR primers, which 
are tagged a short stretch of nucleotides (barcode). After ampli fi cation, the PCR 
product is tagged with barcode unique to each sample. After sequencing, reads are 
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needed to separate according to the barcode sequence. To de-multiplex reads, we 
identify regions in each reads matching to input barcode sequences and keep 
sequences between two nearest barcodes. To make reads cleaner, we trimmed eight 
nucleotides from each end of each remaining fragment to remove the random frac-
tion of PCR    primer.  

   Sequence Exclusion Module 

 In comparison to prokaryotic or eukaryotic genome, viral genomes are much smaller. 
Although their numbers present in a sample could be high, their overall biomass is 
small. Even in a metagenomic project setting where millions or even billions of 
sequences in a complex genetic material pool are randomly ampli fi ed and sequenced 
in a high-throughput experiment, only a very small portion of overall sequences are 
similar to viral sequences. Depending on the sample, the majority of the remaining 
sequences are either from eukaryotic genomes or prokaryotic genomes. Those off-
target sequences pose challenge to both assembly module and sequence comparison 
module. This module is designed to  fi lter out off-target eukaryotic and prokaryotic 
sequences. To speed up the  fi ltering procedure, we run the blastn with large word 
size. After sequence comparison, we eliminate sequences where alignment region is 
more than 80 % of reads and identity is more than 90 %.  

   Assembly Module 

 Sequences passed through the sequence exclusion module are subjected to assem-
bly. For Roche/454 sequencing data, de novo assembly is performed with the pro-
gram mira (  http://chevreux.org/projects_mira.html    ). For the Illumina sequencing 
data, de novo assembly is carried out using the program SOAPdenovo (  http://soap.
genomics.org.cn/soapdenovo.html    ). After assembly, we compute the coverage for 
each contig. Any contig or singlet shorter than 100 bp is eliminated from the follow-
ing analysis.  

   Sequence Comparison Module 

 Sequences from the assembly module are compared with NCBI nonredundant 
nucleotide (nt) or protein (nr) using the program BLASTN and BLASTP, respec-
tively. In addition, sequences are compared to the curated viral-speci fi c version of 
nonredundant nucleotide (vnt) or protein (vnr) with more sensitive parameters using 
the program BLASTN, BLASTP, and TBLASTX. Finally, sequences are compared 
with the internal accumulated sequences database using the program BLASTN. 

http://chevreux.org/projects_mira.html
http://soap.genomics.org.cn/soapdenovo.html
http://soap.genomics.org.cn/soapdenovo.html
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 Due to the large number of query sequences and the large size of database, it 
takes months or even years to complete sequence comparison in a single-CPU 
desktop. The current nt database is around 40 GB and the nr database is around 
6 GB. The BLAST program runs faster when the entire database is loaded into 
physical    memory. We normally divided the nt database into 20 smaller ones of equal 
size and divided the nr database into ten smaller ones of equal size. We then com-
pare each query sequences to every small sub-database and merge all the results 
together. To speed up the entire procedure, the sequence comparison module is nor-
mally carried out in the computer-cluster with several hundred CPUs. 

 The BLAST  E -value is a function of the size of the effective search space, which 
is dependent on three factors: the number of sequences in the database, the total 
combined length of all sequences in the database, and the length of the query 
sequence  [  10  ] . In the BLAST search procedure, we specify the effective length of 
the database to a  fi xed larger number with the option of − z  to maintain the  E -value    
comparable.  

   Sequence Classi fi cation Module 

 Each query sequence is classi fi ed into domain based on its best hit according to the 
 fl owchart in Fig.  37.3 . If the  E -value of the best hit is greater than 1e−5, the query 
sequence is labeled as unknown. Otherwise, the query sequence is labeled eukary-
otic, prokaryotic, virus, phage, or other.   

  Fig. 37.3    The  fl owchart of MS2       
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   Visualization 

 One key component of MS2 is to disseminate sequences and analysis results 
through a Web portal. In the Web portal, all sequences, and intermediate results 
such as sequence annotation and alignment, are stored in a centralized database. We 
also allow users to adjust parameter and some intensive computing on the  fl y, which 
needs some special tools and demands hardware. Both database and Web server are 
hosted in high-end machines and experimental biologists can access the results 
from regular desktop or laptop using popular browsers. After we started to develop 
this system 4 years ago, we have incorporated many suggestions from experimental 
biologists into both sequence analysis part and visualization part  [  11–  16  ] . Their 
feedbacks keep improving this system. 

 Figure  37.5  displays a screen-shot of a Web page. Data are organized in a hierar-
chical fashion: study, sample, and sequence. In Fig.  37.5 , pane A lists some studies 
we have done recently. Click one of them to get a list of samples (not shown). Click 
the sample name to get the list of sequences (Fig.  37.5 , pane B). Each sequence 
name is highlighted with the color schema in Fig.  37.4 . Click a sequence name to 

  Fig. 37.4    The classi fi cation  fl owchart for query sequences.  Asterisk  indicates that the best-hit 
sequence is outside the four categories: eukaryotic, prokaryotic, virus, and phage according to the 
taxonomy database. It likely belongs to either synthetic sequence or Achaean sequence       
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  Fig. 37.5    Screen-shot of a Web page.  Pane A  lists studies;  pane B  lists sequences from one study 
where ID, coverage, and length of the longest open reading frame are listed from left to right; 
 pane C  lists classi fi cation reason for one sequence;  pane D  displays the alignment schematics and 
 pane E  shows the alignment of a sequence and its    hit       

get the reasoning for classi fi cation (Fig.  37.5 , pane C) and a list of alignments for 
that particular sequence (Fig.  37.5 , pane D, E).   

 In the Web portal, users can collaborate through commenting interesting 
sequences. Those comments will be shared with all users who are allowed to access 
those sequences. 

 To facilitate the effort to hunting new viruses, we organize all potential viral 
sequences from either one sample or one study in a hierarchical order according to 
their best hits’ taxonomy information (Fig.  37.6 ). Most components in the hierar-
chical tree (Fig.  37.6 ) are clickable to reach more detail information.   

   Challenge of Data Analysis 

 Figure  37.7  displays the read and contig distribution based on 28 studies we 
conducted recently using the Roche/454 FLX system. It is interesting to look at the 
read/contig ratio for each category: virus 5.6, unknown 1.5, phage 6.5, other 3.6, 
eukaryotic 1.9, and bacteria 3.2. The ratios indicate the relative abundances of the 
species in samples. Phage and virus read/contig ratios top in the group suggest their 
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  Fig. 37.6    Screen-shot of a vhit page displays the hierarchical organization of viral sequences 
according to their taxonomy order.  Inside brackets  list the number of contigs and  inside parentheses  
list the number of raw reads       

high abundance in a sample. This might be due to the special viral enrichment pro-
cedure where samples are passed through a 0.45- m m  fi lter to remove bacterium-
sized particles. The viral particles containing  fi ltrate were digested with a mixture 
of DNases and RNase to remove unprotected nucleic acids (i.e., those not in viral 
capsids). Viral nucleic acids were then extracted. Nevertheless, due to their small 
biomass, only a small fraction of overall sequence reads and contigs are from viruses 
and phages.  

 Figure  37.7  shows that 37 % of contigs (from 23 % of reads) do not share 
statistically signi fi cant similarity with any sequences in the public database 
( E -value > 1e−5). The prevalence of unknown sequence re fl ects the fact that although 
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the public NCBI database is large with millions, even billions of sequences, these 
databases are very redundant and extremely sparse in the sequence space. A lot of 
more sequences have not been recorded. In addition, the current sequence compari-
son method may not be able to detect remote similarity. Viruses typically evolve 
rapidly and gene sequence conservation is typically much less than that in cellular 
organisms. Therefore, there are opportunities to  fi nd novel viruses from those 
unknown sequences using methods beyond sequence similarity search.  

   Closing Remarks 

 The advance in NGS techniques in the past few years has impacted on many  fi elds 
of biology science. However, most researchers are experimental experts and are 
likely to be overwhelmed by the amount of sequence data generated by the NGS 
platforms. Therefore, data analysis and management is essential for projects using 
the high-throughput sequencing approach. Here I just brie fl y touch our experience 
on sequence analysis and management for detecting rare mutants and pro fi ling viral 
sequences. However, improvement in data analysis and management is needed to 
keep pace with the continuing development of the NGS technology. Understanding 
the underlying technique and the need of experimental experts is essential to the 
success of the computational tools.      

  Fig. 37.7    Read and contig distribution from 28 studies done with Roche/454 FLX system without 
passing through the sequence exclusion module       
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         Introduction 

 Diagnostic virology is to identify the etiologic cause of infection from patient’s 
samples. In the past the diagnostic virology relied on three classical techniques to 
make a diagnosis of viral infection: (a) virus isolation by direct virus cultivation, 
(b) viral antigen detection, (c) indirect detection of virus-speci fi c antibodies. While 
being important tools in the diagnostic virology today, these techniques are time-
consuming and require speci fi c tools such as cultivation media, cell or tissue cultures, 
antibodies, puri fi ed antigens. In the past decade the number of new molecular-based 
methods grew rapidly and gained more popularity in diagnostic labs. The core of 
these techniques constitutes of techniques based on nucleic acid detection by speci fi c 
ampli fi cation, hybridization, and/or sequencing (reviewed in ref.  [  1  ] ). The most 
nucleic acid-based diagnostic methods are simple, speed, sensitive and speci fi c and 
thus meet the gold four-S-standard for their application in any diagnostic laboratories. 
The methods are simple and speed because only a speci fi c primer pair and a PCR 
machine are needed in a lab setting and identi fi cation of a viral pathogen takes 
within few hours. They are sensitive and speci fi c and require only a small amount 
of patients’ materials to detect a speci fi c nucleotide sequence region. In general, 
these techniques can be used to detect almost all types of viral pathogens and even 
to identify multiple viral pathogens or their variants at the same time. In this chapter 
we focus on detection of viral RNA splicing as a new tool for diagnostic virology.  
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   Principle of RNA Splicing 

   De fi nition of RNA Splicing 

 RNA splicing was discovered more than 30 years ago by Berget  [  2  ]  and Chow  [  3  ]  
by mapping adenovirus transcription and identi fi cation of intervening sequences 
(introns) in type 2 adenovirus primary transcripts. Subsequently, RNA splicing is 
recognized as an essential nuclear event for mammalian gene expression and for 
virus multiplication of almost all DNA viruses and some RNA viruses. The majority 
of mammalian genes consist of multiple segments called exons which separated by 
noncoding or intervening sequences named introns. Genes which are composed of 
exons and introns are “split” genes. After transcription a nascent or primary transcript 
(pre-mRNA) contains both exons and introns. The introns are removed from the 
pre-mRNA by a molecular process called “RNA splicing” resulting in production of 
spliced mature mRNA. RNA splicing takes place both in coding as well as in non-
coding primary transcripts. RNA splicing is a posttranscriptional event; however, 
recent studies showed that it often occurs cotranscriptionally  [  4,   5  ] . Only those 
transcripts which are fully processed are eventually exportable from the nucleus to 
the cytoplasm for protein synthesis.  

   Molecular Mechanism of RNA Splicing 

 All introns are de fi ned by three  cis -elements: a 5 ¢  splice site (donor site), a branch 
point, and a 3 ¢  splice site (acceptor site) with a polypyrimidine track immediately 
upstream (Fig.  38.1a ). These  cis -elements allow cellular splicing machinery to recog-
nize and remove the intron from pre-mRNA. Most of mammalian introns start with 
GU dinucleotide on its 5 ¢  end and a AG dinucleotide on its 3 ¢  end (“GU-AG” introns). 
The GU-AG pairs are conserved sequences de fi ning exon–intron boundaries. Introns 
with an AU on its 5 ¢  end and an AC on its 3 ¢  end are rare and this set of the introns are 
AU-AC introns  [  6,   7  ] . The presence of splice sites is not suf fi cient for intron de fi nition. 
All introns must contain an additional element called “branch point” located 20–50 nts 
upstream from 3 ¢  splice site with consensus sequence CU(A/C)A(C/U) where A is a 
most conserved base. Sequence between the branch point and acceptor site is a run of 
15–40 pyrimidines (mostly U) and is referred as a “polypyrimidine track.”  

Fig. 38.1 (continued) two exons ( black ) is removed by two transesteri fi cation reactions. First the 
intron is recognized by cellular splicing machinery via splicing factors binding to intron speci fi c 
sequences as described in ( a ). Splicing factors carry out the 1st transesteri fi cation reaction between 
the branch point and the 5 ¢  donor site, resulting in an RNA cleavage at the 5 ¢  donor site and 
releasing exon 1 and formation of a lariat intermediate. Subsequently, the free 3 ¢  end OH group of 
exon 1 attacks the 5 ¢  end phosphate of exon 2 and joints with the 5 ¢  end of exon 2 via the 2nd 
transesteri fi cation reaction to form a mature mRNA. Intron is removed in the form of lariat 
structure and quickly degraded       
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  Fig. 38.1    Pre-mRNA structure and splicing reactions. ( a ) Structure of a pre-mRNA containing an 
intron ( solid line ) and two exons ( empty boxes ). An intron is de fi ned by several speci fi c sequence 
motifs which allow intron recognition by cellular splicing machinery. A 5 ¢  splice site or donor site 
GU at the intron 5 ¢  end is recognized by U1 small nuclear ribonucleoprotein (snRNP), a major 
component of the cellular splicing machinery. A 3 ¢  splice site or acceptor site at the intron 3 ¢  end 
consists of an AG dinucleotide, an upstream polypyrimidine track (PPT) and a further upstream 
branch point, which are recognized correspondently by U2AF35, U2AF65, and U2 snRNP. These 
initial recognitions of the intron elements by the components of RNA splicing machinery are 
essential for spliceosome formation on a pre-mRNA, leading to intron removal. ( b ) RNA splicing is 
catalyzed by two transesteri fi cation reactions. During RNA splicing the intron ( grey ) between 
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 RNA splicing is catalyzed by cellular splicing machinery consisting of several 
components: small nuclear ribonucleoproteins (snRNPs, U1, U2, U4, U5, and U6) 
and splicing factors. During initial step snRNP U1 and U2 recognized intron 
sequences at 5 ¢  splice site and branch point via complementary base-pairing, along 
with U2 accessory proteins U2AF65 and U2AF35 association with polypyrimidine 
track and 3 ¢  splice site, respectively (Fig.  38.1a ). Intron recognition is a signal for 
formation of a large protein complex called “spliceosome” where intron removal 
takes place  [  8,   9  ]  by two transesteri fi cation reactions (Fig.  38.1b ). First, the primary 
transcript is cleaved at the intron 5 ¢  end (5 ¢  splice site) to leave the upstream exon 
free and followed by branching of the cleaved intron 5 ¢  end to the branch point (usually 
A) to create a looped structure named “lariat intermediate.” In the second step, the 
hydroxyl group of the free exon attacks the intron 3 ¢  splice site leading to the 3 ¢  
splice site cleavage and lariat formation. Simultaneously, a covalent bound is cre-
ated between two exons to create a mature mRNA. In general, the lariats are quickly 
released from the spliceosome and degraded in the nucleus. 

 The ef fi ciency of RNA splicing is regulated at multiple levels and both RNA 
 cis -elements and cellular splicing factors play major roles in regulation of 
RNA splicing. As we described above, the level of conservation of the sequences 
at splice sites and branch point will affect the strength of binding of core splicing 
factors and determine the splicing ef fi ciency. RNA splicing is also modulated by a 
large family of cellular splicing factors containing serine-arginine-rich proteins 
(SR proteins) and heterogeneous nuclear ribonucleoproteins (hnRNPs). Most of the 
splicing factors differentially expressed in a speci fi ed tissues and/or a development 
stage are the RNA-binding proteins which bind to speci fi c RNA  cis -element 
(splicing enhancers or silencers) located within introns and exons  [  10  ] . It is now 
well documented that splicing factors binding to the  cis -elements either increase or 
decrease RNA splicing ef fi ciency depending on type of splicing factors, positions of 
the binding sites and overall spliceosome composition  [  11,   12  ] . Current studies 
showed that beside splicing factors, other processes such as RNA polymerase rate 
and chromatin structure also affect RNA splicing  [  13,   14  ] .  

   Alternative RNA Splicing 

 Although all introns in a pre-mRNA could be constitutively spliced out and all exons 
are supposedly included in a mature mRNA, there are many cases showing that an 
RNA splice site may be not selected constitutively, but rather skipped, during RNA 
splicing. Consequently, this alternative RNA splicing leads to production of RNA iso-
forms with different exon composition and sizes often resulting in production of differ-
ent protein isoforms. In general, there are four major classes of alternative RNA splicing 
(Fig.  38.2 ), including exon skipping, intron retention, usage of alternative exons and 
usage of alternative 5 ¢  and alternative 3 ¢  splice site  [  15  ] . In addition, alternative pro-
moter or polyadenylation usage can further complicate the alternative RNA splicing. 
The reason why some of the exons or introns in a pre-mRNA are alternatively spliced 
is because of the presence of weak or suboptimal splice signals in the RNA or lack of 
a particular splicing factor in that cell or tissue. It has been noticed that usage of weak 
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splice sites is highly dependent on auxiliary splicing factors binding to the regulatory 
 cis -elements. Since the expression of these factors is variable from cells to cells and 
from tissues to tissues, alternative RNA splicing is often associated with a speci fi c cell 
type, tissue, stage of cell differentiation  [  16  ]  and results in various isoforms of tran-
scripts from one gene  [  17  ] . Current analysis also revealed that number of genes with 
alternative RNA splicing increases with complexity of the organism and ranges from 
0.05 % in yeast up to 66.8 % in human. Thus, alternative RNA splicing is the driving 
force behind the complexity of proteome in higher organisms other than total number 
of the mapped genes.    

   Molecular Methods for Detection of RNA Splicing 

 A mRNA generated by RNA splicing is different from its pre-mRNA. First, mRNA 
is smaller in size than its pre-mRNA due to RNA splicing which removes the introns 
found in the pre-mRNA. In contrast, the pre-mRNA not only is larger than the 

Exon skipping

Alternative
exons

Intron retention

Alternative
5’ and 3’ splice 
sites

P1 P2

pA1 pA2

Alternative
promoters

Alternative
Poly A sites 

  Fig. 38.2    Alternative RNA splicing. Alternative RNA splicing allows production of multiple 
splicing isoforms from a single pre-mRNA species. Constitutive exons ( black boxes ) are included 
in all splicing products while alternative exons ( grey  and  white boxes ) are either included or 
excluded in various isoforms of mature mRNAs. Major forms of alternative RNA splicing includes: 
exon skipping, intron retention, usage of alterative exons, and usage of alternative splice sites. 
In addition, usage of alternative promoters (P1 or P2) or polyadenylation sites (pA1 or pA2) may 
affect exon composition in a  fi nal mature transcript       
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spliced mRNA but also has the same size as its DNA template. Second, mRNA 
contains exon–exon junctions with the sequence not present in DNA or its primary 
transcript allowing designing primers or probes to speci fi cally identify a particular 
mRNA isoform due to alternative RNA splicing. Although an alternatively spliced 
mRNA may translate a truncated protein which could be detectable with a speci fi c 
antibody, the molecular techniques based on detection of nucleic acids are more 
commonly used to detect RNA splicing. 

   Northern Blot 

 Northern blot is one of the oldest techniques to detect RNA splicing. First, RNA 
molecules isolated from samples are separated based on size by electrophoresis in 
agarose or polyacrylamide gel. After transfer to a nitrocellulose or nylon membrane, 
the individual RNA transcripts are detected by an antisense probe speci fi c for the 
detecting RNA. The probes used for the Northern blot are usually labeled with  32 P 
isotope, enzyme (e.g. alkaline phosphatase), digoxigenin (DIG), or biotin and can be 
derived from a constitutive exon or an exon–exon junction (Fig.  38.3a ). Constitutive 
exon-based probes would detect all spliced RNA isoforms and the remaining, 
unspliced pre-mRNA and are recommended when the size difference between spliced 
RNA isoforms and unspliced pre-mRNA is suf fi cient enough to be separated. If the 
size difference is too small for two RNA isoforms to be distinguished, an exon junc-
tion probe could be used to speci fi cally detect a spliced product. In addition, a speci fi c 
probe from an alternative exon or intron could be also designed for detection of indi-
vidual splicing isoforms derived from exon/intron inclusion.   

   RNase Protection Assay 

 RNase protection assay (RPA) requires most often  32 P-labeled single-stranded anti-
sense RNA probes complementary to the transcripts of interest. The prepared 
probe(s) is consequently hybridized with sample RNA to form an RNA–RNA 
hybrid. Unhybridized single-stranded RNA is then removed by RNases A and T1 
which digest single-stranded RNA only. The protected RNA fragments are sepa-
rated in the gel by electrophoresis and their sizes are determined by molecular 
markers. To distinguish a spliced RNA product the probe should contain at least a 
partial intron region which will be digested from the probe due to lack of the intron 
sequence in the spliced mRNA. As a result, the protected probe by the corre-
sponding exon regions of the detecting mRNA is shorter and will run faster in the 
gel (Fig.  38.3b ). In general, RPA is more sensitive than northern Northern blot in 
detection of RNA splicing. 

 Both Northern blot and RPA are commonly used in research laboratories. Their 
advantage is high speci fi city. However, both methods are very laborious and 
low-throughput requiring isolation of large amount (usually a few micrograms) of 
total RNA from samples and preparation of speci fi c probes often labeled with 
radioisotopes and thus making their limited usage in clinical diagnostics.  
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   RT-PCR 

 RT-PCR (reverse transcription-polymerase chain reaction) is one of the most com-
monly used methods for detection and quanti fi cation of RNA molecules. During 
RT-PCR RNA transcripts are converted into complementary DNA (cDNA) by 
reverse transcription using random hexamers or oligo-dT or transcript-speci fi c 
primers. The resulted cDNA is then used as a template in subsequent PCR with a 
pair of transcript-speci fi c primers. 
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  Fig. 38.3    Detection of RNA splicing products by Northern blot and RNase protection assays 
(RPA). ( a)  Diagram of a pre-mRNA with constitutive exons ( black boxes ), introns ( solid lines ) and 
an alternative exon ( empty box ).  Solid lines  below indicate positions of antisense probes com-
monly designed for northern blot to detect products by each probe. N/D not detectable. ( b ) 
Detection of spliced RNA products by RPA. Diagram shows an antisense riboprobe spanning over 
an intron region (a  solid thin line ) between two exons ( black boxes  or  solid thick lines ) and possible 
detection products. As an RNase used in the assay digests a single-stranded RNA region only, an 
RNA region base-paired with an antisense probe uniformly labeled with isotope  32 P will be pro-
tected from RNase digestion. In this diagram, the probe remains intact when binding to the pre-
mRNA, while the probe binding to the spliced mRNA (lack of the intron) will cause the digestion 
of the probe intron region (single-stranded, dashed loop) resulting in production of smaller pro-
tected products corresponding to each exon       
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 In principle the detection of spliced RNA transcripts by RT-PCR depends on 
amplicon selection and primer design. A most common approach is the ampli fi cation 
over the intron regions by a set of primers in  fl anking exons. The resulted RT-PCR 
products vary in sizes depending on how the detecting transcript is spliced. A larger 
product than predicted size may represent an unspliced pre-mRNA or the contami-
nating genomic DNA. The later can be determined by a minus RT ampli fi cation 
(PCR). A spliced mRNA always gives a smaller RT-PCR product than its pre-mRNA 
due to removal of intron sequences by RNA splicing (Fig.  38.4a ). Another approach 
is to speci fi cally amplify a spliced product by using an exon junction primer because 
the sequence at exon–exon junction occurs neither in pre-mRNA nor in genomic 
DNA. Similarly, a primer based on an alternative exon would amplify only transcript 
with the inclusion of that exon (Fig.  38.4b ). After ampli fi cation the size and amount 
of RT-PCR products are analyzed by gel electrophoresis. Because of nonlinear 
nature of PCR ampli fi cation the classical PCR only provides semi-quantitative data 
on the abundance of various spliced RNA isoforms.  

 Introduction of real-time quantitative RT-PCR (qRT-PCR) with a broad (10 7 ) 
dynamic range has signi fi cantly improved the sensitivity of RT-PCR. Because of 
high sensitivity real-time RT-PCR enables to detect and amplify RNA directly from 
a single cell without RNA extraction. In addition it automates the quanti fi cation and 
does not require electrophoretic separation of RT-PCR products. 

 Currently there are four major chemistries widely used in real-time RT-PCR: 
SYBR green (Molecular Probes),  Taq Man™ probes  [  18  ] , Molecular Beacons  [  19  ] , 
and Scorpions™ probes  [  20  ] . The principles of different chemistries are described in 
Fig.  38.5 . As of today, SYBR green and  Taq Man™ probes represent the most com-
mon chemistries. SYBR green is a  fl uorescent dye which has low  fl uorescence when 
in solution; however, it becomes highly  fl uorescent upon binding to double-stranded 
DNA. On the other hand,  Taq Man™ probes, Molecular Beacons and Scorpions probes 
employ  fl uorescence resonance energy transfer or Förster resonance energy transfer 
(FRET, also known as resonance energy transfer [RET] or electronic energy transfer 
[EET]) to generate  fl uorescent signal. The FRET couples donor  fl uorescent dye 
( fl uorophore) with non fl uorescent quenching moiety (quencher). When  fl uorescent 
dye is in close proximity of the quencher, the quencher molecule absorbs the energy 
and thus blocks  fl uorescence emission from the  fl uorophore when excited by light. 
TaqMan probes are 18–22 bp oligonucleotide probes which are labeled with a reporter 
 fl uorophore at the 5 ¢  end and a quencher at the 3 ¢  end and thus in close proximity. Each 
probe is complementary to a region in the middle of the detecting target between two 
primers during PCR reaction. When  Taq  polymerase extends the primer to synthesize 
the nascent strand, the 5 ¢ –3 ¢  exonuclease activity of the  Taq  polymerase degrades 
the  Taq Man™ probe annealed to the targeted region and releases the  fl uorophore 
from  Taq Man™ probe and thereby breaks the close proximity to the quencher. As a 
result, the  fl uorophore when excited by cycler’s light emits  fl uorescence which marks 
the presence of PCR product. The method determines the amount of product by gen-
eration of  fl uorescent signal, which is measured in “real time” during entire length of 
RT-PCR reaction enabling to calculation of the amount of PCR product after each 
ampli fi cation cycle. Similarly to  Taq Man™ the Molecular Beacon and Scorpions™ 
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use probes to detect speci fi c PCR product. However, instead of probe degradation the 
signal is generated by physical separation of  fl uorophore and quenching moieties after 
hybridization of speci fi c probe to PCR product during ampli fi cation (Fig.  38.5 ).  

 Each chemistry has its own advantages and disadvantages which need to be con-
sidered during experimental design. SYBR green represents a simple, easy-to-use, 
and the most economical real-time RT-PCR method. Disadvantage of SYBR green 
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  Fig. 38.4    Detection of spliced RNA products by RT-PCR. Intron removal from a pre-mRNA 
could be detected by RT-PCR based on the size of a product  (a)  or in a selective ampli fi cation 
 (a  and  b) . ( a)  A pair of primers (Pr1 and Pr2) used for ampli fi cation are derived from two constitu-
tive exons ( black boxes ) over an intron ( solid line ) and the ampli fi ed mRNA product (spliced) will 
be smaller in size than the products ampli fi ed from template DNA or unspliced pre-mRNA. In an 
alternative RNA splicing assay, a pair of primes is derived from exon 1 and exon 3 spanning over 
alternative exon 2 ( grey box ). Alternative RNA splicing will result in multiple spliced RNA prod-
ucts of various sizes ampli fi ed by RT-PCR.  (b)  Speci fi c ampli fi cation of spliced RNA products 
during constitutive or alternative RNA splicing. The speci fi c splicing products could be obtained 
by using a set of primers in which one represents a splicing junction ( Pr1 ). Because of lack of this 
sequence in unspliced pre-mRNA or DNA, only the spliced product will be selectively ampli fi ed. 
A selective ampli fi cation could be also used to amplify by RT-PCR a speci fi c RNA isoform derived 
by alternative RNA splicing by using one primer in an alternative exon (exon 2) in combination 
with a primer in exon 3. In this case, only the spliced product with exon 2 inclusion will be selec-
tively ampli fi ed by RT-PCR       
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is its binding nonspeci fi cally to any DNA including primer dimers and nonspeci fi c 
PCR products and is not useful for multiplex ampli fi cation of several products in the 
same reaction. In contrast,  Taq Man™, Molecular Beacons, and Scorpions™ probes 
speci fi cally detect only a PCR product complementary to probe sequence enabling 
to distinguish speci fi c from nonspeci fi c products. Disadvantage of these chemistries 
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  Fig. 38.5    Major chemistries of real-time PCR. PCR product detection by four major commercially 
available chemistries in real-time PCR: SYBR green ( I ),  Taq Man™ ( II ), Molecular Beacon ( III ), 
and Scorpions™ probes ( IV ). The mechanism of each chemistry is described in details in other 
chapter.  Double lines  represent a double-stranded DNA template generated by RT-PCR while a 
 single line  is correspondent to single-strand DNA.  Horizontal arrows  mark primer ( Pr1  and  Pr2 ) 
positions. F stands for quenched “ fl uorophore moiety” and could be present in two stages: quenched 
non fl uorescent stage ( empty circles ) or in activated stage ( empty circles with spikes ) with genera-
tion of detectable signal. Q in  black circles  represents “quencher.” Scorpions probes contain 
ampli fi cation stop sequences named “blocker” (B in  black box )       
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is that each PCR product requires synthesis of its own speci fi c probe which increases 
the cost per reaction. On the other hand, labeling individual probes with  fl uorophores 
of different emission spectrum allows multiplexing and simultaneous detection of 
several products and reduces the cost and labor. 

 The usage of real-time RT-PCR for splicing detection requires special consider-
ations. Since real-time RT-PRC techniques omit electrophoretic separation, the 
spliced product could not be distinguished based on size. Therefore it is important 
that only desired product is ampli fi ed. In this case, the usage of SYBR green chem-
istry is the most challenging because of the lack of speci fi city. Probe-based methods 
provide higher speci fi city due to probe hybridization to selected sequences which are 
not present in nonspeci fi c products. To detect only desired spliced product the probe 
and primer should be complementary to a speci fi c exon–exon junction or alterna-
tively spliced region. Several other factors must be considered when using RT-PCR-
based techniques in diagnostics including RNA sample quality and preparation,  Taq  
polymerase inactivating contaminants in clinical samples, and ampli fi cation bias. 
Other considerations are false positivity and PCR cross-contamination.  

   Splicing Microarrays 

 DNA microarrays (also known as DNA chips) are composed of large number of 
probes, often in several thousands, spotted on very small area in 2D format on solid 
surface (glass or plastic). Probes represent DNA oligos of various length and chemistry. 
Each probe has speci fi c DNA sequence allowing detection of corresponding DNA 
with complementary sequence. Currently, there are two major technologies of 
DNA arrays manufacturing of microarray: (a) direct synthesis of probes on the array 
or (b) printing arrays from library of presynthesized probes. Each DNA microarray 
allows rapid pro fi ling of large number of DNA molecules at the same time. Today 
DNA microarrays are widely used to study gene expression pro fi ling and RNA 
posttranscriptional modi fi cations including RNA splicing  [  21  ] . 

 The analysis of RNA transcripts by DNA microarrays requires a conversion of 
RNA samples to DNA by reverse transcription, following ampli fi cation and label-
ing with  fl uorescent dye. After labeling the samples are hybridized with the probes 
on the array. Unbound samples are washed away and the  fl uorescent signal is cap-
tured and analyzed by microarray readers (Fig.  38.6a ). The intensity of  fl uorescent 
signal corresponding to the number of bound molecules allows determination of the 
level of RNA in the original sample by mathematical algorithm.  

 There are two different approaches in probe design to study of RNA splicing 
using DNA microarrays: tiling and exon arrays  [  22  ]  (Fig.  38.6b ). In tiling arrays the 
set of overlapping probes cover the full-length of nascent primary transcript includ-
ing exons and introns. The analysis of  fl orescence for each probe allows to identify 
exons and introns based on the difference in signal intensity (Fig.  38.6b  i ). The 
advantage of tiling arrays is their ability to identify known as well as new splice events. 
Therefore, the tilling arrays are often used as discovery tools. The disadvantages are 
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  Fig. 38.6    Splicing microarrays and in situ hybridization.  (a)  A work  fl ow for microarray assay. 
First, sample RNAs are converted into cDNAs simultaneously labeled with speci fi c  fl uorophore 
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boxes ). (ii) Exon arrays consist of combination of two types of probes: probes binding to exon 
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Splicing events are calculated by analysis of signal intensity between exon, intron, and junction 
probes.  (c)  Detection of spliced transcript by in situ hybridization. (i) Probe spanning over the 
exons ( solid boxes ) junction speci fi cally binds to spliced product but not to unspliced pre-mRNA 
containing intron ( solid line ) or genomic DNA. The probe detection depends on type of labeling 
(L in  empty circle ) including isotope, biotin, digoxigenin,  fl uorophore, or others. (ii) Detection of 
RNA splicing by cohybridization of two probes labeled with acceptor (A in  cirle ) or donor (D in 
 circle )  fl uorophores binding to exonic regions ( black boxes )  fl anking the intervening intron ( solid 
line ). When bound to unspliced transcript the binding sites of two probes are separated by intron 
preventing energy transfer by FRET and thus, no signal is generated. After intron removal by RNA 
splicing, two probes are bought to close proximity for FRET to occur. The energy transfer from the 
donor to the acceptor leads to excitation of the acceptor  fl uorophore (A in  circle with spikes ) and 
generation of detectable signal. The diagram is modi fi ed from Blanco and Artero  [  31  ]        
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requirement of large amount of probes and are time-consuming data analysis. The 
exon arrays are more commonly used but require the knowledge of splicing events. 
Several types of probes hybridizing to  fl anking exons, intron, and exon–exon junctions 
are designed to detect each splicing event (Fig.  38.6b  ii ). The  fl uorescence intensity 
is detected for each probe and mathematical model is applied to determine the 
occurrence of splicing event. The advantages of exon arrays are: the requirement of 
smaller number of probes with simpler data analysis. However, the exon arrays 
detect only known or predicted splicing variants. Due to their large capacities the 
exon arrays could be designed to detect splicing in multiple viral pathogens.  

   In Situ Hybridization 

 Tissue sections historically represent an important tool in diagnostic of pathological 
changes during viral infection and detection of viral pathogens on cellular level. There 
are two major types of tissue sections: frozen and formalin- fi xed, paraf fi n-embedded 
(FFPE). Both are routinely used for detection of viral antigens by various types of 
staining, but their use in detection of nucleic acids including spliced transcripts is still 
rather rare. Improved sensitivity of current nucleic acid isolation and ampli fi cation 
techniques allows the recovery of nucleic acid from tissue sections for further analysis 
by PCR and RT-PCR with selective isolation of only cells of interest by laser capture 
microdissection to bring additional level of speci fi city  [  23,   24  ] . However, detection of 
nucleic acids by in situ hybridization (ISH) directly on tissue sections can provide 
additional bene fi ts about gene expression linked with spatial distribution of speci fi c 
RNA transcripts at cellular and often even at subcellular level. In the past the nucleic 
acid molecules including RNA transcripts by ISH were detected by DNA probes 
labeled with radioisotope ( 35 S,  33 P,  3 H)  [  25  ] , which were later replaced by nonradioac-
tive DNA-probes labeled with biotin or digoxigenin and detected by chromogenic 
methods using enzymes-labeled antibodies (CISH)  [  26  ] . Labeling probes speci fi c for 
different transcripts with different  fl uorophores (FISH) allow detection of multiple 
targets at the same tissue section. However, the sensitivity was always a limiting 
factor of ISH techniques. This was caused mainly by usage of DNA probes which 
suffer from low af fi nity to complementary RNA targets and sensitivity to degradation 
of RNA–DNA hybrids by RNase H. Development of tyramide signal ampli fi cation 
(TSA) has dramatically improved the sensitivity of DNA probes  [  27  ] . Further improve-
ment came from by introduction of locked nucleic acids (LNA) and peptide nucleic 
acids (PNA) probes with high af fi nity to RNA molecules and resistance to RNase H 
degradation  [  28–  30  ] . Detection of RNA splicing by ISH requires a probe to speci fi cally 
bind only to spliced mRNA without binding to unspliced pre-mRNA or genomic 
DNA in the sample. Historically this was achieved by designing a probe over exon–
exon junction containing sequences present only in spliced transcripts (Fig.  38.6c  i ). 
Another approach in detection of spliced transcripts by IHS represents the methods by 
cohybridization of two probes labeled with donor and acceptor  fl uorophore and 
generation of signals by FRET. In principle, each splicing event is monitored by a set 
of two probes complementary to exonic sequences  fl anking an intron region. One of 
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two probes carries a  fl uorophore acceptor while the second probe is labeled by 
 fl uorophore donor. When probes bind to genomic DNA or unspliced nascent tran-
script their binding sites are separated by intron regions resulting in distance between 
donor and acceptor too big for two  fl uorophores to engage in FRET. However, intron 
removal by splicing brings probe binding sites to proximity close enough for FRET to 
occur resulting in generation of measurable  fl uorescence  [  31  ]  (Fig.  38.6c  ii ). This 
results in high speci fi city and low background. Using a set of probes with different 
 fl uorophores allows to detect multiple spliced transcripts or various spliced isoforms 
of the transcript. In summary, ISH hybridization methods provide us with a necessary 
tool to investigate the distribution not only of protein-encoding transcripts but also of 
rapidly growing number of virus-encoded noncoding RNAs, of which their role in 
viral pathogenesis remains often elusive  [  32  ] . In situ hybridization methods could 
be especially suitable in retrospective analysis of archived samples in collections.  

   RNA- seq  

 Next-generation sequencing (NGS) represents a new generation of analytical tools 
for genome and transcriptome analysis  [  33  ] . It bases on generation of a large amount 
of short sequences in parallel sequenced reactions. Advantages of NGS are the 
requirement of less amount of the initial sample, deep coverage, and nucleotide reso-
lution. NGS also does not require any previous knowledge of detecting sequence. 
Currently there are several platforms including 454 Life Sciences ( Roche ), Genome 
Analyzer ( Illumina ), ABI Solid Sequencing ( ABI ), and many others. Each platform 
uses different technology to generate the data, but all provide the same information. 

 Sequencing of RNA samples converted to cDNA is called  RNA-seq .  RNA-seq  pro-
vides a comprehensive picture of whole genome transcriptome and has been success-
fully used for analysis on gene expression and posttranscriptional processing including 
RNA splicing. However, NGS is costing and requires sophisticated data analysis, 
which makes it less suitable for clinical diagnostics. However,  RNA-seq  does not 
require any prior knowledge of detecting sequence composition and therefore allows 
to detect unknown or unpredicted RNA sequences. This may be especially bene fi cial 
in discovery of new pathogens including viruses  [  34  ] . In addition,  RNA-seq  instantly 
analyzes a transcriptome including spliced transcripts of any type of cells or tissues.   

   RNA Splicing in Clinical Virology 

 RNA splicing does not occur in prokaryotes and is a hallmark of the eukaryotic 
gene expression. In eukaryotes the number of genes which undergo splicing varies 
highly from organism to organism, with only about 5 % of all genes being spliced 
in yeasts to 95 % in human  [  35,   36  ] . Viruses as intracellular parasites replicate 
inside of host cells and hitchhike many cellular processes for their multiplication 
including RNA splicing. By using constitutive and/or alternative RNA splicing, 
most of DNA viruses and some of RNA viruses increase complexity of their 
proteome without requirement of additional genetic materials. 
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 Detection of spliced viral mRNAs in clinical samples would provide several 
bene fi ts. While detection of viral genomes in clinical samples would indicate virus 
infection, the result does not provide information about the stage and dynamic of 
virus infection. In many cases the progress of viral replication could be assumed 
from changes in viral load, but this approach requires multiple sampling in the 
course of infection and varies between individuals. One major advantage for detec-
tion of spliced viral transcripts is that viral RNA splicing re fl ects viral gene expres-
sion and thus active viral infection, providing important information about the status 
of infection without requiring multiple sampling. The production of viral transcripts 
and their RNA splicing are often the  fi rst sign of virus replication detectable before 
the increase of viral load or occurrence of viral-speci fi c antigens or antibodies. 
Therefore the detection of active viral infection by RNA splicing may be especially 
important for the early viral diagnosis of the infection critical for successful treat-
ment. Because of direct association of spliced viral transcripts with the level of 
active viral replication and by monitoring viral RNA one could provide essential 
information earlier enough for initiation of antiviral therapy. A rapid shut-off of 
viral transcription and RNA splicing could be also the  fi rst sign of the blockage of 
viral replication visible even before the change in viral load by genome copy 
numbers. In the case of ubiquitous viruses, such as members of herpesvirus or 
parvovirus family, which establish latent infection in the host, detection of RNA 
splicing of a viral early gene would assist to distinguish viral latent infection from 
active infection. Such a diagnosis is critical for recipients of the transplant organs 
where reactivation of latent viruses often leads to transplant rejection. 

 In addition, interpretation of RNA splicing detection results is straight forward 
without worrying carryover DNA contamination as a spliced RNA is smaller than 
its corresponding DNA template. As we describe above, there are many techniques 
available today for RNA splicing assay. These techniques are not only easy to set up 
with a low cost comparing to virus isolations and immunological methods, but could 
be quickly applied to detect new emerging viruses which cultivation of the virus is 
impossible and/or no immunological method is available. This is particularly true in 
combination of RNA- seq  which can rapidly provide sequence information about a 
viral transcriptome and RNA splicing of viral messages.  

   RNA Splicing in RNA Viruses 

   In fl uenza Viruses 

 In fl uenza virus infection affects millions of people every year. In fl uenza viruses, 
including in fl uenza virus A, B, and C, are the members of  Orthomyxoviridae  family. 
In fl uenza viruses are enveloped RNA viruses with a segmented, single-stranded 
RNA genome of negative polarity (ssRNA−). Number of segments may vary 
between virus species, with in fl uenza viruses A and B genome having eight segments 
and in fl uenza C seven segments. In contrast to the majority of RNA viruses the 
in fl uenza viruses replicate in the nucleus of host cells because of their dependence 
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on cellular expression machinery  [  37  ] . During replication viral RNAs are produced 
by viral RNA-depended RNA polymerase. However, viral RNA genomes use short 
sequences with a cap structure generated by host RNA polymerase II for priming to 
initiate viral transcription. During infection viral polymerase produces two types of 
RNAs: one for protein synthesis and the other served as a template for viral genome 
replication (see review ref.  [  38  ] ). 

 RNA splicing in in fl uenza viruses was  fi rst detected in an RNA transcript from the 
smallest segment 8 in in fl uenza A and B and their corresponding segment 7 in in fl uenza 
C. This transcript encodes two nonstructural viral proteins: larger NS1 and smaller NS2 
 [  39  ] . In in fl uenza A, NS1 protein is encoded by an unspliced primary RNA transcript 
(~890 nts), whereas NS2 protein is expressed from a spliced RNA (~350 nts) generated 
by removal of a 473-nt intron from its primary RNA transcript. This leads in fl uenza 
A NS1 and NS2 proteins sharing the same AUG start codon and  fi rst nine amino acid 
residues. Translation of NS2 protein continues in +1 frame after RNA splicing and this 
leads the C-terminal NS2 partially overlapping the NS1 by 70 amino acid residues  [  40  ]  
(Fig.  38.7a ). Similar splicing event for production of NS1 and NS2 proteins has been 
detected from infections of in fl uenza B  [  41  ]  and in fl uenza C  [  42  ]  viruses.  

 In fl uenza A segment 7 which encodes M1 and M2 proteins produces three RNA 
species by alternative RNA splicing. The unspliced RNA which is collinear with the 
genome encodes M1 nucleoprotein with 252 amino acid residues and the two alterna-
tively spliced RNAs M2 and mRNA3  [  43  ]  share the same 3 ¢  splice site at nt 740 posi-
tion, but use different 5 ¢  splice sites for alternative RNA splicing (Fig.  38.7b ). M2 
RNA uses a 5 ¢  splice site at nt 51 position, whereas mRNA3 employs another 5 ¢  splice 
site at nt 11 position from the beginning of viral speci fi c sequences. M2 protein bears 
ion channel activity and shares nine amino acid residues with the M1 N-terminus. The 
mRNA3 contains a short open reading frame in its exon 2 with potential to encode a 
short peptide of nine amino acid residues. However, the expression of this peptide was 
never experimentally con fi rmed. The role of this transcript during virus replication 
remains unknown. 

 While M2 and mRNA3 transcripts are detectable in cells infected with all 
in fl uenza A viruses, some strains, like A/WSN/33, produce additional spliced tran-
script named mRNA4  [  44  ] . mRNA4 is generated by usage of additional 5 ¢  splice 
site at position nt 146 and share the same 3 ¢  splice site with M2 and mRNA3 at posi-
tion nt 740 (Fig.  38.7b ). mRNA4 has potential to encode a peptide with 54 amino 
acid residues and its  fi rst 37 amino acid residues are identical with M1 protein. 
Sequence analysis of more than 6,000 in fl uenza strains revealed that about 20 
in fl uenza A strains has conserved mRNA4 splice site  [  45  ] . Sequence information of 
all in fl uenza viruses could be found at   http://www. fl u.lanl.gov/    . 

 The primary RNA transcript of segment 7 in in fl uenza virus B does not undergo 
alternative splicing to produce M2 protein as in case of in fl uenza A. RNA splicing 
in M transcript takes place with segment 6 of in fl uenza C  [  46  ] . Two transcripts 
generated from segment 6 in the infected cells are the full-length primary and 
single spliced transcript by removal of an intron located at the 3 ¢  end of the primary 
transcript. The primary transcript contains a 374-aa ORF (P42), but the spliced 
message contains a shorter ORF encoding 242-aa residues (CM1) due to generation 
of STOP codon after RNA splicing from nt 751 5 ¢  splice site to nt 982 3 ¢  splice site 

http://www.flu.lanl.gov/
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(Fig.  38.7b ). P42 protein is consequently processed by internal cleavage, resulting 
in production of a predominant CM2 protein containing the C-terminal 115-aa 
residues of P42 protein  [  47,   48  ] . 

 In summary, there are two instances of viral RNA splicing in in fl uenza infection: 
one conserved between all three species (NS1) and the second highly variable in 
each species (M). Thus, combination of NS1 and M RNA splicing assays would 
reveal not only active in fl uenza virus infection, but also specify the infection with a 
speci fi c in fl uenza virus species.  

   Human Retroviruses 

   HIV-1 and -2 

 Human immunode fi ciency virus (HIV) causing  acquired immunode fi ciency syndrome  
(AIDS) is a member of  Lentivirus  genus in retrovirus family. HIV infects cells of 
immune system consequently causing the failure of immunity associated with 
occurrence of opportunistic infections leading to death. HIV infection is considered 
pandemic with about 0.6 % of world population being infected. Two types of HIV 
viruses were characterized. Although closely related, HIV-1 differs from HIV-2 in 
infectivity and geographical distribution, with HIV-2 much less pathogenic in 
several West African countries. 

 HIV is an enveloped virus and carries a single-stranded RNA genome in size of 
9-kb of positive polarity (ssRNA+). After initial infection the viral genomic RNA is 
converted by virus-encoded reverse transcriptase into DNA which then could inte-
grate into host genome where the integrated viral genome resides as a provirus. Later, 
the integrated provirus serves as a template for transcription of viral transcripts. 

 In contrast to simple retroviruses, HIV genome has high coding capacity. Besides 
encoding viral structural and replication proteins ( gag ,  pol ,  env ) HIV expresses a 
large numbers of accessory proteins. This is achieved by production of over 40 RNA 
isoforms derived from single RNA transcript by extensive alternative RNA splicing 
 [  49  ]  (Fig.  38.8a ).  

 Three groups of HIV transcripts could be observed by size in Northern blot analysis. 
The  fi rst group represents an unspliced 9-kb transcript which serves a template for 

Fig. 38.8 (continued) encodes gag and pol proteins. Alternatively spliced HIV-1 transcripts in size 
of ~2-kb and ~4-kb are grouped along with their protein coding potentials.  Solid boxes  represent exons 
and  dotted lines  are introns. A  grey box  below the 9-kb mRNA illustrates a recently discovered 
antisense transcript  [  52  ] .  (b)  Nucleotide positions of all mapped 5 ¢  and 3 ¢  splice sites in a prototype 
HIV genome, pNL 4-3 (GenBank Accs. No. AF324493), starting from the 5 ¢  LTR  [  208  ] . 
 (c)  Alternative HIV RNA splicing is coupled with stages of HIV-1 infection. Multiple spliced transcripts 
(2-kb group) are expressed in the early stage of the infection resulting in the expression of acces-
sory proteins: tat, rev, and nef. During the late stage of HIV-1 infection, rev protein translocation 
to the nucleus promotes nuclear export of single spliced (4-kb group) or unspliced HIV RNA via 
binding to an rev-responsive element (RRE) to express structural and replication proteins  [  51  ]  .   (d)  Oligo 
primers used for RT-PCR, shown in ( a ), to detect spliced RNA products of HIV-1 pNL 4-3  [  208  ]        
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  Fig. 38.8    RNA splicing of HIV-1 transcripts.  (a)  Schematic diagram of HIV-1 genome with struc-
tural and replicatory protein ORFs marked with  empty boxes  and accessory protein ORFs with 
 grey boxes .  LTR  long terminal repeats. Shown below the diagram are positions of 5 ¢  splice sites 
(D1–D4) and 3 ¢  splice sites (A1–A7) identi fi ed in a 9-kb full-length primary transcript which 
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expression of  gag  and  gag/pol  as well as a genomic RNA for newly formed virions. 
The second group represents single spliced RNA transcripts in size of ~4-kb which 
encode  env ,  vif ,  vpr , and  vpu  proteins. The third group in size of ~2-kb consists of 
multiple spliced RNA transcripts to encode accessory proteins  tat ,  rev ,  nef , and  vpr . 
During virus infection, HIV generates such a wide variety of RNA transcripts by 
usage of at least  fi ve alternative 5 ¢  splice sites and 8–9 alternative 3 ¢  splice sites  [  50,   51  ]  
(Fig.  38.8b ). In addition, several antisense transcripts initiating from several 3 ¢  long 
terminal repeats (3 ¢  LTR) were also detected in HIV-1-infected cells  [  52  ] . 

 Recent studies showed that HIV RNA splicing is largely regulated by viral RNA 
 cis -elements and cellular splicing factors and is orchestrated for completion of HIV 
life cycle in the course of virus infection. Multiple spliced transcripts of 2-kb family 
are expressed in the early stage of virus infection to express  tat ,  rev  and  nef.  This 
group of spliced RNAs is produced by using 3 ¢  splice site A3–A5 located in the cen-
tral part of the viral genome with A3 site for expression of  tat , A4a–c for  rev , and A5 
for  nef  proteins. During late stage of HIV infection, nuclear import and accumulation 
of  tat  together with  rev  protein allows the  rev  protein bind to a  rev-responsive ele-
ment  (RRE) in partially spliced 4-kb and unspliced 9-kb RNA transcripts located in 
 tat/rev  intron between D4 and A7 splice sites to mediate the later transcripts export 
into the cytoplasm for translation  [  53  ]  (Fig.  38.8c ). Sites A1A and D1A are involved 
in pre-mRNA stability  [  54  ] . Strains from IIIB family of HIV viruses use additional 
A6 and D5 to generate small exon in  env  region and the transcripts containing this 
exon express tripartite  tat-env-rev  fusion protein,  tev   [  55,   56  ] . 

 Regulation of HIV RNA splicing depends on the selection of 3 ¢  splice sites which 
are, in general, weak in contrast to strong and highly active 5 ¢  splice sites. In addi-
tion, numerous positive and negative splicing regulatory  cis -elements identi fi ed in 
HIV RNA genome bind various cellular splicing factors and affect the selection of 
individual 3 ¢  splice site (see review ref.  [  49  ] ). Comparison of nucleotide sequences 
between various clades of HIV-1 has shown a high level of conservation of splice 
sites among different clades of HIV-1 strains (except D4a, b, c).  

   HTVL-1 and -2 

 Human T-cell leukemia virus type 1 (HTLV-1) and type 2 (HTLV-2) were  fi rst two 
retroviruses discovered in human  [  57  ] . HTLV-1 is etiologically linked to adult T-cell 
leukemia/lymphoma (ATLL), an aggressive malignancy of CD4+ T lymphocytes, as 
well as to a neurological disorder named HTLV-associated myelopathy/tropical spas-
tic paraparesis (HAM/TSP)  [  58–  60  ] . HTLV-1 is endemic in Japan, Africa, Caribbean 
basin and South America. HTLV-2 is linked to HAM/TSP but not to ATLL. HTLV-2 
infection occurs predominantly in parts of Africa and Americas  [  61  ] . 

 HTLV-1 and -2 are two closely related complex retroviruses sharing about 70 % 
of nucleotide sequences. Their genome organization and replication is similar to 
HIV. Besides essential genes ( gag/pol/env ) expressed from the full-length or single 
spliced RNA, HTLVs also encode a number of accessory proteins from a pX region 
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  Fig. 38.9    RNA splicing of HTLV-1 & -2 transcripts. ( a)  Genomic organization of HTLV-1 and -2 
with structural and replication genes ( white boxes ) on the 5 ¢  end and regulatory gene pX ( grey 
boxes ) on the 3 ¢  end of the genome  fl anked with long terminal repeats (LTR). ( b)  Viral transcripts 
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primers and probes used for detection of HTLV-1 spliced tax mRNA as described  [  209  ] . Nucleotide 
positions are based on a full-length HTLV-1 cDNA (GenBank Accs. No. L03562.2)       
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located in the 3 ¢  end of virus genome (Fig.  38.9a ). Transcripts for encoding accessory 
proteins are generated by alternative RNA splicing of a full-length primary 
transcript using several 5 ¢  splice sites and 3 ¢  splice sites (Fig.  38.9b ) (reviewed in 
ref.  [  62  ] ). Recently transcripts antisense to pX region have been discovered in the 
infected cells either with HTLV-1 or HTLV-2 and these antisense transcripts encode 
HBZ and APH-2 proteins, respectively  [  63,   64  ] . Interestingly, these transcripts also 
undergo RNA splicing.  

 In contrast to HIV-1 the regulation of HTLVs RNA splicing and the roles of 
cellular splicing factors in HTVL RNA splicing are poorly understood.    

   RNA Splicing in DNA Viruses 

   Circoviruses 

 Human circovirus TT virus (TTV) was originally discovered in the serum of a 
patient with posttransfusion non-A-G hepatitis  [  65  ] . Later studies showed that TTV 
is present in body  fl uids of healthy individuals and is not associated with any patho-
logical disorder. However, the prevalence of TTV in general population appears 
highly variable from about 2 to 90 % of the incidence of TTV infection. These 
large variables among the reported studies are most likely attributable to primer 
selection and PCR performance  [  66  ] . TTV isolates have considerable diversity 
(about 30 %) which could be clustered in several genotypes groups without 
any particular geographical distribution, indicating that TTV represents a rather 
ubiquitous virus. Virus replication, route of TTV infection, and association with 
pathological manifestations remain unclear. 

 TTV is small nonenveloped virus of icosahedral architecture and contains a 
circular single-stranded DNA genome in size of 3.6–3.9 kb of negative polarity 
(ssDNA−)  [  67,   68  ] . TTV replication is not yet fully understood partially due to the 
lack of supportive tissue culture system. TTV genome consists of a GC-rich non-
coding region and a protein coding region with two overlapping ORFs (Fig.  38.10a ). 
Three species of RNAs in sizes of 2.8-, 1.2-, and 1.0-kb were detected in infected 
bone marrow cells as well as in an in vitro infected cell line  [  69,   70  ] . All transcripts 
originate from the same promoter and undergo alternative RNA splicing (Fig.  38.10b ). 
Each RNA transcript could be translated into two different proteins by using two 
alternative start codons  [  71  ] . The presence of other ORFs (ORF3 and 4) in TTV 
genome was predicted, but has not con fi rmed yet.  

 The role of TTV RNA splicing and its regulation in virus infection and virus 
production remained largely unknown. Another human circovirus TTV-like mini 
virus (TLMV) has recently been identi fi ed in human sera  [  72  ] . TLMV shares same 
genetic organization with TTV and other circoviruses, but its genome is only about 
2.9-kb in size.  
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   Hepadnaviruses 

 Hepatitis B virus (HBV) chronic infection leads to development of liver cirrhosis 
and hepatocellular carcinoma  [  73  ] . Despite an effective HBV vaccine is available in 
many countries, HBV infection remains epidemic in many parts of the world, particu-
larly in Asia and sub-Saharan Africa. WHO estimates that HBV infects about two 

TTV (TYM9)
3759 nt

ssDNA(-)

a

b
5’ss

3’ss

AAAA2.9 kb 

pA 2998/3004/3006
P109

AAAA

AAAA

ORF1, ORF2

1.2 kb 

1.0 kb 

ORF3

ORF4

c
Primer Position (nt) Sequence Amplicons (bp)

NG436 111–133 5’-GTTTTCTACGCCCGTCCGCAGCG-3’

DNA: (575)
RNA: 2.9 kb (474)

NG438 132–155 5’-CGGCAGCACCACGGAGGGTGATCC-3’

NG446 718–740 5’-CCGCGTCTA AGGTATGTGCGTCG-3’

NG447 686–706 5’-TTCCCCACCGCCTCCGTCTCC-3’

744/644GN834/634GN

  Fig. 38.10    Human circovirus TTV. ( a)  Single-stranded genome of TTV virus with origin of rep-
lication (ori), promoter ( arrow ) and two identi fi ed overlapping ORFs. ( b)  Transcripts identi fi ed in 
cells infected with TTV virus with nucleotide positions of two 5 ¢  splice sites ( above the line ) and 
three 3 ¢  splice sites ( below the line ), together with positions of promoter ( arrow ) and polyadenyla-
tion site (pA). The  black boxes  represent exons and  dashes lines  are introns. The size of the spliced 
transcripts (in kb) is indicated on the left and the coding potentials are on the right.  Arrows  below 
the transcripts are a primer pair used to detect the 2.9-kb transcript  [  69  ]  by RT-PCR as detailed in 
( c ). Primers positions in ( c ) are based on Torque teno virus TYM9 strain (GenBank Accs. No. 
AB050448.1)       
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billions of people worldwide, with chronic infection affecting 350 millions of people 
and causing death approximately one million people every year. While the vaccine 
can prevent HBV infection, there is no cure for already infected individuals. 

 HBV is a noncytopathic, hepatotropic virus. Its genome consists of a 3.2-kb long 
circular and partially double-stranded DNA. HBV encodes four viral proteins: core 
(C), reverse transcriptase-polymerase (P), surface (S) and X-protein (Fig.  38.11a ). 
In infected hepatocytes viral DNA is converted to cccDNA (covalently closed circu-
lar DNA) and serves as a template for expression of viral pregenomic (pgRNA) and 
three subgenomic RNAs from several promoters. Despite the presence of several 
promoters, all transcripts used the same poly A signal for transcription termination 
(Fig.  38.11b ). The core protein C and polymerase-transcriptase protein P are encoded 
by a bicistronic pgRNA. Subgenomic preS and S RNAs translate three surface anti-
gens (large [preS1], middle [preS2], and small [S] surface antigens). A short RNA in 
size of 0.7 kb encodes X protein, a nonstructural viral protein presumably with 
oncogenic potentials  [  74  ] . A precore RNA initiated upstream of the pgRNA encodes 
HBeAg  [  75,   76  ] . Beside protein translation pgRNA is a template for reverse tran-
scription into a genomic minus DNA strand during HBV genome replication.  

 All HBV transcripts from cccDNA are produced by cellular RNA polymerase II. 
A spliced 2.2-kb RNA transcript was  fi rst identi fi ed in transfected hepatoma cells 
 [  77  ]  and contains a single 1,223-nt long intron starting from the end of core antigen 
ORF to the middle of S antigen ORF. Subsequently, other single and multiple spliced 
forms of pgRNA were discovered in sizes of 2.1–2.6-kb from cell cultures and liver 
tissues of HBV patients  [  78–  80  ] . So far, 13 spliced variants of pgRNA and two 
spliced isoforms of pre-S2/S RNA have been identi fi ed during HBV gene expres-
sion infection and these spliced viral RNAs are produced by using six 5 ¢  splice sites 
and seven 3 ¢  splice sites (Fig.  38.11c ). A viral  cis -element PRE (posttranscriptional 
regulatory element) and cellular splicing factors such as PTB (polypyrimidine 
track-binding protein) and SR-proteins may play roles in regulation of HBV RNA 
splicing (see review ref.  [  81  ] ). 

 Approximate 30–50 % of HBV RNA are spliced RNAs during HBV infection of 
human hepatoma cell lines Huh7 and HepG2, two popular cell lines for in vitro 
HBV replication studies  [  82  ] . Huh7 cells seem to produce more spliced RNA than 
Hep2G cells. The major spliced product is derived from 30 % of pgRNA using nt 
2,447 5 ¢  ss and nt 489 3 ¢  ss in genotypes A, C, D, E. Serum of infected patients or 
hepatocarcinoma tumor samples frequently contain HBV DNA originated from 
spliced variants  [  83,   84  ] . Level of spliced HBV RNAs in patients varies widely 
from no splicing to extensive splicing and is related to viral genotype  [  85  ] . Role of 
HBV RNA splicing in HBV life cycle or pathogenesis remains to be elucidated. HBV 
spliced RNAs express two new proteins  [  86,   87  ] . A spliced mRNA derived from 
pgRNA with removal of a 454-nt intron from nt 2,447 to 2,901 encodes a structural 
polymerase-surface fusion protein (P-S FP) p43 with potential function in the entry 
 [  86  ] . Another single spliced pgRNA with removal of an intron from nt 2,447 to 489 
translates a 93-aa fusion protein in size of 10.4-kDa, of which its  fi rst 46-aa residues 
are identical to the N-terminus of viral polymerase protein followed by the 47-aa 
residues generated by the frameshift from the second exon. This protein has been 
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referred as hepatitis B splice-generated protein or HBSP  [  87  ]  and could be associated 
with HBV chronic infection, viral cytopathogenic effect, and immune evasion (see 
review ref.  [  88  ] ).  

   Parvoviruses 

 Parvoviruses are a group of small nonenveloped viruses containing a single-stranded 
DNA genome (ssDNA) in size of ~6-kb. The palindromic inverted terminal repeats 
at the ends of virus genome function as an origin of replication. Parvoviruses repli-
cate via a double-stranded DNA intermediate which serves as a template for viral 
transcription  [  89  ] . Replication of some parvoviruses relies on “helper” virus such as 
adenovirus, herpesviruses, vaccinia virus, and human papillomaviruses  [  90–  92  ] . 

 Parvoviruses are ubiquitous viruses and infect a wide range of animals. As of 
today, there are at least four members of  Parvoviridae  family that are infectious to 
humans: adeno-associated viruses (AAV), parvovirus B19 (B19V), human bocavi-
ruses (HuBoV), and human Parv4  [  93  ] . Despite of structural and genetic similarity, 
different parvoviruses use different replication and transcription strategies during 
virus infection and have different host tropism to initiate a productive infection in 
the presence of a helper virus. 

 Adeno-associated viruses (AAV), currently classi fi ed as  Dependoviruses , were 
 fi rst human parvoviruses identi fi ed in the group. AAVs infect wide range of species 
with AAVs-1, -2, -3, -8, and -9 being found in human  [  94  ] . Currently no disease or 
pathological condition is associated with AAV infection in human. The correlation 
between AAV infection and fetal loss and male infertility was proposed due to high 
prevalence of AAV DNA in placental tissues and in genital tissues of men with 
abnormal semen  [  95,   96  ] . Because AAV lacks pathogenicity, induces low immune 
response, infects both dividing and nondividing cells with capability of viral DNA 
integration into the host genome, AAV has gained attention as a vector for gene 
therapy (see review ref.  [  97  ] ). 

 All AAV genomes consist of two open reading frames,  Rep  and  Cap , with  Rep  
for virus replication and  Cap  for structural capsid protein. AAVs use several different 
strategies to produce viral products. First group represents AAV1, AAV2, AAV3, 
AAV4, and AAV6 and their viral transcripts originate from one of three viral pro-
moters on the left hand side of viral genome and are terminated on a single polyade-
nylation site on the right hand side of the genome. The middle part of the transcripts 
contains a ~300-nt long intron with a nonconsensus 5 ¢  splice site and two 3 ¢  splice 
sites (Fig.  38.12a ).The ef fi cient splicing requires the presence of both helper virus 
and large  Rep  protein  [  98  ] . While  Rep  protein seems to be essential for AAV2 splicing, 
several adenovirus proteins (E1A, E1B, E2a, E4 or f6, and VA RNA) as well as 
some products of herpes simplex virus (UL5, UL8, UL52, and UL29) have stimula-
tory effect on AAV2 splicing  [  99  ] . AAV5 and some animal AAVs are in the second 
group which utilizes three upstream promoters for their transcription, but their 
genome contains additional polyadenylation sites in the intron region. Transcripts 
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from two upstream promoters are polyadenylated on the internal polyA site, whereas 
spliced transcripts from P41 promoter use a poly A site at the right side of the 
genome (Fig.  38.12b ). The only spliced transcript in AAV5 infections is the  Cap  
transcript which contains a smaller (~240-nt) intron. Interestingly, the splicing of 
AAV5  Cap  transcript is constitutive and highly ef fi cient even in the absence of 
helper virus infection  [  100  ] .  

 Human B19 virus, member of  Erythrovirus  genus, was  fi rst identi fi ed in the 
serum of blood donor  [  101  ] . Three of B19 viruses have been identi fi ed from differ-
ent geographic regions  [  102  ] . After acute infection the virus persists in host for the 
rest of the life. The infection by B19 virus is in general asymptomatic, but several 
pathological conditions are associated with B19 infection and these include  ery-
thema infectiosum  (the “ fi fth disease”)  [  103  ] ,  polyarthropathy syndrome   [  104  ] , 
transient aplastic crisis (TAC)  [  105  ] , and persistent anemia/pure red cell aplasia 
(PRCA). B19 infection during pregnancy may associate with spontaneous miscar-
riage and development of nonimmune hydrops fetalis  [  106  ] . 

 Similar to other parvoviruses, B19 virus genome encodes two large open reading 
frames. NS1 ORF on the left-side genome translates a 77-kDa nonstructural protein 
and a VP ORF on the right-side genome produces two capsid proteins (84-kDa VP1 
and 58-kDa VP2). At least nine virus-speci fi c transcripts have been detected follow-
ing B19 infection  [  107  ]  which are all transcribed solely from a single promoter P6 
located upstream of NS1 gene, but are alternatively spliced and terminated at two 
alternative polyadenylation sites (Fig.  38.12c ) either in the middle or on the far right-
side of the genome. By using the poly (A) site in the middle of virus genome, the P6 
transcript has an intron in the NS1 ORF and splicing of this intron from NS1 tran-
script may create a novel ORF to encode a small accessory 7.5-kDa protein. However, 
if the poly (A) site on the right-side genome is used for RNA polyadenylation, the P6 
transcript become a bicistronic (NS1 and VP) transcript with two introns. By splicing 
to remove the intron 1 from the bicistronic RNA, the single-spliced P6 transcript is 
capable to encode both 7.5-kDa and VP1 proteins. Double RNA splicing to remove 
both intron 1 and intron 2 from the P6 bicistronic transcript disrupts both ORFs for 
NS1 and VP1, but creates a VP2 or a novel ORF for another accessory 11-kDa 
protein, depending on which alternative 3 ¢  splice site being selected (Fig.  38.12c ). 
Thus, all detected B19 transcripts are derived from a P6 pre-mRNA containing one 
or two introns with two alternative 3 ¢  splice site, depending on the selection of which 
one of two alternative poly A sites, and are alternatively spliced RNA transcripts, 
except the unspliced full-length NS1RNA. The  cis -elements in the central exon and 
intron 2 are regulatory elements to control the alternative P6 RNA splicing, with the 
double spliced P6 RNAs being the predominant species in the infected cells  [  107  ] .  

   Adenoviruses 

 The most common infection by adenoviruses in humans occurs in upper respiratory 
tract causing bronchitis and pneumonia. Adenovirus infection can also induce a wide 
range of other symptoms including conjunctivitis, ear infection, gastroenteritis, 
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myocarditis, hemorrhagic cystitis, meningitis, and encephalitis. There are 56 aden-
ovirus types belonging to seven species (human adenovirus A-G). Types belonging 
to B and C are responsible for most respiratory infections, B and D for conjuncti-
vitis, and F and G for gastroenteritis  [  108  ] . Adenoviruses were also found in 
other vertebrates. 

 Even though the human adenoviruses are not etiologically linked to any human 
cancer, some adenoviruses (types 2, 5, 12, 18, and 31) can, under special circum-
stances, transform rodent cells in vitro and induces tumors in small animals. 
Transformation activities are linked to two oncogenes E1A, which bind tumor 
suppressor pRB, and E1B, which binds tumor suppressor p53  [  109  ] . 

 Adenoviruses are nonenveloped viruses with icosahedral architecture and 
contain a linear, nonsegmented, double-stranded DNA genome in size of ~26–45-kb 
which is capable to encode 22–40 different gene products  [  109  ] . Adenoviruses 
replicates in the nucleus of infected cells (Fig.  38.13a ). The early stage of virus 
infection is characteristic with the expression of nonstructural early protein, while 
viral structural proteins are expressed in the late stage of viral DNA replication 
marking switch between two infection phases.  

 Almost all adenoviral early and late transcripts undergo RNA splicing in order 
to produce their corresponding viral products  [  110  ] . Viral E1A and L1 transcripts 
are exempli fi ed in this chapter for alternative RNA splicing seen in adenovirus 
infections. 

 Adenovirus E1A primary transcript contains three 5 ¢  splice donor sites and two 
3 ¢  acceptor sites and is composed of three exons and two introns. The  fi rst intron 
between by D1 and A1 is a suboptimal, minor intron. The second intron is a major 
intron which uses two alternative donor sites D2 and D3 and one acceptor site A2 
for RNA splicing. Alternative splicing of E1A RNA through usage of various com-
binations of splice donor and acceptor sites leads to formation of  fi ve species (13S, 
12S, 11S, 10S, and 9S) of E1A mRNAs according to their sedimentation coef fi cient 
(Fig.  38.13b ) and expression of individual unique protein  [  111  ] . 

 Transcription of late genes starts predominantly from a major late promoter. The 
primary late transcript is then polyadenylated at one of  fi ve polyadenylation sites, 
forming  fi ve groups of late transcripts (L1–L5). Each late mRNA contains a 201-nt 
“leader” sequence derived from three noncoding exons which function as a transla-
tional enhancer  [  112  ] . There are two variants of leader sequence with or without 
 i -leader exon. Beside the leader sequence region, L1 transcripts are also alterna-
tively spliced by using a common 5 ¢  splice site in combination with two alternative 
3 ¢  splice sites. Selection of a proximal 3 ¢  splice site results in formation of 52, 55K 
RNA and selection of a distal 3 ¢  splice site produces IIIa mRNA (Fig.  38.13c ). 

 Characteristic feature of adenovirus splicing is depending on the stage of virus 
infection. For example, E1A 13S and 12S mRNA are two major spliced products 
during early virus infection. In contrary, 9S RNA is highly accumulated in the late 
stage of infection  [  113  ] . Similar phenomenon was observed in the expression of late 
mRNAs. Inclusion of the  i -leader exon is generally a signature of early transcripts, 
but most of the late transcripts contain the classical tripartite leader. While 52,55K 
L1 RNA is produced during both early and late infection, the IIIa splice site is used 
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  Fig. 38.13    Alternative RNA splicing of adenovirus early and late transcripts. ( a)  Simpli fi ed ade-
novirus genome with positions and orientations of viral early ( grey arrows ) and late ( black arrows ) 
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only in the late stage of viral infection  [  114  ] . Both cellular splicing machinery and 
viral products have been found to regulate alternative splicing of adenoviral 
transcripts in the course of viral infection (see reviews refs.  [  110,   115  ] ).  

   Polyomaviruses 

 Polyomaviruses are small nonenveloped viruses which contains a circular double-
stranded DNA (dsDNA) genome in size of ~5,000-bps. Polyomaviruses infect wide 
range of mammalian and avian species, but each virus exhibits a limited host range 
and narrow tissue tropism. The  Polyomaviridae  family contains only one genus 
 Polyomavirus  ( PyV ) which has nine members of human polyomaviruses: BKPyV 
 [  116  ] , JCPyV  [  117  ] , KI PyV  [  118  ] , WU PyV  [  119  ] , Merkel cell PyV (MCPyV)  [  120  ] , 
HPyV6, HPyV7  [  121  ] , trichodysplasia spinulosa-associated PyV (TSV)  [  122  ] , and 
most recently discovered HPyV9  [  123  ] . Simian vacuolating virus 40 (SV40), a 
prototype virus of the family, was introduced into human population as a contami-
nant in early trials of poliovirus vaccine  [  124  ] . Serological data indicate that polyo-
mavirus infection is widespread in general human population with initial infection 
occurring in childhood  [  125  ] . After infection polyomaviruses persist in host for the 
rest of the life. While initial infection is mostly asymptomatic, several human 
polyomaviruses are associated with various pathological conditions in immuno-
compromised patients including nephropathy and cystitis associated with BK PyV 
and progressive multifocal leukoencephalopathy associated with JC PyV  [  126  ] , or 
trichodysplasia spinulosa presumably associated with TSV infection. Polyomaviruses 
express an oncoprotein T antigen and may lead to development of human cancer by 
abortive infection as has recently been con fi rmed in a rare but aggressive Merkel 
cell carcinoma  [  127–  129  ] . 

 Polyomavirus genome consists of three functional regions: two protein-coding 
regions (early and late) divided by a noncoding control region (NCCR) (Fig.  38.14a ). 
Early and late transcripts are expressed in an opposite direction from promoters 
located in the NCCR which also contains origin of replication. Early transcripts 
encode nonstructural viral regulatory proteins (T [tumor] antigens) important for 
virus replication and modulation of cell cycle. Viral DNA replication initiates tran-
scription of viral late genes to encode several viral capsid proteins.  

 In polyomavirus-infected cells, multiple isoforms of T antigen are detectable as 
a result of alternative RNA splicing. The primary transcript of T antigen contains 
two introns, but its intron 1 has two alternative 5 ¢  splice sites. During RNA splicing, 
the intron 2 retention is important for production of both large T and small t anti-
gens. However, selection of a proximal 5 ¢  splice site in the intron 1 for RNA splicing 
leads to production of large T antigen, whereas selection of a distal 5 ¢  splice site in 
the intron 1 results in small t production. Because the sequence region between the 
proximal 5 ¢  splice site and the distal 5 ¢  splice site has a stop codon, retention of this 
region in small t RNA splicing makes the small t RNA larger than the large T RNA, 
but introduction of a premature stop codon in the small t RNA results in production 
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  Fig. 38.14    RNA splicing of polyomavirus T antigen transcripts.  (a)  Genome structure of BKPyV 
virus, a representative of human polyomaviruses.  Black arrows  represent open reading frames 
for early viral regulatory proteins (large and small T antigens) and late viral capsid proteins 
 (VP1-3).  NCRR  noncoding repeat region,  ori  origin of replication. Agno, auxiliary agnoprotein. 
 (b)  Alternative RNA splicing of large T and small t antigens among BKPyV, JCPyV and MCPyV 
viruses.  Black boxes , exons;  dashed lines , introns or splice directions;  numbers , nucleotide positions 
of splice donor and acceptor sites. The diagrams are modi fi ed from White et al.  [  213  ]  and Shuda 
et al.  [  127  ]  .  Nucleotide positions for BKPyV are strain Dunlop (GenBank Accs. No. V01108), for 
JCPyV are strain Mad-1 (GenBank Accs. No. J02226) and for MCPyV are strain TSK (GenBank 
Accs. No. FJ173815).  Arrows  below the BKPyV transcripts are oligo primers used to detect spliced 
large T and small t antigen transcripts of strain Dunlop by RT-PCR as detailed in ( c )  [  131  ]        

of a smaller protein (Fig.  38.14b ). In addition, a rare tiny- t  antigen in size of ~17-kDa 
has been attributed to double RNA splicing in SV40-infected cells  [  130  ] . In this 
case, the transcript encoding the 17-kDa antigen shows splicing of both introns, but 
splicing of the intron 1 by selection of the proximal 5 ¢  ss. Similar to SV40, the 
multiple-spliced RNA species of early transcripts were detected also in other polyo-
maviruses such as truncated T-antigen (truncTAg) in BKPyV  [  131  ] , T ¢ 135, T ¢ 136 and 
T ¢ 165 in JCPyV  [  132  ]  and T3 and T4 early transcripts in MCPyV  [  127  ]  (Fig.  38.14b ). 
Alternative splicing of polyomavirus early transcripts allows expression of multiple 
T-antigens with distinguished function in viral life cycle. Beside the cells with 
actively replicating virus the early viral transcripts are expressed also in the cells 
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with nonproductive infection or in the polyomavirus-transformed cells. These cells 
often do not expressed late gene due to integration of viral DNA into host genome 
resulting in disregulated viral gene expression and cell transformation.  

   Papillomaviruses 

 Human papillomaviruses (HPVs) are a group of small DNA tumor viruses and has a 
genome in size of ~8-kb surrounded by a viral capsid. HPV genome consists of three 
regions: viral early, late, and noncoding regions and in general encodes eight viral 
genes (E1, E2, E4, E5, E6, E7, L1, and L2). Viral early gene products are regulatory 
proteins responsible for virus multiplication and pathogenesis during a productive 
infection, whereas L1 and L2 genes encode two viral capsid proteins for virus particle 
formation. Interestingly, almost all viral early genes are expressed from an early pro-
moter upstream of viral E6 gene and are polyadenylated at an early poly (A) signal 
downstream of E5 gene. Thus, viral early gene transcripts are polycistronic, with several 
ORFs in a single RNA molecule, and undergo extensive alternative RNA splicing 
during viral RNA maturation. In contrast, viral L1 and L2 are commonly transcribed 
from E7 ORF and polyadenylated at a late poly (A) site downstream of L1 ORF 
(Fig.  38.15a ). As a result, the 5 ¢  sequences of viral L1 and L2 are part of the viral early 
transcript sequences. RNA splicing to removal the most of these early gene sequences 
from the RNA by RNA splicing is important for viral L1 and L2 expression  [  133  ] .  

 HPVs are the etiological agent of cervical cancer and presumably of other ano-
genital cancers. HPV is present in >95 % of all cervical cancer and is required for 
initiation of cervical carcinogenesis and maintenance of the cervical cancer cells. 
Cervical cancer is a leading cause for women death in the developing world, with about 
493,000 new cases and nearly 273,000 deaths each year (  www.who.int/hpvcentre    ). 
More than 120 genotypes of HPVs have been identi fi ed to date and are grouped into 
two major groups according to their pathogenesis and association with cervical can-
cer  [  134  ] . The high-risk or oncogenic HPV types are present in cervical cancers, 
whereas low-risk or nononcogenic HPVs are not found in cervical or other anogeni-
tal cancers  [  135  ] . In general, women acquire HPV infection by sexual contact. 
Various epidemiology studies indicate that women with repeat exposure to onco-
genic HPVs and with persistent cervical infection of oncogenic HPVs are in high 
risk to develop cervical cancer  [  136,   137  ] . Infection with oncogenic HPV-16 and 
HPV-18, two most common oncogenic HPV types, leads to development of almost 
70 % of all cervical and other anogenital cancers. Viral E6 and E7 of oncogenic 
HPVs are two viral oncoproteins that inactivate, respectively, cellular p53 and pRB, 
two tumor suppressor proteins essential for cell cycle control  [  138,   139  ] . In cervical 
cancer tissues and cervical cancer-derived cell lines, E6 and E7 oncogenes are 
highly expressed and majority of the E6/E7 bicistronic RNA are alternatively spliced 
as diagramed for HPV-16 and HPV-18 (Fig.  38.15b ). A major spliced RNA isoform 
of viral E6/E7 bicistronic RNA is E6*I derived from splicing of nt 226 5 ¢  splice site 
to nt 409 3 ¢  splice site for HPV-16 and of nt 233 5 ¢  splice site to nt 416 3 ¢  splice site 

http://www.who.int/hpvcentre
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  Fig. 38.15    RNA splicing of viral oncogene E6 and E7 transcripts in high-risk human papillomavirus 
infections.  (a)  Genome structure of high-risk human papillomavirus type 16 divided by early (genes 
E1–E7,  open boxes ) and late (L1–L2,  grey boxes ) regions and positions of splice sites in HPV-16 
genome.  P  promoter,  pA  
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splicing of HPV-16 and HPV-18 E6–E7 regions.  Open boxes  represent E6 and E7 ORFs with their 
corresponding start and stop codon positions. Transcripts derived from promoter P97 have an intron 
( dashes ) in the E6 and E7 ORF with three alternative 3 ¢  splice sites as diagramed.  Filled black boxes  
are exons. Coding potentials for each transcript are showed on the  left .  Arrows  below the transcripts 
are the primers used for detection of spliced E6E7 transcripts detailed in ( c ). The diagrams are 
modi fi ed from Zheng and Baker  [  133  ]  and Wang et al.  [  141  ] .  (c)  Sequences and nucleotide positions 
of two sets of primer pairs in ( b ) for RT-PCR ampli fi cation of alternatively spliced E6–E7 transcripts 
expressed in HPV-16 and -18 infections  [  140,   141  ] . Primer nucleotide positions and sequences are 
based on corresponding HPV reference strains available on   http://pave.niaid.nih.gov           
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for HPV-18 (Fig.  38.15b ). It has been demonstrated that this RNA splicing is neces-
sary for viral E7 translation  [  140  ]  and can be easily detected by RNase protection 
assay (RPA) or RT-PCR methods  [  140,   141  ] . 

 The presence of high-grade premalignant lesions (CIN, cervical intraepithelial 
neoplasia) caused by oncogenic HPV infection is a sign of increased risk of devel-
oping cervical cancer. These lesions can be detected by routine cervical examina-
tion and treated by surgery to prevent progression to cervical cancer. Papanicolaou 
test (also called Pap smear) is a screening test used in gynecology to detect prema-
lignant and malignant cells in cervical swabs. A woman who has Pap smear with 
abnormal cells may also be referred for HPV DNA testing by two FDA-approved 
assays: Hybrid Capture 2 DNA test to detect 13 high-risk HPVs (HPV-16, 18, 31, 
33, 35, 39, 45, 51, 52, 56, 58, 59, and 68) from Qiagen  [  142  ]  or Cobas 4800 System 
to detect 14 high-risk HPVs (HPV-16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 
and 68) from Roche  [  143  ] . More recently, a few of HPV E6/E7 RNA tests have been 
introduced. APTIMA HPV Assay from Gen-Probe was designed to detect HPV E6/
E7 mRNA from 14 high-risk types (HPV-16, -18, -31, -33, -35, -39, -45, -51, -52, 
-56, -58, -59, -66, and -68)  [  144  ]  with a sensitivity and speci fi city similar to or better 
than Hybrid Capture 2 DNA test  [  145,   146  ] . PreTect HPV-Proofer from NorChip 
was designed to detect E6 and E7 RNA from HPV types 16, 18, 31, 33, and 45  [  147, 
  148  ] , with more speci fi c than HC2 in identifying women with CIN 2+ but has a 
lower sensitivity  [  149  ] . By using the primers detailed in Fig.  38.15c  for RT-PCR 
assays, the spliced E6/E7 RNAs of HPV-16 and HPV-18 can be detected easily 
based on the amplicon size smaller than E6/E7 DNA, without worry of carryover 
viral DNA contamination encountered by HPV DNA tests.  

   Herpesviruses 

 Herpesviruses are large DNA viruses with complex life cycle. Their relatively large 
linear double-stranded DNA (dsDNA) genome (~100–200-kb) is encapsulated in a 
capsid with icosahedral architecture. Capsid is covered with heterogeneous layer of 
viral proteins and RNAs called tegument. Outside of the tegument is a lipid bilayer 
membrane (envelope) containing several virus-encoded glycoproteins. A hallmark 
of herpesvirus infection is to establish life-long “latent” infection in their host 
following initial infection. Latent virus is often reactivated by various stimuli 
causing recurrent infections—a typical feature of all herpesviruses. 

 Currently there are more than 100 known herpesviruses infecting wide range of 
animal species. All human herpesviruses belong to  Herpesviridae  family which is 
further grouped into four subfamilies:  Alphaherpesvirinae ,  Betaherpesvirinae , 
 Gammaherpesvirinae , and unassigned viruses. As of today, eight herpesvirus 
species have been isolated from humans and they are assigned to three subfamilies 
of  Herpesviridae . These include the following: herpes simplex virus type 1 [HSV-1, 
also referred as human herpesvirus 1 (HHV1)], herpes simplex virus type 2 (HSV-2 
or HHV2), Varicella-zoster virus (VZV or HHV3), Epstein-Barr virus (EBV or 
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HHV4), human cytomegalovirus (CMV or HCMV or HHV5), human herpesvirus 6 
(HHV6), human herpesvirus 7 (HHV7), and Kaposi sarcoma-associated herpesvirus 
(KSHV or HHV8). 

 Herpesviruses replicate in the nucleus. After virus entry the viral genome is 
translocated to the nucleus of infected cells where expression of viral genes occurs. 
All herpesviruses have two types of viral life cycle, latent and lytic, with distinctive 
transcriptional pro fi le. Latent infection is characterized with the expression of a few 
viral genes (latent transcripts) to maintain viral genome in latently infected cells. 
Lytic infection is associated with viral genome replication and production of infec-
tious virions and generally leads to destruction of infected cell. In contrast to latent 
infection almost all of viral lytic genes in viral lytic infection are expressed in timely 
regulated fashion and are divided, based on their dependence on viral protein expression 
and viral genome replication, into three kinetic classes: immediate early, early, and 
late. At some circumstances the virus in latently infected cells may be reactivated 
and proceeded to lytic infection. The mechanisms controlling the establishment of 
latency and reactivation of herpesviruses are not fully understood. Herpesviral 
genome encodes up to 100 different genes including a variable number of noncoding 
genes for noncoding RNAs or viral miRNAs  [  150–  152  ] . 

 Most human herpesviruses are highly prevalent in general population. Initial 
infection generally occurs in childhood or early adolescence through body contact 
and follows by establishment of latent infection. Some herpesviruses are sexually 
transmitted. Blood transfusion, tissue transplantation or congenital transmission 
represents other ways of acquiring the virus. Primary infection often occurs at epi-
thelia, the point of entry, followed by establishment of latent infection generally in 
a specialized cell type (neurons or lymphocytes) which serves as a virus reservoir. 
Recurrence of infection is caused by virus reactivation from latency when virus 
escapes from host immunological surveillance. Overall symptoms of herpesvirus 
infections in healthy individuals are generally mild, but may be life threatening in 
immunocompromised patients. While infections of some herpesviruses such as 
EBV and KSHV are clearly etiologically linked to the development of several types 
of cancer, the role of other human herpesviruses in cell transformation remains 
unknown  [  153  ] . Several compounds are used to treat acute herpesvirus infection. 
No vaccine against herpesviruses is currently available. 

 The infections by herpesviruses are most commonly diagnosed by the presence 
of speci fi c antibodies and antigens or by detection of viral DNA by PCR. However, 
without quanti fi cation in multiple time points these techniques cannot distinguish 
virus carriers from patients with active virus replication. Detection of viral tran-
scripts associated with virus lytic phase by RT-PCR provides indication of active 
virus replication, but often leads to a false-positive result due to viral DNA contami-
nation. DNA contamination problem could be avoided by selection of an amplicon 
over the intron in spliced viral transcripts, a speci fi c product of the spliced RNA 
could be distinguished from its corresponding to DNA based on its size. The number 
of spliced viral transcripts varies from one herpesvirus to another, with only handful 
split genes in HSV-1 to about 30 % in KSHV  [  154  ] . Both latent and lytic genes 
could have an intron and sometimes are alternatively spliced. 
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   Herpes Simplex Viruses 

 HSV-1, a member of  Alphaherpesvirinae  subfamily, is an human neurotropic 
herpesvirus associated with “herpes labialis,” Bell’s palsy and vestibular neuritis 
 [  155  ] . After initial infection, HSV-1 establishes the latent infection in sensory neural 
ganglia from where it periodically reactivates. Viral genome consists of two unique 
regions (long and short)  fl anked with inverted repeat regions (internal or terminal) 
(Fig.  38.16a ). HSV-1 encodes at least 84 genes. The majority of gene are named 
based on their position within a particular part of viral genome like UL1 (unique 
long region ORF1) or US3 (unique short region ORF3) while others have alterna-
tive historical manes, like ICP0 (infected cells protein 0). Only few HSV-1 tran-
scripts are spliced (LAT, ICP0, UL15, US1, US12/ICP47) (see review ref.  [  156  ] ) 
including both latent and lytic transcripts.  

 During latency HSV-1 expressed LAT ( l atency- a ssociated  t ranscript) RNA from 
a repeat region of viral genome called LAT-DNA  [  157,   158  ] . Two forms of LAT 
RNAs are detectable in latently infected neurons. A major 2.0-kb RNA is produced 
by splicing of a capped and polyadenylated 8.3-kb primary transcript and represents 
a unique stable intron while spliced exonic RNA is unstable and quickly degraded 
 [  159  ] . A minor 1.5-kb RNA is generated by further splicing of the 2.0-kb RNA by 
removing an intron of 559 or 556-bp depending on the virus strain  [  160  ]  (Fig.  38.16a ). 
Both LAT RNAs are uncapped without a poly A tail and accumulates in the nucleus 
of infected cells. HSV-1 LAT RNA is a noncoding regulatory RNA for establishment 
and maintenance of viral latency by inhibiting expression of viral lytic genes and 
interfering with cellular apoptosis pathway  [  161  ] . Recent studies showed that LAT 
transcript functions as a precursor for generation of virus-encoded miRNAs  [  162  ] . 
Expression from LAT-DNA was observed also during lytic infection. Lytic LAT 
transcripts differ from latent LAT RNA by the presence of a poly A tail  [  163  ] . 

 ICP0 (IE110) is encoded by a gene located in a viral genome repeat region and 
partially overlaps with LAT transcripts. Antisense expression of LAT transcripts 
inhibits the expression of ICP0 during latency. ICP0 is an immediate early gene 
expressed in the early stage of lytic infection. ICP0 functions as a nonspeci fi c trans-
activator and a cofactor of another viral transactivator ICP4  [  164  ] . ICP0 initiates lytic 
replication in both newly infected cells as well as after reactivation in cells with latent 
infection. ICP0 is transcribed in reverse orientation from viral genome and its pre-
mRNA contains three exons separated by two introns  [  165  ]  (Fig.  38.16a ). After splicing, 
the mature mRNA encodes ICP0 protein with 775 aa residues. An alternatively 
spliced ICP0 transcript retaining intron 2 is detectable in the infected cells  [  166  ]  and 
encodes a truncated ICP0R in size of 262-aa residues due to the presence of a stop 
codon in the intron 2. Thus, both ICP0 and ICP0R have the same aa sequences in the 
N-terminal part. ICP0R functions as a repressor of viral expression  [  167  ] . 

 HSV-2 represents another important human pathogen belonging to the alpha her-
pesvirus subfamily. Genital infection with HSV-2 causes genital herpes which is con-
sidered as a sexually transmitted disease. HSV-2 is also neurotropic and establishes 
latent infection in sacral ganglia. HSV-1 and HSV-2 are two closely related viruses with 
a similar genome and gene structures including their LAT and ICP0 regions  [  168  ] . 
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  Fig. 38.16    RNA splicing of LAT and ICP0 transcripts in HSV-1 infections and UL21.5, UL122, and 
UL123 transcripts in HCMV infections.  (a)  Genome of herpes simplex virus type 1 (HSV-1) consists 
of two unique regions (long-U 

L
  and short-U 

S
 )  fl anked with terminal (TR) and internal (IR) repeats. 
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 In general the infection of HSV-1 and -2 is controlled by host immune system. 
Thus initial or recurrent infections are associated with only mild symptoms. Infection 
in immunocompromised patients could cause several severe diseases including 
encephalitis  [  169  ] . Genital infections or reactivation of HSV-2 during pregnancy 
could lead to congenital infection  [  170  ] . Detection of viral DNA may not provide 
suf fi cient information about virus replication status due to the permanent presence 
of viral DNA in the infected cells. Detection viral lytic products, such as spliced 
ICP0 RNA, may be a better predictor of virus reactivation even before occurrence 
of clinical symptoms for early diagnosis enabling of early treatment. Disappearance 
of the detectable lytic products could be a sign of treatment ef fi ciency since the viral 
transcripts disappear earlier than viral DNA.  

   Human Cytomegalovirus 

 Human cytomegalovirus (HCMV) together with HHV-6 and HHV-7 belongs to 
 Betaherpesvirnae . High prevalence of CMV infection has been noticed in 50–80 % 
human population. In majority of healthy individuals, the primary CMV infection 
occurs asymptomatically, but in some cases could be associated with sore throat, 
prolong fever or syndrome similar to infectious mononucleosis. After initial infec-
tion the virus remains latent in T cells for the rest of the host life without apparent 
symptoms. In contrast, the CMV infection in immunocompromised individuals, 
such as newborns, transplant recipients, people with AIDS or cancer patients, could 
lead to severe disease and even death. The symptoms include hepatitis, retinitis, 
colitis, pneumonia, encephalitis and others. 

 CMV has a large genome of about 220 kb capable to encode around 200 genes 
(reviewed in ref.  [  171  ] ). While the majority of CMV transcripts are intronless, the 
presence of several split genes has been identi fi ed in all kinetic classes of viral genes 
 [  172  ] . A major immediate early region (MIE) located within a unique long (UL) 
region of CMV genome contains several genes highly expressed at the early stage 
of viral lytic infection. These include UL123 (IE1), UL122 (IE2), and UL119-115. 
MIE transcripts contain multiple introns and undergo complex alternative RNA 

Fig. 38.16 (continued) Shown below are two representatives of HSV-1 RNA splicing, latency 
associated transcript (LAT) and immediate-early ICP0 transcripts with positions of 5 ¢  and 3 ¢  splice 
sites, and primer pairs ( arrows below ) used for detection of spliced transcripts as detailed in the 
table further below.  Boxes  (full for LAT and empty for ICP0) represent exons divided by introns 
( dashed lines ). The primer pairs in the table were described by Tanaka et al.  [  214  ]  ,  with nucleotide 
positions in HSV-1 genome (GenBank Accs. No. X14112.1). ( b ) Genome structure of human 
cytomegalovirus (see other details in ( a )). Shown below the genome structure are spliced tran-
scripts of late UL21.5 gene and two immediate early genes UL123 (IE1) and UL122 (IE2) 
expressed from a major immediate early region (MIE).  Boxes  or  solid lines  are exons and  dashes  
are introns or splicing directions.  P  promoter,  pA  polyadenylation site.  Arrows  below UL21.5 
transcripts are primer pairs used for detection of spliced UL21.5 transcripts by nested RT-PCR as 
described  [  174  ]  and detailed in the table below, with the nucleotide positions in HCMV genome 
(strain AD169, GenBank Accs. No. X17403.1)       
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splicing. MIE transcripts IE1 and IE2 are expressed from the same promoter, but 
alternatively polyadenylated. These transcripts have  fi ve major exons and can be 
alternatively spliced to express additional isoforms of IE1 and IE2 proteins 
(Fig.  38.16b ). Splicing was detected also in transcripts from other CMV genes such 
as TRL4, UL89, US3, R160461, and R27080  [  172  ] . Gene UL21.5 (previously 
named as R27080) is one of the known CMV split late genes (SLG). The UL21.5 
transcript which encodes viral glycoprotein is expressed from the UL region posited 
from nt 27,080 to nt 27,574 of CMV genome  [  173  ] , and has a short intron with 
83 nts. Removal of this intron leads to production of a mature mRNA in size of 
~0.4-kb (Fig.  38.16b ). Both spliced and unspliced UL21.5 RNAs are easily detect-
able by RT-PCR from infected cells  [  174  ] . 

 Allogenic bone marrow transplant recipients are in high risk to develop CMV 
diseases. Historically, viremia was used as an indicator of CMV disease to guide 
preemptive treatment. Multiple approaches have been developed to detect CMV 
viremia in circulating lymphocytes by direct virus isolation with cultivation or by 
detection of viral antigens or viral DNA  [  175,   176  ] . However, the detection of 
viremia is not suf fi cient in disease prediction since many viremic patients never 
develop symptoms. An active CMV replication in peripheral blood lymphocytes 
can be veri fi ed by analyzing viral mRNAs  [  177  ] . Ampli fi cation of spliced viral 
transcripts has some advantages in comparison to intronless transcripts, with no 
worry by DNA contamination. Detection of spliced immediate early transcripts 
had been reported in good correlation with detection of viral DNA or viral antigen 
 [  178–  180  ] . Detection of late gene UL21.5 has better prediction value and signi fi cantly 
correlates with disease progression  [  174,   181,   182  ] .  

   Epstein-Barr Virus 

 Epstein-Barr virus (EBV), a well-characterized member of  Gammaherpesvirinae  
subfamily, is an important human pathogen. EBV infection is highly prevalent, with 
more than 95 % of human population become seropositive in early life. While pri-
mary infection during childhood is unremarkable, the virus acquisition in adoles-
cence and adulthood is often associated with the development of infectious 
mononucleosis. In healthy individuals the EBV infection is well controlled by 
immune system. However, EBV remains in long-living memory B cells where it 
establishes a latent infection. EBV is an oncogenic virus capable to transform the 
infected B cells  [  183  ] . EBV infections have been associated with the development 
of several human malignancies, including nasopharyngeal carcinoma, Burkitt’s 
lymphoma, Hodgkin’s lymphoma, gastric carcinoma, and others (see review ref. 
 [  184  ] ). Active EBV replication due to immunosuppression may cause posttrans-
plant lymphoproliferative disease  [  185  ] . During latent infection, EBV expresses six 
nuclear antigens (EBNAs-1, -2, -3A, -3B, -3C, and -LP), three latent membrane 
proteins (LMPs-1, -2A, and -2B) and several noncoding transcripts (EBERs-1 and 
-2 and BARTs). Many EBV latent products are de fi ned as oncogenes responsible 
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for EBV-mediated cell transformation  [  115  ] . Several types of EBV latency were 
de fi ned by variable expression of latent genes in various malignancies  [  186  ] . 

 EBV genome (~172-kb) is  fl anked by multiple terminal repeats (TR) and can be 
divided into a long and a short unique region (U 

L
  and U 

S
 ) by internal repeat 1 (IR1) 

(Fig.  38.17a ). EBV encodes at least 80 viral proteins  [  187  ]  and several noncoding 
RNAs including viral miRNAs  [  188,   189  ] . The ORF names are derived from their 
positions in  Bam HI fragment (from A to Z) by orientation (L-left or R-right) and a 
digital number representing the frame (F) order (for example BZLF1). Other genes 
retain their historical names based on the gene product function. Number of split 
genes in EBV is signi fi cantly higher than that found in alpha- and beta-herpesviruses. 
Extensive alternative RNA splicing is prominent especially for almost all EBV 
latent transcripts, but the transcripts of many lytic genes are also spliced.  

 EBNA-1 is a multifunctional viral protein critical for establishing and maintain-
ing EBV latency and for regulation of viral promoter activities  [  190  ] . In infected 
cells, EBNA-1 is expressed from a spliced mRNA derived from a primary transcript 
in size of ~100 kb. This transcript is originated from one of two alternative promot-
ers, Cp or Wp, which are named by their localization in a particular  Bam HI 
fragment of viral genome (Fig.  38.17b ). At the early stage of latent infection, the 
Wp is initially used, but the expressed EBNA1 and EBNA2 from the Wp transacti-
vate the Cp promoter and cause a switch of transcription from Wp to Cp  [  191  ] . 
Usage of Cp promoter is associated with EBV “latency type III.” In Burkitt’s lym-
phoma and Burkitt’s lymphoma-derived cell lines, EBNA1 expression is initiated 
from a distal Qp promoter rather than from Cp and Wp and is associated with 
“latency type I”  [  192  ] . EBNA is expressed also in the lytic phase from additional Fp 
promoter closely localized upstream to the Qp promoter  [  193  ] . 

 The establishment of active EBV replication after virus reactivation from latency 
is dependent on the expression of two immediate-early genes BZLF1 and BRLF1 
 [  194  ]  to encode viral transactivators ZEBRA (BZLF1) and RTA (BRLF1). Although 
BRLF1 and BZLF1 are transcribed separately from a different promoter with the Rp 
for BRLF1 and the Zp for BZLF1, both gene transcripts utilize the same polyadenyla-
tion site for RNA polyadenylation  [  195  ]  (Fig.  38.17c ). Thus, the Zp promoter tran-
script is a monocistronic ZEBRA RNA containing two constitutive introns and 
splicing of these two introns results in production of a 0.9-kb mRNA to encode 
ZEBRA protein. Transcription from the Rp promoter leads to produce a 3.8-kb bicis-
tronic transcript, ZEBRA/RTA, which contains two additional introns over the 
ZEBRA RNA. Splicing of the intron 1 in the 5 ¢  noncoding region of ZEBRA/RTA 
transcript leads to production of a 2.9-kb RNA as a major RNA isoform. However, 
both isoforms of ZEBRA/RTA RNA have a potential to encode ZEBRA and RTA 
proteins. A third, minor isoform of ZEBRA/RTA transcript is derived from splicing of 
additional internal intron spanning over BRLF1 ORF to BZLF1 ORF and this splicing 
produces a RAZ transcript in size of ~0.9-kb to encode a RTA-ZEBRA fusion protein, 
RAZ. RAZ may function as an inhibitor to ZEBRA during EBV infection  [  196  ] . 

 Transcripts for EBNA-1 are believed to be expressed in all forms of EBV 
latent infection except of latently infected nondividing B-cells with “latency type 0.” 
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  Fig. 38.17    RNA splicing of EBNA1 and ZEBRA transcripts in EBV infections.  (a)  Organization 
of EBV genome with terminal repeats (TR) and internal repeats (IR1-4). ( b)  Multiple transcripts 
of EBV latency-associated EBNA1 transcribed from several alternative promoters (C 

p
 -Q 

p
 ). 
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This makes the detection of EBNA-1 expression as a good marker for the presence 
of EBV in tumors. The expression of ZEBRA during lytic infection could be used 
to monitor a productive EBV infection and EBV reactivation.  

   Kaposi Sarcoma-Associated Herpesvirus 

 Kaposi sarcoma-associated herpesvirus (KSHV) is the latest discovered human her-
pesvirus  [  197  ] . After primary infection, KSHV establishes latent infection in 
endothelial cells and B cells  [  198  ] . In healthy individuals both primary and latent 
KSHV infections are generally asymptomatic. Suppression of immune system in 
KSHV-positive individuals, such as AIDS patients or tissue transplant recipients, is 
associated with the development of several cancers including all forms of Kaposi 
sarcoma (a solid tumor of endothelial origin) or B-cell lymphomas [primary effu-
sion lymphoma (PEL) and multicentric Castleman’s disease (MCD)] (see review 
ref.  [  199  ] ). Presence of viral genome and expression of viral-encoded products in 
all cancer cells support active roles of KSHV in cell transformation. 

 KSHV belongs to  Gammaherpesvirinae  and has similar genome organization as 
EBV with long unique region  fl anked with terminal repeats (Fig.  38.18a ). KSHV 
genome (~165 kb) encodes up to 90 genes named by their position in viral genome 
from left to right (for example ORF47)  [  200  ] . Some genes are designated with digital 
K number, like K2, while some have alternative names based on their function (ORF57 
or MTA-mRNA transcript accumulation). KSHV transcripts derived from ~30 % viral 
genes, including both latent and lytic genes, undergo RNA splicing  [  154  ] .  

 During latency, KSHV genome expresses a latency-associated nuclear antigen-1 
(LANA-1)  [  201  ]  from ORF73. The gene ORF73 posits along with ORF72 and K13 
in a larger latent locus of the virus genome. The latter two genes encode viral homo-
logues of cellular proteins vCyclin (ORF72) and vFLICE (K13). ORF73/72/K13 are 
transcribed from a single promoter (P 

127880
 ) as a tricistronic RNA which has an intron 

containing two alternative 3 ¢  splice site. Alternative RNA splicing and alternative 

Fig. 38.17 (continued) EBNA-1 RNA contains multiple exons (C 
1
 -K,  lines ) and introns ( half triangles ). 

A detailed EBNA-1 transcript derived from the Q 
p
  promoter is shown below with splice sites 

( black triangles ) and splice directions ( dashed lines  for introns). A primer pair used to detect the 
spliced EBNA1 transcript from exon U to exon K  [  185  ]  are detailed in the table below.  (c)  Gene 
structures of BRLF1 (RTA) and BZLF1 (ZEBRA) (two EBV-immediate early genes) and their 
spliced RNA products. EBV RTA and ZEBRA are transcribed by two alternative promoters, R 

P
  

and Z 
P
 , but polyadenylated by using the same polyadenylation signal downstream of ZEBRA ORF. 

Thus, the bicistronic RTA transcript derived from Rp promoter contains multiple introns and has 
potentials to encode RTA, ZEBRA, and RAZ proteins by alternative RNA splicing, whereas the 
monocistronic ZEBRA transcript derived from the Zp promoter encodes only ZEBRA protein and 
also contains multiple introns as detailed further below with nucleotide positions of splice sites, 
exons (Z1–Z3,  black boxes ) and introns ( dashed lines ).  Arrows  below exons Z1 and Z3 are a 
primer pair used for detection of spliced ZEBRA mRNA  [  185  ]  and detailed in the table, with 
nucleotide positions in EBV genome (strain B95-8, GenBank Accs. No. V01555.2)       
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  Fig. 38.18    RNA splicing of representative latent transcripts and early transcripts in KSHV infec-
tions.  (a)  Genome of KSHV contains a long unique region (U 

L
 )  fl anked by terminal repeats (TR). 

 (b)  Gene structure of a latent gene locus containing ORF73/ORF72/K13 genes. Three genes are 
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RNA polyadenylation of the tricistronic pre-mRNA results in production of three 
mature mRNAs (5.4-, 3.3-, and 1.7-kb)  [  202  ]  (Fig.  38.18b ). The 5.4-kb transcript 
most likely for LANA-1 expression is produced by usage of the proximal 3 ¢  splice 
site, whereas usage of the distal 3 ¢  splice site leads to express the 1.7-kb transcript 
for vCyclin and vFLICE. Both transcripts are polyadenylated at the same distal 
polyadenylation site. The minor 3.3-kb transcript use the proximal splice site for 
RNA splicing, but is polyadenylated at a proximal noncanonical polyadenylation 
signal (Fig.  38.18b ). 

 KSHV lytic replication is controlled by a major viral transactivator, ORF50 (also 
referred as Rta)  [  203,   204  ] . Similarly to LANA1, ORF50 posits along with K8 and 
K8.1 in a larger gene locus (ORF50/K8/K8.1 cluster) (Fig.  38.18c ) and is expressed 
as an immediately early transcript during lytic virus replication. K8 encoding a viral 
k-bZIP protein is an early gene and K8.1 encoding a glycoprotein is a late gene. 
Although each of the three genes bears its own promoter, all of their RNA tran-
scripts use a single polyadenylation site located downstream of K8.1 gene and 
undergo alternative RNA splicing (see review ref.  [  154  ] ). Thus, the 3 ¢  portion of 
ORF50 transcript is homologous to K8 and K8.1 and has the same intron and exon 
structures as seen in K8 and K8.1 transcripts. The ORF50 transcript is tricistronic, 
K8 is bicistronic, and K8.1 is monocistronic in nature. The bicistronic K8 full tran-
script composes of four exons separated by three introns (Fig.  38.18c ). A functional 
K8 a  protein is expressed from a fully spliced mRNA, but retention of the intron 2 
in K8 b  mRNA results in the expression of a minor form K8 b  protein  [  205  ] . An 
unspliced K8 RNA, K8 g , is also detectable, but rare in lytically infected cells. 

 In summary, LANA-1 expression is a hallmark of KSHV latent infection. 
Transcripts originated from the ORF73/72/K13 gene cluster are expressed in latently 
infected, KSHV-transformed cells and are detectable by RT-PCR. Active virus rep-
lication is associated with the expression of viral lytic genes. Ampli fi cation of 
spliced K8 region which detects the expression of both ORF50 tricistronic and K8 
bicistronic transcripts could be used to monitor viral lytic replication  [  206  ] .    

Fig. 38.18 (continued) transcribed from a single promoter (P) as a polycistronic RNA. This poly-
cistronic primary transcript is processed by alternative RNA splicing and alternative polyadenyla-
tion (pA, see  arrows  below). Nucleotide positions of splice sites ( triangles ) and polyadenylation 
site in the KSHV genome (GenBank Accs. No. U75698.1) are diagramed further below with coding 
potentials of each spliced product on the left.  Open boxes  are exons and  dashed lines  are introns or 
splicing directions. oKY30 and oKY46 are a primer pair used to detect spliced LANA transcripts 
 [  215  ]  as detailed in the table below .   (c)  Gene structures of a KSHV lytic locus consisting of imme-
diate early RTA (ORF50), early K8 and late K8.1 genes. Three genes are expressed from three 
separate promoters (P), but all of their transcripts ( full lines with arrows  immediately below to the 
right) are polyadenylated at the same polyadenylation site (pA), resulting in RTA as a tricistronic, 
K8 as a bicistronic, and K8.1 as a monocistronic transcript. The enlarged K8 coding region contains 
three exons (  fi lled boxes ) and two introns ( dashed lines ), with nucleotide positions of each splice 
site in the KSHV genome (GenBank Accs. No. U75698.1). Names of three common forms of K8 
transcripts from alternative RNA splicing are shown on the left. oST1 and oST3 are two primers 
used to detect spliced K8 RNAs as described  [  215,   216  ]  and are detailed in the table below       
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   Conclusion 

 The major aim of this chapter is to provide our readers with knowledge of viral RNA 
splicing during viral infection and the detection of spliced viral RNA transcripts as a 
new approach in diagnostic virology. In the  fi rst part, we provided basic information 
about the mechanisms of RNA splicing and methodological approaches of speci fi c 
detection of spliced RNA molecules. The core of these techniques represents an 
ampli fi cation and detection of nucleic acids. The advantage of nucleic acid-based 
techniques is the application of the same platform for detection various viral patho-
gens often in the same time by multiplexing. The rapid setup of these methods is 
especially important for quick response to emerging viruses as has recently been 
proven in the case of SARS and avian  fl u pandemic, when nucleic acid ampli fi cation 
was rapidly employed to detect and to con fi rm the infection. The less material require-
ment and simplicity make these detection methods suitable for applications in low 
resources setting such laboratories of the  fi rst contact and  fi eld laboratories. Because 
ampli fi cation of nucleic acid molecules as a routine in many diagnostic laboratories 
is used to detect the genomic sequences from many viruses, the detection of spliced 
viral transcripts could be performed simultaneously to already existing methods. 

 The second part of the chapter summarized our current knowledge about viral 
RNA splicing events in the majority of known human viruses. We also included 
some viral agents, such as human circoviruses and adeno-associated viruses, where 
a direct link between infection and pathological manifestation remains to be deter-
mined. In addition, we have provided examples of each virus where the detection of 
spliced viral RNA could bring additional bene fi t to current techniques to improve 
the disease prognosis or better monitoring of ef fi ciency of therapeutic intervention. 
We believe that systematic study of RNA splicing events during viral infection 
could lead to better viral diagnosis, better therapy management, and eventually 
leading to our better understanding of pathogenesis of human viral pathogens.      
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         Introduction 

 Infections caused by fungi have been increasing over the past several decades due 
to advanced medical treatments as well as the increase in immunocompromised 
patients. For example, invasive aspergillosis is now a leading cause of infection 
among patients undergoing treatment for hematological malignancies, solid organ 
transplantation, and hematopoietic stem cell transplantation (HSCT), and among 
patients with AIDS  [  1–  4  ] .  Aspergillus fumigatus  remains the most important cause 
of invasive aspergillosis, followed by  A.  fl avus ,  A. terreus ,  A. niger ,  A. nidulans , and 
 A. versicolor   [  5  ] . However, Husain et al.  [  6  ]  prospectively studied 53 heart and liver 
transplant recipients and found that invasive infections due to non- Aspergillus  fungi 
were signi fi cantly more likely to be associated with central nervous system and 
disseminated infections than were those due to  Aspergillus . The associated mortality 
rates were 100, 80, 54, and 20 % for zygomycosis, non- Aspergillus  hyalohyphomy-
cosis, aspergillosis, and phaeohyphomycosis, respectively. Non- Aspergillus  molds 
causing severe infections in organ transplant recipients include zygomycetes, 
 Fusarium  spp.,  Scedosporium apiospermum ,  Scedosporium proli fi cans , and dema-
tiaceous molds  [  7  ] . 

 Accurate and rapid identi fi cation of fungal pathogens clearly is important for 
appropriate treatment with antifungal agents, some of which are speci fi c for certain 
type of fungi. The identi fi cation of  fi lamentous fungi (molds) can be challenging 
and inaccurate  [  8  ] . Conventional methods for fungal identi fi cation in the clinical 
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microbiology laboratory are primarily based on morphological characteristics 
(especially the characteristics of reproductive structures) and a limited number of 
phenotypic biochemical tests. These methods often require several days or even 
weeks, and may be subjective and inaccurate  [  9  ] . Since invasive fungal infections 
are often associated with a high morbidity and mortality, early, rapid, and accurate 
identi fi cation of these fungal pathogens is important for timely and appropriate anti-
fungal therapy. 

 Infections caused by yeasts also have increased in the past several decades. Of 
medically important yeasts,  Candida albicans  remains the most important patho-
gen. However, the use of antifungal agents for prophylaxis as well as the use of 
broad-spectrum antibiotics is producing a shift in the epidemiology of yeast infec-
tions  [  10  ] . Infections caused by non- albicans Candida  and other less common 
yeasts, such as  Cryptococcus ,  Pichia ,  Rhodotorula ,  Saccharomyces , and 
 Trichosporon , have been widely reported  [  11–  18  ] . Identi fi cation of less encountered 
yeasts by conventional phenotypes, especially carbon source assimilation, can be 
dif fi cult and sometimes ambiguous  [  19,   20  ] . 

 To date, numerous DNA-based methods have been developed to diagnose 
mycotic infections and to identify speci fi c pathologic fungi  [  7  ] . PCR methods are 
particularly promising because of their sensitivity, speci fi city, and simplicity. Genes 
of the 18S rRNA  [  21–  23  ]  and 28S rRNA  [  24–  26  ]  have been commonly used as the 
targets for molecular identi fi cation. Hall et al.  [  8  ]  evaluated the commercial 
MicroSeq D2 large-subunit rDNA fungal sequencing kit (Applied Biosystems, 
Foster City, CA, USA); they found that 33 % of clinical isolates could not be 
identi fi ed, and this might be due to limited sequence database in this commercial 
system. Some studies have described hybridization probes, restriction fragment 
length polymorphism, or other methods to identify unique rRNA gene sequences 
 [  27,   28  ] . In addition, the ribosomal internal transcribed spacer (ITS) regions have 
been extensively used as targets for fungal identi fi cation or detection  [  29–  36  ] . 

 Although the published methods described above are useful for fungal diagnosis, 
most of these methods can identify only one or a very limited number of fungal 
species at a time. DNA microarray (or DNA chip) technology has been found to be 
a useful tool to identify a wide spectrum of bacterial pathogens, especially for 
bacteria that are dif fi cult to differentiate by phenotypic methods or where the 
identi fi cation procedures may take a long time  [  37–  40  ] . For fungal identi fi cation, an 
early study was conducted by Wu et al.  [  23  ] ; these investigators developed an oligo-
nucleotide array to detect 31 species (15 genera) of airborne fungi, by using probes 
designed from the 18S rRNA genes. After this study, additional investigators have 
studied the possibility of applying the array technique for diagnosis of molds and 
yeasts that may cause human infections; feasible results have been obtained. The 
current chapter discusses the application of the array method to identify (or detect) 
clinically relevant fungi, including molds and yeasts. Aspects concerning the probe 
design, target genes, and the application of the array for direct detection of fungi in 
clinical specimens are discussed.  
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   Solid Support for Fabrication of Arrays 

 Currently, there are two major types of solid support for immobilization of probes. 
The  fi rst one is glass slide and the other is synthetic membrane. Applications of the 
two solid supports for fungal diagnosis are addressed as follows. 

   Glass Slides 

 For glass arrays, the probes are immobilized on the slide surface by covalent bond-
ing, while the ampli fi ed target DNA is usually labeled by a  fl uorescent dye, such as 
carbocyanine 3 (Cy3)  fl uorochrome. Spiess et al.  [  41  ]  designed oligonucleotide 
probes targeting the ITS1 region of the rRNA operon to detect 14 species of fungi 
in clinical samples from neutropenic patients. The 14 species were  A. fumigatus , 
 A.  fl avus ,  A. terreus ,  C. albicans ,  C. dubliniensis ,  C. glabrata ,  C. lusitaniae , 
 C. tropicalis ,  Fusarium oxysporum ,  F. solani ,  Mucor racemosus ,  Rhizopus microsporus , 
 S. proli fi cans , and  Trichosporon asahii . Clinical samples used for fungal detection 
included blood, bronchoalveolar lavage, and tissue specimens  [  41  ] . The capture 
oligonucleotide probes were bound to the glass surface by covalent bounding and 
the ampli fi ed PCR product was labeled with Cy3  fl uorochrome  [  42  ] . Two multiplex 
PCR reactions were evaluated by Spiess et al.  [  41  ]  in a study that ampli fi ed fungal 
DNA for array hybridization. The  fi rst multiplex primer mix, including nine sense 
primers derived from the conserved 18S and three antisense primers from the 5.8S 
rRNA gene regions, was for ITS1 ampli fi cation, while the second multiplex primer 
set was used to amplify the internal standard, a positive, and a negative control  [  41  ] . 
Different species were identi fi ed by their hybridization patterns after hybridization, 
rather than by species-speci fi c probes. A total of 14 fungal pathogens were detected 
from 46 clinical samples from neutropenic patients with proven, probable, or 
possible invasive fungal infection (IFI) or without IFI. The detection limits of the 
array were 300 pg DNA for  C. tropicalis , 500 pg for  F. oxysporum , and 300 pg for 
 Rhizopus microsporus   [  41  ] . The different detection limits for different species might 
be caused by various probes having different secondary structures and binding 
strength with their respective target DNAs. It was interesting to  fi nd that two or 
more fungal pathogens were detected in a large proportion of patients with IFI, 
highlighting the potential of the array method to concurrently detect multiple fungal 
pathogens in a single patient  [  41  ] . However, the medical indication of IFI caused by 
multiple fungal pathogens is still limited. In view of the changing spectrum of 
fungal pathogens causing IFI, the authors concluded that their array might meet 
urgent clinical needs, especially the high-risk group of patients having immuno-
compromised conditions or hematologic malignancies  [  41  ] . 

 Leinberger et al.  [  43  ]  also described a glass array method for identi fi cation of 12 
common pathogenic  Candida  and  Aspergillus  species; this method used oligonucleotide 
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probes against the ITS1 or ITS2 regions of the rRNA gene cassette. The 12 species 
were  C. albicans ,  C. dubliniensis ,  C. glabrata ,  C. guilliermondii ,  C. krusei ,  C. lus-
itaniae ,  C. parapsilosis ,  C. tropicalis ,  A.  fl avus ,  A. fumigatus ,  A. niger , and  A. terreus . 
A total of 51 control and species- or genus-speci fi c probes were used, with each 
probe having a 14-thymidine spacer at the 3 ¢  end and an amino modi fi cation at the 
5 ¢  end. The probes were spotted onto epoxy-coated glass slides and covalent bond-
ing was achieved by incubating at 60 °C for 30 min. The target DNA was ampli fi ed 
using  fl uorochrome-labeled fungal speci fi c primers (ITS1 and ITS4) targeting the 3 ¢  
end of the 18S and 5 ¢  end of the 28S rRNA genes, respectively. The hybridization 
procedure took about 4 h after DNA extraction from cultured isolates. 

 In another study, Huang et al.  [  44  ]  immobilized 22 probes on a glass slide to 
identify 22 fungal species (eight genera), including yeasts, dermatophytes, and 
other molds. The speci fi c oligonucleotide probes were designed from the ITS2 
region and were modi fi ed with amino group at the 3 ¢  ends to facilitating binding to 
the glass surface. The detection limit of the array was 15 pg/ml of genomic DNA.  

   Synthetic Membrane 

 Reading of the hybridization result of  fl uorochrome-labeled DNA on the array 
requires a  fl uorescence scanner that is expensive and is not routine equipment in the 
clinical laboratory. Furthermore, most clinical microbiologists are not familiar with 
the chemical reactions for immobilizing probes on glass slide that involved speci fi c 
chemical reactions. The use of synthetic membrane as the solid support for probes 
is much simple and straightforward. After the probes are spotted (by an automatic 
arrayer), they can be  fi xed on the membrane by simply exposed to shortwave UV 
irradiation (e.g., Stratalinker 1800, Stratagen, La Jolla, CA, USA) for a very short 
time (30 s)  [  45–  48  ] . The 5 ¢  end of one or both primers can be labeled with a digoxi-
genin molecule (or a biotin molecule), thus producing a digoxigenin-labeled (or 
biotin-labeled) amplicon after PCR ampli fi cation. After hybridization, alkaline 
phosphatase-conjugated anti-digoxigenin antibodies (or alkaline phosphatase-con-
jugated streptavidin) are used to react with the digoxigenin-labeled DNA, followed 
by the addition of alkaline phosphatase substrate (nitroblue tetrazolium chloride/5-
bromo-4-chloro-3-indolylphosphate) to reveal the hybridization signal. The hybrid-
ized spot can be read by the naked eye if the diameter of the spotted probe is larger 
than 0.2–0.3 mm. The detection limits of membrane arrays ranged from 1 to 10 pg 
fungal genomic DNA;  [  46,   48  ]  the results were almost as sensitive as those obtained 
by glass arrays using  fl uorescent labeling  [  41,   43,   44  ] . If the DNA content of a yeast 
cell is 37 fg  [  49  ] , the detection limits of the membrane arrays were equivalent to 
27–270 cells per assay. The advantages of using membrane arrays are low produc-
tion cost and easy to fabricate. 

 By targeting the ITS1 and ITS2 regions, Hsiao et al.  [  46  ] , developed a nylon 
membrane array (1.1 by 0.9 cm) to identify a wide spectrum (64 species in 32 genera) 
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of  fi lamentous (or dimorphic) fungi causing super fi cial, cutaneous, subcutaneous, 
and invasive infections (Table  39.1 ). The coverage of species was much wider than 
those of previously published paper  [  41,   43,   44,   50  ] . The layout of all probes and 
the hybridization patterns of  A.  fl avus  and  F. solani , just named a few, on the array 
are shown in Fig.  39.1 . A collection of 397 fungal strains (290 target and 107 non-
target strains) were analyzed by the array, resulting in a sensitivity of 98.3 % 
(285/290) and a speci fi city of 98.1 % (105/107). Several misidenti fi ed strains were 
usually species belonging to the same genus of the target species. Since some 
closely related species have high ITS sequence homology, a few group-speci fi c 
probes were designed to identify a group of related species  [  46  ] , rather than to 
identify each individual species. For example, the probe (Chcgf1) was used to 
identify three species ( Chaeotomium cochlioides ,  C. globosum , and  C. fumicola ) 
as a group. In contrast, multiple probes were constructed to identify a single spe-
cies since high intraspecies sequence divergence in the ITS region was observed 
for the species. For example, two probes (Ackil2 and Ackil3) were synthesized to 
identify  Acremonium kiliense .   

   Table 39.1    The 64 species (32 genera) of molds that can be identi fi ed by the membrane array 
of Hsiao et al.  [  46  ] .   

 Microorganism  Microorganism  Microorganism 

  Absidia corymbifera    Acremonium falciforme    Acremonium kiliense  
  Acremonium strictum    Alternaria alternata    Arthroderma cajetanum  
  Arthroderma grubyi    Arthroderma obtusum    Aspergillus clavatus  
  Aspergillus  fl avus    Aspergillus fumigatus    Aspergillus nidulans  
     Aspergillus oryzae        Emericella nidulans  

var.  echinulata      
  Aspergillus niger  

  Aspergillus terreus    Aspergillus versicolor    Aureobasidium pullulans  
  Beauveria bassiana    Bipolaris spicifera    Blastomyces dermatitidis  
  Chaetomium cochlioides    Chaetomium funicola    Chaetomium globosum  
  Cladophialophora bantiana    Cladophialophora carrionii    Cokeromyces recurvatus  
  Cunninghamella bertholletiae    Epidermophyton  fl occosum    Exophiala dermatitidis  
  Exophiala jeanselmei    Hortaea  ( Exophiala ) 

 werneckii  
  Fonsecaea compacta  

  Fonsecaea pedrosoi    Fusarium moniliforme    Fusarium oxysporum  
  Fusarium pallidoroseum    Fusarium solani    Geotrichum candidum  
  Geotrichum capitatum    Malbranchea  fi lamentosa    Microsporum audouinii  
  Microsporum canis    Microsporum ferrugineum    Microsporum gypseum  
  Paecilomyces javanicus    Paracoccidioides brasiliensis    Penicillium marneffei  
  Phialophora richardsiae    Phialophora verrucosa    Piedraia hortai  var.  hortai  
  Pseudallescheria boydii    Rhizomucor pusillus    Rhizopus oryzae  
  Scedosporium proli fi cans    Scopulariopsis brevicaulis    Scytalidium dimidiatum  
  Scytalidium hyalinum    Trichophyton mentagrophytes    Trichophyton mentagrophytes  

var.  interdigitale  
  Trichophyton rubrum    Trichophyton schoenleinii    Trichophyton soudanense  
  Trichophyton tonsurans    Trichophyton verrucosum    Trichophyton violaceum  
  Ulocladium consortiale  
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 Dermatophytes are keratinophilic fungi that typically cause dermatophytoses 
and are among the most adaptable microbial associates of humans. Species of 
dermatophytes are classi fi ed into three anamorphic (asexual) genera,  Epidermophyton , 
 Microsporum , and  Trichophyton . Many of the dermatophyte species are phyloge-
netically and taxonomically closely related  [  51–  53  ] . Although most typical isolates 
of dermatophytes can be identi fi ed from the isolation media, the phenotypic fea-
tures can be in fl uenced by culture medium and temperature variation  [  54  ]  and occa-
sionally the absence of reproductive structures of some species poses additional 
identi fi cation problem. However,  fi ngerprinting (or single nucleotide polymor-
phism) sequences were found to present in the ITS regions of the  Microsporum 
canis  complex ( Microsporum audouinii ,  M. canis , and  M. ferrugineum )  [  55  ]  and 
 Trichophyton rubrum  complex ( T. rubrum ,  T. soudanense ,  T. violaceum , and other 
closely related species)  [  56  ] . Based on the  fi ngerprinting sequences, Li et al.  [  48  ]  
was able to construct a membrane array to identify 17 species of dermatophytes; 
these fungi were  Epidermophyton  fl occosum , M. audouinii , M. canis ,  M. cookie , 

  Fig. 39.1    ( a ) The layout of probes on the membrane array (1.1 by 0.9 cm) for identi fi cation of 
medically important molds. The probe codes for different molds and the corresponding probe 
sequences are published previously  [  46  ] . “M” is a position marker. “PC” a fungus-speci fi c positive 
control probe. ”NC” a negative control probe. ( b ) Hybridization patterns of  Aspergillus  fl avus  
BCRC 30007 (probe As fl a4) and  Fusarium solani  CBS 109028 (probe Fusol2) on the array       
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 M. ferrugineum ,  M. gallinae ,  M. gypseum ,  M. nanum ,  M. persicolor ,  Trichophyton 
mentagrophytes ,  T. rubrum ,  T. schoenleinii ,  T. soudanense ,  T. terrestre ,  T. ton-
surans ,  T. verrucosum , and  T. violaceum . The dermatophyte array demonstrated 
the potential of the array technique to differentiate closely related molds that are 
dif fi cult to be distinguished by phenotypic characteristics.   

   Principle of Probe Design 

 Oligonucleotide probes used for fungal identi fi cation normally have lengths rang-
ing from 20 to 30 nucleotides  [  46–  48,   50  ] . In general, probes shorter than 20 nucle-
otides tend to have low melting temperature (the temperature at which a DNA 
double helix dissociates into two single strands) and hence will produce a weak 
hybridization signal, while probes longer than 30 nucleotides may have a higher 
possibility of cross-reactions with other microorganisms. The designed probes 
should be checked for internal repeat, self-biding, melting temperature ( T  

m
 ), sec-

ondary structure, and GC content by software, such as Vector NTI (Invitrogen 
Corporation, Carlsbad, CA, USA) or Oligo (Oligo 6.0; MedProbe AS, Oslo, 
Norway). The speci fi city of a designed probe must be compared with sequences in 
the GenBank database (or other public nucleotide sequence databases) using Basic 
Local Alignment Search Tool (BLAST) or other relevant algorithms. 

 Since all probes on an array hybridize with target DNA at a  fi xed hybridization 
temperature and washed with the same buffers (in other words, under the same 
stringency), all probes should have a narrow range of melting temperatures ( T  

m
 ) and 

the  T  
m
  is higher than the hybridization temperature. However, exceptions were 

found in several cases. For example, even when the  T  
m
  values of probes were lower 

than the hybridization temperature (55 °C), clear hybridization signals were still 
obtained by several probes in the study of Hsiao et al.  [  46  ] . Another example 
involves an array developed to identify bacterial pathogens ( Listeria ); in this array, 
several probes having  T  

m
  (40–44 °C) lower than the hybridization temperature 

(45 °C) still displayed good hybridization signals  [  40  ] . In contrast, weak hybrid-
ization signals were observed for some probes having relatively high  T  

m
   [  46  ] . The 

secondary structure of probes may play an important role on the hybridization 
ef fi ciency  [  57  ] . 

 Probe speci fi city is a major concern of developing an array for microbial 
identi fi cation. Cross-reactions are most frequently caused by other species in the 
same genus and may not be able to avoid under some conditions. To solve this 
problem, 1- or 2-base mismatches can be intentionally incorporated into a probe to 
eliminate cross-reactions  [  38,   47,   50  ] , while the sensitivity of the probe is still main-
tained. The effect of incorporating a mismatched base into an oligonucleotide probe 
was carefully evaluated by Ikuta et al.  [  58  ] . They found that the G-T and G-A 
mismatches only slightly destabilize a duplex, while the A-A, T-T, C-T, and C-A 
mismatches have profound destabilization effect. Another interesting  fi nding is that 
sometimes an antisense probe may have a much better hybridization ef fi ciency 
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than the sense probe or vice versa, even the two complementary probes have the 
same length, GC content, and  T  

m
   [  43,   47,   50  ] . This might be caused by the differ-

ence in secondary structures of the sense and antisense probes. 
 Normally, one  [  46  ]  or both primers  [  47  ]  can be labeled by a tag at the 5 ¢  end 

when performing PCR. Dual labeling can increase the hybridization signal to some 
degree (unpublished data). It is thought that the two denatured single strands of an 
amplicon may form a partial duplex before hybridization to probes on an array. 
Following array hybridization, the partial duplex complex has two digoxigenin 
(or biotin) molecules, instead of one, available for binding with enzyme-linked anti-
bodies. Random labeling with digoxigenin-dUTP (DIG-dUTP, Roche, Mannheim, 
Germany) during PCR can further increase the hybridization signal, since multiple 
digoxigenin molecules are available on an amplicon for antibody binding. Random 
labeling is especially useful for direct detection of fungal DNA in clinical speci-
mens. Furthermore, the addition of multiple (5–20) thymine bases to one end of a 
probe has the bene fi t of reducing steric hindrance and enhancing the hybridization 
signal  [  59  ] . 

 Finally, one, two, or multiple probes can be constructed to identify a single 
species of fungus, depending on the availability of divergent sequences in the target 
DNA region. The advantage of using multiple probes is the increased coverage of 
different strains within a species, but the inherent disadvantage is the potential 
decrease of speci fi city due to unexpected cross-hybridizations caused by nontarget 
species  [  50  ] .  

   Target Genes 

 Most arrays, whether based on glass slide or synthetic membrane, utilize probes 
derived from the rRNA operon. Based on the 18S rRNA gene, Wu et al.  [  23  ]  syn-
thesized 33 probes to identify 31 species of airborne fungi that may cause health 
problems such as allergy or infection. The ITS1 and ITS2 regions are widely used 
as targets for fungal identi fi cation  [  29,   32,   36,   41,   50,   51  ] . The ITS regions have low 
intraspecies sequence variation and high interspecies sequence divergence and the 
regions are good targets for molecular identi fi cation of molds and yeasts. A variety 
of membrane arrays based on the ITS1 and ITS2 sequences have been developed in 
my laboratory to identify or detect a wide range of fungi, including medically 
important molds  [  46  ]  and airborne fungi  [  50  ] , dermatophytes  [  48  ] , fungi that colo-
nize (or true pathogens) the respiratory tract of patients with cystic  fi brosis  [  45  ] , and 
yeasts  [  47  ] . In addition, based on the ITS sequence, Huang et al.  [  44  ]  developed a 
microarray that was able to identify 20 fungal species (6 genera), while Leinberger 
et al.  [  43  ]  constructed an array to diagnose 12 common pathogenic  Aspergillus  and 
 Candida  species. To accelerate diagnosis of invasive fungal infection in immuno-
compromised patients, Spiess et al.  [  41  ]  used a microarray targeting the ITS1 region 
to detect 14 fungal pathogens in clinical samples including blood, bronchoalveolar 
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lavage, and tissue from neutropenic patients. So far, the ITS region is the most 
commonly used target to develop molecular diagnostic methods for fungi. 

 The rRNA operon has a high copy number (40–80 copies per haploid genome); 
 [  60  ]  therefore molecular methods targeting the ITS have higher sensitivity (or lower 
detection limit) than targeting genes that have only one or a few copies in a genome. 
The whole ITS region can be ampli fi ed using the fungus-speci fi c universal primers 
ITS1 (5 ¢ -TCCGTAGGTGAACCTGCGG-3 ¢ ) and ITS4 (5 ¢ -TCCTCCGCTTATTG
ATATGC-3 ¢ )  [  60  ] . The amplicon includes the 3 ¢  portion of the 18S rRNA gene, 
ITS1, 5.8S rRNA gene, ITS2, and the 5 ¢  portion of the 28S rRNA gene. Alternatively, 
the ITS1 region can be separately ampli fi ed by universal primers ITS1 
(5 ¢ -TCCGTAGGTGAACCTGCGG-3 ¢ ) and ITS2 (5 ¢ -GCATCGATGAAGAACG
CAGC-3 ¢ ), while the ITS2 region can be ampli fi ed by the primer pair ITS3 
(5 ¢ -GCATCGATGAAGAACGCAGC-3 ¢ ) and ITS4 (5 ¢ -GCATATCAATAAGCGG
AGGA-3 ¢ )  [  60  ] . Occasionally, the ITS region cannot be ampli fi ed by the forward 
primer ITS1, therefore the primer ITS5 (5 ¢ -GGAAGTAAAAGTCGTAACAAGG-3 ¢ ) 
can replace primer ITS1 for ampli fi cation. Hung et al.  [  50  ]  used a mixture of ITS1 
and ITS5 as the forward primers and ITS4 as the reverse primer for ampli fi cation 
of the ITS regions of airborne fungi.  

   Hybridization Procedures 

 The hybridization stringency (hybridization temperature and buffer strength) could 
be optimized according to individual applications. A typical hybridization protocol 
of membrane array is presented here  [  46  ] . The hybridization procedures are carried 
out at room temperature with a shaking speed of 60 rpm, except otherwise indicated. 
Most reagents, except buffers, can be found in the DIG Nucleic Acid Detection kit 
(Roche, Mannheim, Germany). Each array, put in an individual well of a 24-well 
cell culture plate, is prehybridized at 50 °C for 2 h with 1 ml of hybridization solu-
tion [5× SSC, 1 % (w/v) blocking reagent, 0.1 %  N -laurylsarcosine, and 0.02 % 
sodium dodecyl sulfate (SDS); 1× SSC is 0.15 M NaCl plus 0.015 M sodium cit-
rate]. The digoxigenin-labeled (or biotin-labeled) PCR product ampli fi ed from a 
target fungus is heated in a boiling water bath (or heating block) for 5 min and 
immediately cooled on an ice bath. Ten to 20  m l of the denatured PCR product are 
diluted with 0.3 ml of hybridization solution and added to each array in a well. 
Hybridization is conducted at 55 °C for 90 min. After removing the nonhybridized 
DNA, the array is washed two to four times (5 min each) in 1 ml of maleic acid 
buffer (0.1 M maleic acid, 0.15 M NaCl, pH 7.5), followed by blocking for 1 h with 
1 ml of blocking solution [1 % (w/v) blocking reagent dissolved in maleic acid 
buffer]. The blocking solution is removed and 0.5 ml of alkaline phosphatase-
conjugated anti-digoxigenin antibodies (diluted 1:2,500 in blocking solution) is 
added to each well and incubated for 1 h. The array is washed three times (each 
15 min) in 1 ml of washing solution [0.3 % (v/v) Tween 20 in maleic acid buffer], 
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followed by one wash for 5 min in 1 ml of detection buffer (0.1 M Tris–HCl, 0.15 M 
NaCl, pH 9.5). The hybridized probe is revealed by adding 0.15 ml of alkaline phos-
phatase substrate (stock solution of nitroblue tetrazolium chloride/5-bromo-4-
chloro-3-indolylphosphate diluted 1:50 in detection buffer) to the top of each array 
and incubated at 37 °C (or room temperature) in the dark without shaking. The 
hybridized spot will be visible within 15 and 30 min after the addition of enzyme 
substrates. The individual steps of array hybridization can be optimized or short-
ened without causing a decrease of either sensitivity or speci fi city. For example, the 
prehybridization and hybridization steps probably can be combined into a single 
step, and the blocking step and adding of the enzyme-conjugated antibody to the 
array can be integrated into a step (our unpublished data).  

   Identi fi cation of Multiple Fungal Species 

 A prominent advantage of using the array method for microbial identi fi cation is that 
multiple species can be simultaneously identi fi ed on a single array. The DNAs from 
different fungal species can be ampli fi ed and then concurrently hybridized with 
probes on the array. For example, the PCR products of  A.  fl avus  and  Penicillium 
marneffei  could be identi fi ed on an array at the same time. Alternatively, the DNAs 
of colonies from two or three species can be coextracted in a tube, ampli fi ed by 
PCR, and hybridized with an array  [  50  ] . Bouchara et al.  [  45  ]  found that their array 
could detect as many as  fi ve to seven species of fungi in the sputum specimens from 
patients with cystic  fi brosis, although some of these fungi might be only colonizers 
in the respiratory tracts (Fig.  39.2 ). Since universal primers are available for 
ampli fi cation of the fungal ITS and bacterial intergenic spacer regions  [  38  ] , it is 
possible that mixed isolates (or cultures) of fungi and bacteria could be identi fi ed at 
the same time with a single array (our unpublished data).   

   Direct Detection of Fungi in Clinical Specimens 

 Most published arrays have been developed for fungal identi fi cation  [  44,   46–  48, 
  50  ] ; therefore, isolated colonies are a prerequisite for the purpose of identi fi cation. 
However, several studies have reported the successful application of array tech-
niques for direct detection of fungi from clinical specimens; a few examples are 
discussed here. Cystic  fi brosis is the major genetic disease among Caucasian popu-
lations, caused by mutations in the gene  CFTR  (cystic  fi brosis transmembrane 
conductance regulator). The disease occurs in one in several thousand live births in 
people of European ancestry  [  61  ] . The mutations result in a thickening of the bron-
chial mucus, which facilitates the colonization and infection of bacteria and fungi 
 [  62,   63  ] . By targeting the ITS regions and using nested PCR for ITS ampli fi cation, 
Bouchara et al.  [  45  ]  constructed an oligonucleotide array to detect fungi in the 
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sputum samples from cystic  fi brosis patients. The array was used to analyze fungi 
in 57 specimens (39 patients), and the results were compared to those obtained by 
culture methods. For 16 specimens, the results of the array corresponded with those 
obtained by culture (Fig.  39.2 ). For 33 samples, the array detected more fungal 
species than did cultures, while the reverse was found in eight samples. In general, 
the array detected more fungi than those isolated by culture. The culture method 
employed  fi ve agar plates (CHROMAgar Candida, Sabouraud dextrose agar 
supplemented with chloramphenicol and gentamicin, Sabouraud dextrose agar sup-
plemented with chloramphenicol and cycloheximide, Dichloran-Rose Bengal 
agar supplemented with benomyl, and erythritol-chloramphenicol agar) and two 
incubation temperatures (37 °C for the  fi rst two media and 25 °C for the others). 
However, neither the array nor the culture method is able to differentiate between 
colonization and infection  [  45  ] . 

  Fig. 39.2    ( a ) The layout of probes on the membrane array (0.5 by 0.5 cm) for detection of fungi in 
sputum samples from cystic  fi brosis patient. The probe codes for different target microorganisms 
and the corresponding probe sequences are published previously  [  45  ] . “M” is a position marker. 
“PC” a fungus-speci fi c positive control probe. ”NC” a negative control probe. ( b ). Simultaneous 
detection of  Aspergillus fumigatus  (probe Asfum2a),  Candida albicans  (probe CAB5), and 
 Scedosporium proli fi cans  (probe Scpro4) by array hybridization in a sputum sample from a cystic 
 fi brosis patient. The hybridization results were in concordant with that obtained by culture       
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 Invasive fungal infections (IFI) can cause severe morbidity and high mortality 
rates in immunocompromised patients, especially patients with allogeneic stem cell 
transplantation or with acute leukemia after intensive chemotherapy. Spiess et al. 
 [  41  ]  designed a DNA microarray targeting the ITS1 region to detect fungal patho-
gens in clinical specimens from neutropenic patients. By testing samples from 46 
patients with proven, probable, or possible IFI or without IFI, the array detected 
 A.  fl avus ,  A. fumigatus ,  C. albicans ,  C. dubliniensis ,  C. glabrata ,  F. oxysporum , 
 F. solani ,  R. microsporus ,  S. proli fi cans , and  T. asahii  in blood, bronchoalveolar 
lavage, and tissue specimens. The authors concluded that the microarray could 
directly detect fungal DNAs in clinical samples and demonstrated a signi fi cant 
improvement for the diagnosis of IFIs  [  41  ] .  

   Yeast Identi fi cation by an Oligonucleotide Array 

 Like mold infections, yeast infections also have increased in the past decades; 
 C. albicans  is the most common pathogen. However, infections caused by non-
 C. albicans  and non- Candida  yeasts, such as  Cryptococcus ,  Pichia ,  Rhodotorula , 
 Saccharomyces , and  Trichosporon , have been widely reported  [  11,   12,   16,   17  ] . 
Identi fi cation of yeasts with this increasing diversity by biochemical methods may 
be challenging and inconclusive  [  19  ] . The introduction of reliable molecular meth-
ods that can identify taxonomically quite different opportunistic yeasts is impera-
tive, since these emerging yeasts may have different susceptibilities to antifungals 
 [  64–  66  ] . Commercially available identi fi cation kits, such as the Vitek Yeast 
Biochemical Card (bioMe´rieux Vitek, Taipei, Taiwan), API 20C (bioMe´rieux 
Vitek), and API ID32C (bio-Me´rieux Vitek), are able to identify common yeast 
pathogens to the species level with relatively high accuracy. However, a recent 
study showed that only 87 % of clinical yeast isolates were identi fi ed correctly to 
the species or genus level by the ID32C kit, and the remaining 13 % isolates were 
either unidenti fi ed or misidenti fi ed  [  19  ] . 

 Leaw et al.  [  47  ]  constructed an oligonucleotide array based on nylon membrane 
to identify 77 species (16 genera) of clinically relevant yeasts (Table  39.2 ). As the 
mold array  [  46  ] , the method consisted of ITS ampli fi cation by universal primers 
followed by hybridization of the digoxigenin-labeled PCR product to a panel of 
oligonucleotide probes on the array for yeast identi fi cation. The layout of probes on 
the membrane array and identi fi cation of  C. albicans  and  C. glabrata  are shown in 
Fig.  39.3 . After testing 452 yeast strains (419 target and 33 nontarget strains), the 
sensitivity and speci fi city of the array were 100 and 97 %, respectively. For  C. albi-
cans , the array had a detection limit of 10 pg genomic DNA per assay. Yeasts were 
directly detected from clinical specimens as demonstrated with sputum samples 
from patients with cystic  fi brosis  [  45  ] .   

 In order to rapidly identify fungi in fungus-positive blood culture bottles (Becton-
Dickinson Microbiology Systems, Sparks, MD, USA), Hsiue et al.  [  67  ]  used mold 
 [  46  ]  and yeast  [  47  ]  arrays to analyze 116 positive cultures (105 patients) and the results 



76139 Application of Microarrays for Laboratory Detection and Identi fi cation...

   Table 39.2    The 77 species (16 genera) of yeast that can be identi fi ed by the membrane array 
of Leaw et al.  [  47  ] .   

 Microorganism 
(Teleomorph) 

 Microorganism 
(Teleomorph) 

 Microorganism 
(Teleomorph) 

  Candida albicans    Candida boidinii    Candida cacaoi  
( Yamadazyma farinosa ) 

  Candida cantarelli    Candida catenulata    Candida chodatii  
( Pichia burtonii ) 

  Candida colliculosa  
( Torulaspora delbrueckii ) 

  Candida dattila  
( Lachancea 
thermotolerans ) 

  Candida dubliniensis  

  Candida famata  
( Debaryomyces hansenii ) 

  Candida freyschussii    Candida glabrata  

  Candida globosa  
( Citeromyces matritensis ) 

  Candida guilliermondii  
( Pichia guilliermondii ) 

  Candida haemulonii  

  Candida holmii  
( Kazachstania exigua ) 

  Candida 
inconspicua  

  Candida intermedia  
( Kluyveromyces 
cellobiovorus ) 

  Candida kefyr  
( Kluyveromyces marxianus ) 

  Candida krusei  
( Issatchenkia 
orientalis ) 

  Candida lambica  
( Pichia fermentans ) 

  Candida lipolytica  
( Yarrowia lipolytica ) 

  Candida lusitaniae  
( Clavispora lusitaniae ) 

  Candida maltosa  

  Candida melibiosica    Candida 
membranifaciens  

  Candida norvegensis  
( Pichia norvegensis ) 

  Candida norvegica    Candida parapsilosis    Candida pelliculosa  
  Candida pintolopesii    Candida robusta  

( Saccharomyces 
cerevisiae ) 

  Candida rugosa  

  Candida sake    Candida 
santamariae  

  Candida silvicola  
( Pichia holstii ) 

  Candida sphaerica  
( Kluyveromyces lactis ) 

  Candida steatolytica  
( Zygoascus 
hellenicus ) 

  Candida tannotolerans  
( Vanderwaltozyma 
yarrowii ) 

  Candida tropicalis    Candida utilis  
( Pichia jadinii ) 

  Candida valida  ( Pichia 
membranifaciens ) 

  Candida viswanathii    Candida zeylanoides  
( Pichia dubia ) 

  Arthroascus schoenii  

  Brettanomyces bruxellensis  
( Dekkera bruxellensis ) 

  Cryptococcus 
albidus  

  Cryptococcus curvatus  

  Cryptococcus laurentii    Cryptococcus neoformans  
( Filobasidiella 
neoformans ) 

  Cryptococcus 
uniguttulatus  
( Filobasidium 
uniguttulatum ) 

  Debaryomyces carsonii    Debaryomyces etchellsii    Debaryomyces maramus  
  Kloeckera apiculata  

( Hanseniaspora uvarum ) 
  Kloeckera apis  

( Hanseniaspora 
guilliermondii ) 

  Kloeckera japonica  
( Hanseniaspora 
valbyensis ) 

(continued)
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Table 39.2 (continued)

 Microorganism 
(Teleomorph) 

 Microorganism 
(Teleomorph) 

 Microorganism 
(Teleomorph) 

  Kluyveromyces delphensis  
( Nakaseomyces delphensis ) 

  Kodamaea ohmeri    Lachancea cidri  

  Lachancea fermentati    Lodderomyces 
elongisporus  

  Pichia spartinae  

  Rhodotorula glutinis  
( Rhodosporidium diobovatum ) 

  Rhodotorula minuta    Rhodotorula mucilaginosa  

  Saccharomyces kluyveri    Saccharomycopsis 
 fi buligera  

  Sporobolomyces salmoni-
color  ( Sporidiobolus 
salmonicolor ) 

  Trichosporon aquatile    Trichosporon asahii    Trichosporon cutaneum  
  Trichosporon inkin    Trichosporon pullulans    Williopsis saturnus  
  Zygosaccharomyces 

bisporus  
  Zygotorulaspora 

 fl orentinus  

  Fig. 39.3    ( a ) The layout of probes on the membrane array (0.75 by 0.9 cm) for identi fi cation of 
medically important yeasts. The probe codes for different target microorganisms and the corre-
sponding probe sequences are published previously  [  47  ] . “M” is a position marker. “PC”, the posi-
tive control probe. “NC”: the negative control probe. ( b ) Identi fi cation of  C. albicans  (probe 
CAB5) and  Candida glabrata  (probe CGL1) by array hybridization       
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were compared with those obtained by the conventional methods. A total of 124 yeast 
isolates and two mold isolates were detected by the two arrays; the species (isolate 
number) included  C. albicans  (50),  C. tropicalis  (26),  C. glabrata  (18),  C. parapsilo-
sis  (14),  Cryptococcus neoformans  (9),  T. asahii  (2),  Rhodotorula mucilaginosa  (2), 
 P. marneffei  (2), and three other species. Fungemia due to multiple species was 
detected in 10 blood bottles, while the conventional method only found six mixed 
cultures. An isolate identi fi ed as  Rhodotorula glutinis  by biochemical tests was 
identi fi ed as  R. mucilaginosa  by the array; the identi fi cation of the isolate as  R. muci-
laginosa  by hybridization was found to be correct as revealed by sequencing of the 
ITS region of the isolate  [  68  ] . A test sensitivity of 100 % was obtained by the two 
arrays. The identi fi cation procedure could be completed within 16–24 h, while 2–3 
days are normally required by culture once a blood culture bottle is found to be growth-
positive. The results indicated that the array method has the advantages of rapidity, 
accuracy, and the extraordinary capability to detect multiple species fungemia.  

   Concluding Remarks 

 Identi fi cation of clinically important fungi by arrays is reliable and can be used as an 
accurate alternative to the conventional methods. The whole procedure of hybridiza-
tion can be completed within 8–24 h after starting with isolated colonies. Fungal 
identi fi cation by array hybridization does not necessarily require knowledge of the 
fungal morphological characteristics, which are essential for conventional 
identi fi cation of  fi lamentous fungi. The array technique permits a shorter time to 
achieve results as well as the correct identi fi cation of some species that are morpho-
logically indistinguishable from each other. The array technique also has a potential 
for direct detection of fungi in clinical specimens as demonstrated in the studies of 
Bouchara et al.  [  45  ]  and Spiess et al.  [  41  ] , provided the fungal DNAs in clinical 
samples are effectively ampli fi ed by PCR or other ampli fi cation methods. The prom-
inent feature of the array technique for fungal identi fi cation is the use of a common 
protocol encompassing DNA extraction, target gene ampli fi cation, and array hybrid-
ization. The technique is relatively simple and straightforward  [  41,   45–  47  ]  and the 
published arrays can be expanded by including more probes to cover more fungal 
species. However, it is not easy for clinical laboratory staffs to prepare their own 
arrays. Therefore, laboratories would greatly bene fi t by the availability of commer-
cial kits based on the array technology for fungal identi fi cation in the near future.      
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         Microbiology and Pathogenesis 

  Clostridium dif fi cile  ( C. dif fi cile ) is a spore-forming, anaerobic, gram positive rod 
that colonizes the colon of 5 % of healthy adults and 30–70 % of healthy infants  [  1  ] . 
The organism can also be found in a variety of environmental sources including soil, 
river water, domestic animals, and home and healthcare environments  [  2  ] .  C. dif fi cile  
acquired its name from the observations by Hall and O’Toole  [  3  ]  in the dif fi culty of 
isolating the organism because of its slow growth (doubling time 40–70 min) 
compared to other  Clostridium  spp. During logarithmic growth, when vegetative 
cells predominate, the organism is very aerointolerant. In 1978, prior knowledge of 
the organism and the observation that antibiotic associated diarrhea was associated 
with a cytotoxin in the hamster model, converged in the work by Bartlett et al. that 
demonstrated that  C. dif fi cile  caused disease in humans through the elaboration of a 
cytotoxin  [  2,   4,   5  ] . Later it was established that the organism produces two toxins, 
toxin A, a 308 kDa enterotoxin and toxin B, a 270 kDa cytotoxin. Both toxins cause 
disease by glycosylating small GTPases such as Rho, Rac, and Cdc42 in the cell 
 [  2,   6  ] . Glycosylation of these small proteins disrupts signaling pathways causing 
irreversible changes in cellular morphology and consequent inhibition of cell divi-
sion and membrane traf fi cking, leading to cell death  [  2,   6  ] . 

 The genes that encode toxins A and B,  tcdA  and  tcdB,  are found along with three 
other genes ( tcdC ,  tcdE ,  tcdR ) on the pathogenicity locus (PaLoc), a conserved 
19.6 kb region of the bacterial genome  [  6  ] .  tcdE  encodes a protein whose pore-
forming activity allows the release of TcdA and TcdB from the cell  [  6,   7  ] .  tcdR , 
found upstream of  tcdB , is a positive regulator of  tcdA  and  tcdB  expression  [  6,   7  ] . 
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 tcdC  is found downstream of  tcdA  and this gene has been shown to be a negative 
regulator of toxin production that prevents transcription of the PaLoc  [  6–  10  ] . 
Mutations in many of these various genes have a signi fi cant impact on expression of 
one or both toxins and have been shown to be responsible for the emergence of 
hypervirulent toxin variant strains (see Epidemiology section). 

 In addition to toxins A and B, about 6–12 % of strains produce a binary toxin, 
 C. dif fi cile  transferase, encoded by  cdtA  and  cdtB  which are not located on the 
PaLoc  [  11,   12  ] . Binary toxin may contribute to virulence by enhancing cytotoxicity 
and also by increasing adherence of  C. dif fi cile  in vivo  [  13  ] . 

 The transmissible form of  C. dif fi cile  is a spore which contributes to survival of 
the organism in the host and is responsible for recurrence of disease when therapy 
is withdrawn. Like other bacterial spores  C. dif fi cile  spores are metabolically dor-
mant, survive for long periods of time, and are resistant to harsh physical or chemi-
cal treatments such as 70 % ethanol and ultraviolet light  [  14  ] . Failure to remove 
spores from contaminated hospital environments contributes to nosocomial spread 
in healthcare facilities.  

   Epidemiology 

 Among hospitalized patients  C. dif fi cile  is responsible for 25–30 % of cases of anti-
biotic associated diarrhea and greater than 95 % of cases of pseudomembranous 
colitis  [  1,   2,   4  ] . The incidence of  C. dif fi cile  infections (CDI) has more than doubled 
since 1996, making it not only the most common cause of healthcare associated diar-
rhea, but possibly the most common bacterial cause of diarrhea in the USA  [  15  ] . 

 The increased incidence of CDI is likely related to a variety of organism and host 
factors. In 2000, hospitals in both the USA and Canada began to see outbreaks of 
CDI that were associated with more severe disease and an increase in mortality 
 [  16,   17  ] . In the USA, eight facilities in six states reported that the  C. dif fi cile  isolates 
recovered from the patients with more severe illness belonged to a particular clone 
designated North American pulsed  fi eld type 1 (NAP-1), ribotype 027, and restriction 
endonuclease analysis (REA) type B1 (hereafter referred to as NAP-1)  [  16  ] . Prior to 
2001, this particular strain accounted for less than 1 % of all infections. More impor-
tantly, the “wild type” strain was quinolone susceptible, but the outbreak strain was 
found to be  fl uoroquinolone resistant  [  16  ] . Upon further characterization, NAP-1 
was shown to be a toxin variant strain, toxinotype III, and to have an 18 bp deletion 
at nucleotides 330–347 in  tcd C, the negative regulator of toxins A and B  [  16  ] . 
Subsequently the 18 bp deletion was shown not to be important with respect to 
organism virulence  [  9,   10  ] . Other investigators have provided additional phylogenetic 
characterization of the novel NAP-1 clone. Spigaglia et al. con fi rmed the 18 bp 
deletion, detected an additional 39 bp deletion as well as nonsense mutations in 
 tcdC  that reduced the TcdC protein from 232 to 61 amino acids  [  18  ] . There is a 
correlation between truncation of TcdC, due to the single base-pair deletion at position 
117, which results in the formation of a stop codon, and increased toxin production 
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due to derepression of the Pathogenicity Locus  [  9,   18–  20  ] . These mutations and 
others have correlated with observations of increased quantity of toxins A and B, 
increased duration of toxin production and increased sporulation that explain the 
enhanced virulence of NAP-1  [  20–  22  ] . 

 Depending upon the geographic location, other strains have been implicated in 
outbreaks and severe disease. Ribotype 017, prevalent in Asia, is a toxin A negative, 
toxin B positive strain that is quinolone and macrolide resistant and has been associ-
ated with hospital outbreaks and increase rates of pseudomembranous colitis  [  23,   24  ] . 
Ribotype 078, more common in piglets and other food animals, has increased in 
incidence as a cause of human disease in the Netherlands and has been isolated 
in the USA as well  [  1,   2  ] . Similar to the NAP-1 strain, this ribotype also has deletions 
in  tcdC  responsible for more severe symptoms although mortality has been less than 
with NAP-1  [  2  ] . The enhanced virulence of some of these toxin variant strains, 
combined with an increasingly susceptible population has created the perfect storm 
for the epidemic of CDI that has slowly spread across the globe. The emerging epi-
demiology and potential risk factors including age, quinolone antibiotics, and 
potentially, proton pump inhibitors, for acquisition of  C. dif fi cile,  have received 
much attention as well. Additional details on the epidemiology of  C. dif fi cile  are 
provided in the review by Freeman et al.  [  25  ] . 

 Against this backdrop of evolving strains and emerging epidemiology has been 
the impetus to implement better and faster diagnostic methods for the detection of 
 C. dif fi cile.  Although controversy still exists about the optimum method of diagno-
sis, the epidemic of CDI has clearly forced laboratories to scrutinize their practices. 
Practice guidelines from professional societies have been published to guide the 
clinical and laboratory approaches to diagnosis  [  26,   27  ]  and a variety of molecular 
assays have been approved for diagnosis. This chapter focuses on the rationale for 
the diagnostic guidelines and the performance of new methods and algorithms for 
 C. dif fi cile  detection.  

   Diagnostic Methods 

 The Society for Healthcare Epidemiology of America (SHEA) and the Infectious 
Diseases Society of America (IDSA) in the USA, as well as the European Society 
of Clinical Microbiology have published recommendations regarding the diagnosis 
and management of  C. dif fi cile  infection  [  26,   27  ] . Both sets of practice guidelines 
emphasize that testing should only be performed on unformed stool specimens in 
patients at risk for CDI. Both groups recommend testing using a two-step algorithm. 
In the case of IDSA, the recommendation is to begin with EIA testing for glutamate 
dehydrogenase (GDH) followed by a test for toxin production if the GDH result is 
positive (see GDH section below)  [  26  ] . In the case of the ESCMID document, initial 
testing might be an EIA for GDH testing, an EIA that detects toxins A and B, or a 
molecular test for the detection  tcdB   [  27  ] . If the result is negative then no further 
testing is needed. If the result is positive then the specimen should be retested with 
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a method that detects either free toxins, a molecular test, or GDH and different from 
the assay used for the initial screening test. Both documents agree that toxigenic 
culture is the most sensitive method for detection of  C. dif fi cile  in stool specimens 
 [  26,   27  ] . Table  40.1  lists the test methods currently available for the diagnosis of 
 C. dif fi cile  infections and their performance characteristics.   

   Toxigenic Bacterial Culture 

 Many laboratories have resurrected bacterial culture for CDI to assist with outbreak 
investigations by determining whether NAP-1 is circulating in a particular environ-
ment. In addition, culture has become the new diagnostic “gold standard” for evalu-
ation of the plethora of available and developing molecular assays for CDI detection. 
Finally, culture is useful for surveillance of drug resistance and is sometimes helpful 
in patient management  [  2  ] . However, it is too slow and impractical to be used in 
clinical microbiology laboratories as the primary diagnostic method for CDI. 

 Toxigenic anaerobic culture requires inoculation of the stool to anaerobic media, 
incubating the media anaerobically for 2–5 days, and once recovered, determining 
whether the  C. dif fi cile  isolate is a toxin producer. There is no agreed upon standard 
method, but a well done culture has been shown to signi fi cantly increase the yield 
of  C. dif fi cile  detection by 15–25 % when performed after a negative direct toxin 
test  [  28,   29  ] . Factors to consider when developing a culture method include (1) the 
need for and type of spore enrichment, (2) the type of media, and (3) the best method 
for con fi rming toxin production in the recovered isolate. Each of these factors is 
brie fl y addressed. 

   Table 40.1    Performance characteristics of various test methods for  C. dif fi cile  diagnosis   

 Methods/assays 

 Performance characteristics 

 Sensitivity (%, range)  Speci fi city (%, range) 

 Toxigenic anaerobic culture  N/A  N/A 
 Enzyme immunoassays a   34–99  84–100 
 Cell culture cytotoxicity assays b   67–86  97–100 
 Glutamate dehydrogenase c   71–100  76–98 
 Nucleic acid ampli fi cation tests d  

 BD-GeneOhm  84–96  94–100 
 Prodesse ProGastro  77–92  95–99 
 GeneXpert  94–100  93–99 
 illumigene ®   99  98 

  Modi fi ed with permission from  [  2  ]  
  a Derived from  [  27,   43,   46  ]  and includes both solid phase and membrane assays combined. Data is 
not strati fi ed by comparative method 
  b Compiled from  [  42–  44,   65  ]  
  c Compiled from  [  27,   47,   50–  52  ]  
  d Compiled from  [  42,   43,   45,   54,   56,   57,   63–  70  ]   
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 A variety of media, both selective and nonselective, is available for culturing 
 C. dif fi cile . Nonselective anaerobic media have the advantages of being less expen-
sive and more readily available in clinical labs than selective agars or broths, but do 
not allow for easy presumptive identi fi cation of  C. dif fi cil e  [  30  ] . The original cyclos-
erine, cefoxitin, fructose agar (CCFA) as described by George et al., contained an 
egg yolk fructose agar base with 500  m g/ml of cycloserine and 16  m g/ml of cefoxitin 
 [  30  ] . On this medium, the  C. dif fi cile  organisms produced yellow,  fl uorescent 
 fi lamentous colonies that were easy to distinguish from other organisms  [  30  ] . 

 Over the years incorporation of substances to enhance germination of spores 
such as horse blood in place of the egg yolk, taurocholate, and lysozyme have been 
shown to improve recovery  [  2,   31  ] . In some studies, CCFA variants with reduced 
concentrations of the antimicrobial agents were less sensitive compared to the 
George formulation  [  32,   33  ] . However, in the study by Levett et al. using CCFA 
with cycloserine and cefoxitin at concentrations half that of the George formulation 
were less inhibitory to  C. dif fi cile  when combined with a protocol that used alcohol 
shock for spore enrichment  [  34  ] . Whatever medium is chosen, it is important to use 
prereduced media as the failure to do so can impact the sensitivity of the culture 
method  [  33  ] . 

 Other studies have examined the utility of broth enrichment compared to direct 
plating on solid media as well as spore enrichment techniques. In the former situa-
tion, fecal specimens are inoculated to an enrichment broth that contains tauro-
cholate, antibiotics, increased carbohydrates and/or lysozyme to reduce normal 
fecal  fl ora and enhance recovery of small concentrations of  C. dif fi cile . Several stud-
ies have shown enhanced recovery of enrichment broth compared to direct plating 
on solid media  [  35–  37  ] . 

 Spore enrichment involves treating the fecal specimen with either heat or ethanol 
to reduce competing normal  fl ora. When subjected to heat or ethanol,  C. dif fi cile  
develops spores which then germinate when the specimen is planted on anaerobic 
media. Both heat and alcohol have been shown to reduce competing normal  fl ora. 
With heat shock, an aliquot of the stool specimen is incubated in a 70 °C water bath 
or heat block for 20 min prior to plating  [  38  ] . In the case of alcohol shock, 0.5 ml of 
stool sample is added to an equal volume of ethanol and mixed by vortexing. After 
standing at room temperature for 1 h, the specimen is then plated on selective 
 C. dif fi cile  media or other anaerobic media  [  39  ] . 

 Once  C. dif fi cile  is recovered from culture, the isolate should be tested for 
toxin production, as culture will recover both nontoxigenic as well as toxigenic 
isolates. At least one study demonstrated that an enzyme immunoassay should not 
be used to test the isolate for toxin production as it may be too insensitive  [  40  ] . 
A cell culture cytotoxicity assay (CCCA) or polymerase chain reaction (PCR) is 
preferable  [  40  ] . 

 In summary, there is no agreed upon standard method for culturing  C. dif fi cile.  
A combination of some type of enrichment (whether it be spore enrichment or broth 
enrichment) and direct plating on solid media seems to provide the most sensitive 
approach and should be used in circumstances where low quantities of organisms 
may be present, as may be the case in an epidemiological study.  
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   Cell Culture Cytotoxicity Assays 

 Until this decade, CCCAs were considered the “gold standard” and preferred method 
for  C. dif fi cile  diagnosis. This method was the comparator against which many of 
the enzyme immunoassays were assessed. Performance of cytotoxin tests involves 
multiple steps and lack of adherence to these factors can signi fi cantly affect perfor-
mance. The fecal sample is  fi rst suspended in phosphate buffered saline (PBS). Then 
the buffered sample is centrifuged to remove debris and the supernatant is  fi ltered. 
The diluted  fi ltrate is applied to a cell monolayer usually in a macrotiter or microtiter 
multiwelled plate. After incubation at 37 °C for 24 h the plates are assessed for 
cytopathic affect that is characterized by rounding of cells. The cytopathic effect 
(CPE) is neutralized by  C. dif fi cile  or  C. sordelli  antitoxin. If the monolayer does not 
show CPE, it is reincubated for another 24 h before calling the sample negative. 

 As mentioned, there are many factors that affect optimum performance of 
CCCAs. While many different cell types can be used, such as MRC-5, CHO-K1, 
WI-38, Vero, HEp2, and HFF, HFF are preferred in the USA and were the most 
sensitive cell line in one study  [  41  ] . Cells should be fresh (5–14 days old) and of 
low passage  [  41  ] . The specimen should be diluted 1:40 to 1:200 to prevent 
nonspeci fi c toxicity by substances in fecal samples. Criteria used to interpret CPE 
can also affect the results. In some instances, CPE can be seen as early as 4 h  [  41  ] . 

 Recent comparisons of CCCAs to toxigenic culture have shown that the overall 
sensitivity of this method, whether a user developed assay or a commercial product, 
is surprisingly low, well below 90 %, which is suboptimal for a “gold standard” 
 [  42–  45  ] . The need for more rapid answers in the era of hypervirulent strains and the 
disappearance of cell culture techniques for viral diagnosis in clinical labs has seen 
the decrease in availability of this method as a primary diagnostic test. It is also not 
endorsed by professional societies as a test of choice for direct specimen testing 
 [  26  ] . However, CCCAs are still very useful for con fi rmation of toxin production in 
clinical isolates recovered from anaerobic culture.  

   Toxin Enzyme Immunoassays 

 Enzyme immunoassays became available in the mid to late 1980s to replace the 
more labor-intensive cell culture cytotoxicity assays. Solid phase microtiter plate 
formats, that were coated with monoclonal or polyclonal antibodies against toxins 
A and/or B, allowed for batch testing and the ability to report same day results. 
Later, rapid immunoassays in chromatographic cassettes, immunocard, and lateral 
 fl ow membrane formats became available. These assays have an overall sensitivity 
of 75–85 % compared to CCCAs, which is suboptimal performance in the era of 
NAP-1 epidemic disease  [  1,   2,   43,   46  ] . In some studies the performance of these 
assays is well below this range as low as 38 and 43 %  [  47,   48  ] . Two comprehensive 
reviews of these assays have recently con fi rmed that these tests are suboptimal as 
primary diagnostic methods. The results of these studies are summarized in 
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Table  40.2 . In the study by Planche et al., the authors reviewed the literature on the 
six most commonly used EIAs and only included those reports where the assays 
were compared to a reference method  [  46  ] . The authors de fi ned acceptability criteria 
as a sensitivity of 90 % and a positive predictive value of  £ 3 %. Using diagnostic 
odds ratios (Kruskal–Wallis test) and logistic regression, the authors determined 
that there was no difference in performance among the various assays  [  46  ] . However, 
none of the assays met the acceptability criteria  [  46  ] .  

 In the study by Eastwood et al., the authors tested 600 diarrheal samples using 
nine commercial methods for detection of  C. dif fi cile  and compared the results of 
those assays to toxigenic culture  [  43  ] . The sensitivities and speci fi cities for the eight 
EIAs that were evaluated ranged from 60 to 82 % and 93–99 %, respectively  [  43  ] . 
None of the assays evaluated ful fi lled the criteria for acceptability as outlined in the 
Planche study  [  43  ] . Given the extensive data on EIAs demonstrating inadequate 
performance, combined with literature that shows that strain variation may impact 
the performance of these tests  [  49  ]  (see GDH Discussion below), professional soci-
eties no longer endorse toxin EIAs as a primary diagnostic methods for CDI  [  26,   27  ] .  

   Table 40.2    Summary of two comprehensive reviews of EIA performance for detection 
of  C dif fi cile    

 Assays 
 Evaluated 

 Planche et al. a   Eastwood et al. b  

 Comparison to any 
reference method  Comparison to CCCA 

 Comparison to 
toxigenic culture 

 Sensitivity 
(%) 

 Speci fi city
 (%) 

 Sensitivity 
(%) 

 Speci fi city 
(%) 

 Sensitivity 
(%) 

 Speci fi city 
(%) 

 Premier toxin A + B c   94.8  97  91.7  97.1  80.8  97.5 
 TechLab ToxA/B II d   83.3  98.7  90.7  95.7  80.0  96 
 TechLab Tox A/B 
 Quik Chek d  

 83.9  99.7  84.3  98.6  74.4  98.9 

 Remel Xpect e   82.0  96.2  77.8  98.8  68.8  99.4 
 bioMerieux VIDAS f   75.7  93.1  89.8  96.7  80  97.3 
 Meridian 

Immunocard c  
 89.6  99.3  77.8  92.8  68.8  93 

 GA C. diff antigen g   N/A  N/A  76.8  90.9  68.8  91.4 
 Rida Screen 
 Tox A/B h  

 N/A  N/A  66.7  95.1  60.0  95.6 

 Remel ProsSpecT e   N/A  N/A  89.8  92.6  81.6  93.3 

   a Data are from  [  46  ]  and are reprinted with permission. The numbers represent median values from 
multiple studies where the reference method was either CCCA or toxigenic culture 
  b Data are from  [  43  ]  and are reprinted with permission. The authors tested each assay in their clini-
cal laboratory on the same set of 600 samples. The sensitivity and speci fi city of the CCCA com-
pared to toxigenic cultures are 86.4 and 99.2 %, respectively 
  c Meridian Bioscience, Inc. Cincinnati, OH 
  d TechLab, Blacksburg, VA 
  e Remel, Lenexa, KS 
  f bioMerieux, Durham, NC 
  g The Binding Site Ltd. Birmingham, UK 
  h R-Biopharm AG Darmstadt, Germany  
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   Glutamate Dehydrogenase Testing 

 Given the poor performance of toxin EIAs and the lack of timeliness and poor 
sensitivity of CCCAs, prior to the availability of molecular tests, laboratories devel-
oped two step algorithms predicated upon screening for  C. dif fi cile  glutamate dehy-
drogenase. This enzyme, also called the common antigen, is present in high levels 
in all strains of  C. dif fi cile , both toxigenic and nontoxigenic isolates. The initial 
microtiter plate enzyme immunoassay test called the C DIFF CHEK (TechLab, 
Blacksburg, VA) showed good sensitivity and high negative predictive values in 
earlier studies  [  47,   50–  52  ] , making the assay a very useful  fi rst step in screening for 
the presence of the organism. Depending upon the institution’s prevalence of 
 C. dif fi cile , 85–90 % of results can be  fi nalized after the GDH test because a nega-
tive result reliably means the absence of  C. dif fi cile . Those specimens that are posi-
tive have toxin testing performed using CCCA or more recently, a molecular assay. 
A newer version of the test called the C DIFF QUIK CHEK COMPLETE™ 
(TechLab) combines the GDH test and an EIA for toxins A and B into a single 
immunochromatographic membrane device that can yield a result in 30 min. Several 
published studies have shown excellent sensitivity (100 %) for the GDH portion of 
the assay, but the toxin component of the assay has a sensitivity of 61–78 %  [  53, 
  54  ] . Therefore, some laboratories have decided to con fi rm GDH positive, toxin 
negative specimens with another more sensitive method such as PCR  [  54,   55  ] . 

 While many laboratories have been happy with the performance of either version 
of the GDH assay, more recent studies have reported sensitivities below 90 % 
 [  56,   57  ] . At least one study suggests that the variability in GDH and toxin EIA per-
formance may be related to strain type  [  49  ] . Certain non-NAP-1 ribotypes such as 
002 and 106 were less likely to be detected by GDH and commercial EIA kits than 
NAP-1 strains  [  49  ] . Such results have not been duplicated in other clinical studies. 
A recent in vitro study failed to demonstrate an impact of strain type on GDH 
performance when clinical isolates grown on CCFA were suspended in sterile water 
at a 0.5 McFarland concentration and tested neat and diluted  [  58  ] . In addition, a 
recent meta-analysis of 13 manuscripts that met inclusion criteria showed a high 
accuracy of GDH for detection of  C. dif fi cile  in stool where the sensitivity and 
speci fi city compared to culture were each above 90 %  [  59  ] . Given the mixed litera-
ture on the performance of GDH tests, laboratories that implement it should verify 
that the assay has acceptable test performance for their patient population.  

   Molecular Assays 

 Molecular tests for detection of  C. dif fi cile  directly from fecal samples were tried in 
the early 1990s  [  60,   61  ] . Most of these assays used conventional polymerase chain 
reaction techniques and lengthy cumbersome nucleic acid extraction methods  [  60, 
  61  ] . Later in the decade, reports of improved fecal extraction methods and success 
with real-time platforms were published  [  62  ] . In 2008, the  fi rst qPCR assay, the 
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BD-GeneOhm Cdiff assay, received FDA approval. This assay is based upon 
TaqMan chemistry and targets conserved regions of  tcdB.  This assay in its current 
format has a manual extraction. A swab is inserted into an aliquot of liquid or soft 
stool. The swab containing specimen is then placed into a sample buffer tube pro-
vided by the manufacturer and is vortexed for 1 min. Uninoculated sample buffer is 
added to a lysis tube with glass beads, then 10  m l of stool in buffer is added to the 
lysis tube. Following centrifugation and inactivation at 95 °C in a dry heating block, 
lysed sample is added to a SmartCycler tube (Cepheid, Inc., Sunnyvale, CA) con-
taining reconstituted master mix. An internal control is contained in the master mix. 
Uninoculated sample buffer can serve as a negative control and a positive DNA 
control provided by the manufacturer comes with the kit. The SmartCycler tubes are 
placed in the SmartCycler instrument and after ampli fi cation, the software provides 
a qualitative result of “negative,” absence of  tcdB  or “positive,”  tcdB  present. Other 
possible results include the following: “unresolved,” indicating possible inhibition, 
or “invalid assay run,” indicating that one or both controls failed, and “not deter-
mined,” in the case of instrument malfunction. This assay has been extensively 
evaluated in the literature where it has been compared to toxigenic culture, CCCAs, 
EIAs, and a GDH two-step algorithm  [  42,   43,   45,   57,   64  ] . When compared directly 
to toxigenic culture the sensitivity ranges from 84 to 94 % and the speci fi city from 
95 to 98 %  [  42,   43,   45  ] . 

 The Prodesse ProGastro™ Cd Assay (Gen-Probe, Inc., San Diego, CA) was the 
second assay to obtain FDA clearance in the USA. In this assay 100  m l of stool is 
diluted 1:5, then clari fi ed by adding the sample to a proprietary buffer called 
S.T.A.R. buffer. An internal control is then added to each clari fi ed stool specimen. 
Isolation and puri fi cation of the DNA occurs on the bioMerieux NucliSENS easy-
Mag (bioMerieux, Durham, NC) automated extractor. This assay targets conserved 
regions of  tcdB  using Taqman chemistry. Ampli fi cation is performed on a Cepheid 
SmartCycler or Rotorgene instrument. Three controls are required per run—a nega-
tive control, a positive matrix control and a negative matrix control. The assay 
requires about 3–4 h in total to complete  [  65  ] . To date there have been two pub-
lished reports on the performance of this assay. Stamper et al. compared the 
ProGastro CD assay to both an EIA for toxins A and B and toxigenic culture  [  65  ] . 
The sensitivities and speci fi cities were 88.3 and 77.3 % and 95.6 and 99.2 %, respec-
tively  [  65  ] . More recently Karre et al. using 346 samples compared the Prodesse 
assay to a user-developed PCR method and the BD-GeneOhm assay  [  66  ] . Discrepant 
analysis was performed by culture. The sensitivity of the Prodesse assay was 91.9 % 
and the speci fi city was 99 %  [  66  ] . 

 The Cepheid Gene Xpert ®   C. dif fi cile  assay is easier to perform than the above 
mentioned commercial products. A swab is dipped into the liquid or soft stool spec-
imen, and then it is placed into a buffer vial. The vial is vortexed then the sample is 
pipetted into the sample port of the Xpert™ C dif fi cile assay cartridge. The car-
tridge is then placed into the Xpert™ instrument. A positive result may be available 
in as short a time as 29 min. This assay targets the toxin B gene, and it is the only 
commercially available molecular assay to have FDA clearance for detection of the 
deletion in  tcdC  that is present in NAP-1 strains and some other less common 
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ribotypes. As is true for the other assays mentioned above, this assay has been 
extensively evaluated in the literature  [  54–  56,   67,   68  ] . Those studies that have com-
pared this assay to toxigenic culture report sensitivities ranging from 94.4 to 100 % 
and speci fi cities of 96.3–99.2 %  [  54–  56  ] . 

 As mentioned above in the discussion of the GDH algorithms, the impact of 
strain typing on assay performance was an important observation to emerge from 
the multicenter clinical trial of the Xpert C dif fi cile assay  [  49,   56  ] . When comparing 
the performance of the GDH assay to the Xpert test for NAP-1(ribotype 027) strains, 
there was no difference in performance. However, when the performance was 
assessed for non-NAP-1 strains, the overall sensitivity of the GDH assay was 72.2 % 
compared to 91.7 % for the Xpert assay ( p  < 0.001)  [  49  ] . The results were more 
dramatic when comparing the Xpert Test to EIAs for toxin A and B detection. EIA 
sensitivity varied from 18.8 % for ribotype 106 isolates, which are more common in 
the UK, to 78.4 % for ribotype 027 (NAP-1)  [  49  ] . These observations are important 
because they can explain, in part, geographical variation in assay performance. 

 The most recent assay to obtain FDA clearance for the detection of  C. dif fi cile  is 
the  illumigene   ®   (Meridian Bioscience, Cincinnati, OH). This molecular assay is the 
only one to have FDA approval for testing specimens from children. It is also unique 
in that it is based upon loop-mediated isothermal ampli fi cation (LAMP) of a con-
served region of the toxin A gene. It will detect toxin A negative, toxin B positive 
strains. In this assay, a proprietary sample brush is dipped into the stool specimen 
then placed into a diluent after which it is vortexed for 10 s. Five drops of the speci-
men in diluent is squeezed into an extraction tube, heated to 95 °C for 10 min, then 
vortexed for 10 s. Fifty microliters of this extracted mixture is then added to a reac-
tion buffer tube and vortexed for 10 s. The  fi nal step involves adding 50  m l of the 
extracted mixture to both a test vial and a control vial of the ampli fi cation device. 
The device is then placed into a small desktop instrument, the run is created and 
results are generated in 1 h. Total assay time is about 70 min. Compared to toxigenic 
culture the sensitivity has been reported to range from 91.8 to 98 % and the speci fi city 
ranges from 98 to 99 %  [  69,   70  ] . Table  40.3  summarizes the features and perfor-
mance characteristics of the four FDA-cleared molecular assays that are currently 
available in the USA.  

   Table 40.3    Features of the four FDA cleared molecular assays available in the USA   

 Assay  Targets  Extraction 
 Internal 
control 

 TAT 
(min) 

 Cost/test 
(US $) a   References 

 BD GeneOhm ®    tcdB   Manual  Yes  75–90  25–49   [  43,   45,   57,   64  ]  
 Prodesse 

ProGastro™ 
  tcdB   EasyMag  Yes  180  25   [  65,   66,   71  ]  

 GeneXpert ®    tcdB  
 nt 117 del 

 tcdC  

 Automated 
 (in fi nity 

platform) 

 Yes  29–45  45   [  49,   54,   56,   67,   68  ]  

 illumigene ®    tcdA   Manual  Yes  70  25–49   [  69,   70  ]  

   tcbB  toxin B gene,  tcdC  toxin C gene,  nt  nucleotide,  del  deletion,  tcdA  toxin A gene 
  a Prices are variable and are negotiated based upon volume of testing  
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 The trend in many clinical laboratories in adoption of molecular methods for 
detection of  C. dif fi cile  has resulted in a response that ranges from consternation to 
ready acceptance among clinicians. There is no doubt that in all of the available 
publications on these tests, molecular assays are more sensitive than EIAs, algo-
rithms that incorporate GDH, and CCCAs, but are not as sensitive as toxigenic 
culture. There are a few practical concerns that have been raised. One is that these 
assays do not detect the toxins, but the genes that encode for toxins, raising the issue 
of clinical speci fi city. For this reason it is extremely important that physicians not 
send specimens to the laboratory on patients who do not have diarrhea or otherwise 
meet a clinical case de fi nition of  C. dif fi cile . In addition, laboratories should moni-
tor positivity rates and assess their environments for contamination. The other con-
cern for laboratories is the expense of these assays, which in general are two- to 
fourfold more expensive than EIAs for toxin or GDH detection. 

 To reduce the expense that may be incurred with widespread implementation of 
these assays, several investigators have adopted three step algorithms  [  54,   55,   71,   72  ] . 
In these studies, the authors look at screening with the C diff CHEK Complete assay 
(GDH plus toxin EIA, see GDH section). If the results are concordantly positive or 
negative for GDH and toxin, then no additional testing is required. However, if the 
GDH is positive and the toxin portion of the device is negative, then those specimens 
(approximately 12 % in one study)  [  55  ] , are tested by a rapid molecular method. 
Such an algorithm can produce same day results and potentially save money, but 
this does require maintenance of multiple test methods, training, and the required 
pro fi ciency, and raises other regulatory compliance issues such as whether 
reimbursement is allowed for multiple test methods  [  73  ] . 

 Other questions that surround implementation of molecular testing for CDI 
include the theoretical concerns of genetic drift in the gene targets, the impact of 
emerging strain variation on assay performance, the frequency with which the gene 
is present but not expressed, among other questions. Other desirable information 
includes the impact of rapid molecular testing on infection control and patient 
management.  

   Summary 

  C. dif fi cile  remains an important cause of antibiotic associated diarrhea and data 
have shown that the incidence has increased over the last decade. The increase is 
multifactorial, but has largely been driven by the emergence of multidrug resistant, 
toxin variant strains and an increasingly susceptible population. The increased fre-
quency of more severe disease and higher mortality rates has forced laboratories to 
critically evaluate diagnostic testing algorithms. There is a movement away from 
insensitive toxin A, B EIAs toward more sensitive multistep algorithms and rapid 
molecular assays. There are currently four FDA cleared molecular assays in the 
USA all of which have been shown to have superior performance to all methods 
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except toxigenic culture. The latter is now perceived as the new “gold standard” 
against which other methods are compared. More data is needed regarding the 
impact of molecular assays on infection control and patient management.      
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         Introduction 

 In the management of HIV infections, laboratorians or clinical microbiologists 
determine whether a patient is infected with HIV, evaluate the status of the HIV 
infection, and monitor antiretroviral therapy. Theoretically, an HIV infection can be 
diagnosed and monitored by any of  fi ve possible ways: (1) direct microscopic 
examination such as visualization of an HIV virion by electronic microscopy, 
(2) cultivation and identi fi cation of HIV by suspension lymphocyte culture, (3) detection 
of HIV viral antigens, (4) measurement of HIV-speci fi c immune responses, and 
(5) detection and quanti fi cation of HIV-speci fi c nucleic acids  [  1,   2  ] . Practically 
speaking, the diagnosis and monitoring of HIV infection is done by serologic and 
molecular methods. Molecular methods were  fi rst used by Ou et al. from the US 
Centers for Disease Control and Prevention in 1988 to directly amplify HIV-1 
speci fi c nucleic acids from peripheral blood mononuclear cells of HIV-1 seroposi-
tive individuals  [  3  ] . In this sentinel article, the authors concluded that “the method 
may therefore be used to complement or replace virus isolation as a routine means 
of determining HIV-1 infection  [  3  ] .” This has certainly proven to be correct. 

 Indeed, the diagnostic capabilities for HIV infections have improved rapidly and 
have expanded greatly thanks to the molecular technology revolution. Molecular 
assays along with serology have become the mainstay used in the HIV laboratory 
diagnostic  fi eld. HIV-1 plasma viral load assays are routinely used in combination 
with CD4 cell counts to determine when to initiate therapy and when a regimen is 
failing. In addition, unlike serologic assays, these assays, especially the qualitative 
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ones, have been used to diagnose perinatal and acute HIV-1 infections. HIV-1 
antiretroviral susceptibility tests, which include a genotyping assay detecting 
mutations known to confer resistance in viral genomes and a phenotypic assay mea-
suring recombinant viral replication in the presence of antiretroviral drugs, has 
become routine patient care in the management of antiretroviral treatment. Assessing 
host gene polymorphisms and immune responses have emerged in clinical laborato-
ries for better diagnosis and monitoring of HIV-1 infections. Point-of-care testing 
(POCT) based on molecular techniques has been actively developed and will be 
used for diagnosis and monitoring in the near future (Table  41.1 ).   

   Qualitative Detection of HIV 

 The primary diagnosis of HIV infection is most often accomplished by serology via 
detection of HIV antibody/antigen using a fourth generation screening enzyme 
immunoassay (EIA) or a rapid assay, followed by a subsequent con fi rmatory 
Western blot (WB) test. In addition to serology assays, molecular methods are now 
routinely used to minimize the window period for the diagnosis of acute or early 
infection in special populations. In newborns, the HIV proviral DNA detection 
method is used to rule out maternal antibody and con fi rm HIV infection  [  4,   5  ] . 
Seronegative HIV-1 infected cases have been reported even for common HIV clades 
 [  6,   7  ] . In immunocompromised hosts, serology may be limited, likely due to the 
inability to mount an effective immune response. 

 Molecular technologies based on in vitro nucleic acid ampli fi cation can be utilized 
in the diagnosis of acute or primary infection due to the fact that viral RNA can be 
detected earlier than the antibody or p24 antigen. Qualitative RNA molecular assays 
have been developed and commercially available for blood-donor screening in the 
blood bank  [  8  ] . The APTIMA HIV-1 RNA Qualitative Assay and the Procleix HIV-1/
HCV assay (Gen-Probe, San Diego, CA), which incorporates transcription-mediated 
ampli fi cation technology, has been approved by the FDA to aid in the diagnosis of 
HIV-1 infection, including acute or primary infection  [  9  ] . Recent data indicated that 
the Aptima HIV assay readily discriminated between HIV-1-infected and -uninfected 
individuals and effectively reduced the number of indeterminate results relative to 
Western blot analysis  [  10  ] . This assay has been evaluated recently as being a more 
sensitive screening tool for HIV-positive samples from a sexually transmitted disease 
clinic than typical antibody testing followed by pooled RNA testing. The data indicate 
that screening and con fi rmation of HIV infection by the qualitative molecular method 
alone may constitute an effective alternative HIV diagnostic algorithm in certain set-
tings  [  11  ] . The qualitative format can detect a lower amount of viral RNA than quan-
titative tests, i.e., less than 100 copies of HIV-1 RNA per ml  [  12  ] . Such rapid screening 
by using molecular qualitative assays has been used in pooled plasma specimens  [  13–
  15  ]  and alternative specimen types  [  12,   16  ] . Since HIV viral loads in patients with 
acute or primary infection are usually high, other HIV RNA quanti fi cation assays 
have been used as an alternative for diagnostic purposes  [  17–  22  ] . 
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 In addition to blood donor screening, the qualitative molecular assays, especially 
those for the detection of HIV proviral DNA, have become the test of choice for 
establishing the diagnosis of infection in infants born to HIV-1 infected mothers 
 [  4,   5  ] . The persistence of maternal antibodies against HIV in exposed infants up to 
18 months of age prevents the use of antibody-based assays for the early diagnosis of 
HIV infection. It is, on the other hand, important to promptly establish the infection 
status of an HIV-exposed infant, since the effectiveness of highly active antiretroviral 
therapy at an early age has been demonstrated. Thus, approaches to the early diagno-
sis of infection in infants lean towards molecular techniques that amplify target HIV 
DNA  [  23  ] , RNA  [  5,   21  ] , or total nucleic acid  [  19,   20,   22  ] . Detection of HIV-1 DNA 
can be used to differentiate primary infection during the diagnostic window period or 
in newborns of infected mothers. In the diagnosis of HIV in infants, the DNA PCR 
assays possess sensitivities of  ³ 95 % and even higher speci fi cities  [  4,   24,   25  ] . At this 
time, only one qualitative HIV-1 DNA PCR assay is commercially available from 
Roche and has yet to be approved by the FDA  [  5,   26  ] .  

   HIV RNA Viral Load Assays 

 HIV-1 infection results in lifelong persistence of the virus, independent of antiretro-
viral treatment. In chronically infected patients, the HIV RNA viral load in plasma 
in conjunction with the CD4 T-lymphocyte cell numbers are the routine laboratory 
markers used to guide both initiation of the highly active antiretroviral therapy 
(HAART) and to monitor treatment effectiveness and the likelihood of clinical pro-
gression  [  27–  30  ] . Viral load assays, which measure the quantity of HIV-1 RNA 
present in plasma, are used as prognostic markers, to monitor response to therapy 
and to guide HIV treatment decisions  [  31–  33  ] . Characterization of HIV-1 RNA lev-
els as being below the limit of detection indicates HAART adherence and effective-
ness  [  27,   34,   35  ] . Periodic monitoring of HIV-1 viral loads can be performed by 
either HIV RNA ampli fi cation or branched chain DNA (bDNA) tests  [  36  ] . 
Technically, less than a threefold variation (0.5 log 

10
  copies) is considered as intraas-

say or biological variabilities; however, an over tenfold (1 log 
10

  copies) change is 
considered clinically signi fi cant  [  37–  40  ] . In the clinical setting, 1 month after an 
effective regimen, viral load should fall by at least 1 log. By 4–6 months into ther-
apy, viral load should have fallen below the detection limit of the test, usually less 
than 50–75 copies/ml  [  31–  33  ] . 

 Sensitive measurement of viral load with broad dynamic range of detection, and 
enhanced ability to quantify HIV-1 Group M subtypes A-G of the virus are two 
major requirements for the quantitative assay for HIV RNA. While HIV-1 subtype 
B continues to predominate in Western countries, studies now con fi rm that the inci-
dence of HIV-1 non-B subtypes is increasing all over the world. The ability of a test 
to detect a broader range of these genetically diverse viruses is therefore crucial to 
HIV patient care on a global basis. In the USA,  fi ve commercial assays are FDA 
approved for the quanti fi cation of HIV-1 RNA in plasma (Table  41.2 ). All of these 
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assays are licensed for monitoring HIV-1 infected patients; they are not proposed to 
be used for HIV screening tests nor for con fi rmatory HIV tests, but have often been 
used in this context  [  18–  22,   36,   41  ] . Performance may signi fi cantly vary between 
HIV viral load assay platforms according to subtype. HIV viral diversity in the 
population being tested must be considered in selection of the viral load platform 
and the same format for the monitoring of HIV-1-infected patients should be kept 
for the routine laboratory services  [  42–  44  ] . None of the assays detect HIV-2.  

 Plasma is the main specimen type for HIV-1 viral load testing. Plasma collected 
by plasma preparation tubes should be transferred to a secondary tube before freez-
ing and transportation  [  45–  48  ] . HIV viral RNA is relatively unstable and thus 
requires that blood samples (plasma) be processed within 4–6 h of collection and 
stored in a deep freezer. Nonplasma specimens such as peripheral blood mononu-
clear cells (PBMCs), saliva, cerebrospinal  fl uid, seminal plasma, dried plasma, and 
dried blood spots have been evaluated for HIV-1 viral load testing  [  16,   41,   49–  53  ] . 
Dried blood spots have been used at rural and remote healthcare facilities to collect 
and transport specimens for HIV-1 RNA viral load monitoring  [  54–  58  ] . When spec-
imens are carefully processed, viral load results are stable and reproducible, and 
cross-contamination is rare and avoidable  [  59–  61  ] . 

 The Cobas Amplicor HIV-1 Monitor Assay (Roche Diagnostics, Indianapolis, 
IN) is a reverse transcription (RT)-PCR-based system targeting HIV-1 RNA  [  37,   39, 
  62  ] . Two basic assay platforms exist: (1) the Amplicor HIV-1 Monitor assay, which 
is a manual test performed in microwell plates and (2) the Cobas AmpliPrep/Cobas 
TaqMan HIV-1 assay, which provides full automation of the nucleic acid extraction 
followed by real-time PCR ampli fi cation. Its  fi rst FDA approved HIV viral load test 
in 1996 measures viral loads at levels as low as 400 HIV-1 RNA copies/ml. The 
Amplicor Ultra Sensitive test, approved in 1999, uses a slightly different sample-
processing protocol and measures viral loads down to 50 HIV-1 RNA copies/ml. 
The fully automated version of the Roche COBAS AmpliPrep/COBAS TaqMan 
HIV-1 system (version 1.0) has been in use in the United States with a reported 
upper limit of quanti fi cation and lower limit of detection of 1,000,000 and 50 RNA 
copies/ml, respectively  [  63–  65  ] . The system targets the HIV-1  gag  gene and has 
been designed to quantify all group M and N viruses and many circulating recom-
binant forms  [  64,   66  ] . Recently, a version 2.0 of this assay has become available, 
which targets both  gag  and LTR regions to further improve test sensitivity and has 
better HIV-1 Group M subtype coverage including Group O  [  43,   44,   67,   68  ] . 

 The bDNA-based test known as VERSANT HIV-1 RNA 3.0 Assay (Siemens 
Healthcare Diagnostics, Tarrytown, NY) provides good reproducibility since no 
ampli fi cation variation is expected due to its signal ampli fi cation technology  [  69, 
  70  ] . Without extraction steps to isolate HIV-1 RNA, the reproducibility of the bDNA 
assay has been reported to be a superior test, particularly at the low end of the 
dynamic range  [  37,   70  ] . The in fl uence of inhibitory substances contained in a vari-
ety of clinical specimens is much lower in comparison with other methods and the 
risk of contamination is reduced as well. This test has good precision across a wide 
reporting range and can distinguish three-fold (0.5 log 

10
 ) changes across the entire 

assay range  [  37,   62,   71  ] . The bDNA test can also be used to determine quanti fi cation 
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of the viral load down to 75 copies/ml  [  72,   73  ] . The disadvantages from the intrinsic 
bDNA technique include the requirement for a large volume of plasma, the absence 
of an internal quanti fi cation standard for each sample tested, and lower speci fi city 
compared to target ampli fi cation methods. The recently available Bayer System 440 
provides more extensive automation  [  42  ] . 

 The NucliSens HIV-1 RNA QT assay (bioMerieux, Inc., Durham, NC) incorpo-
rates three key technologies: silica-based nucleic acid extraction; nucleic acid 
sequence-based ampli fi cation (NASBA) for HIV RNA ampli fi cation; and electro-
chemiluminescence detection and quanti fi cation of the ampli fi ed RNA  [  62,   74  ] . 
The NASBA technology is a sensitive, isothermal ampli fi cation method that does 
not require a thermocycler, so there is no need for heat-stable enzymes. The 
NucliSens assay is more sensitive in detecting HIV-1 RNA at lower concentrations 
than the standard Roche AMPLICOR test and reaches a broad linear dynamic 
ranging from 51 to 5,390,000 copies/ml  [  75,   76  ] . The second generation assay 
currently in use cannot reliably quantify subtypes A and G  [  42,   75  ] . The assay can 
be used for measuring viral loads at other body sites because the RNA extraction 
procedure consistently generates RNA products that are free of interfering sub-
stances  [  37,   65,   73,   77  ] . The isothermal process runs at 41 °C which is lower than 
the annealing temperature of the primers used, resulting in a lower speci fi city of 
the ampli fi cation process. 

 The RealTime HIV-1 assay in the  m 2000 system (Abbott Molecular, Des Plaines, 
IL) consists of two components: the m2000sp for nucleic acid extraction and load-
ing of sample and master mix into the 96-well optical reaction plate, and the m2000rt 
for ampli fi cation and detection  [  65,   78–  80  ] . Incorporated with a partially double-
stranded linear DNA probe  [  81  ] , this assay offers several advantages over conven-
tional viral load assays, including a broad linear coverage, improved sequence 
variation tolerance, and decreased risk of carryover contamination. The system is 
fully automated with a wide coverage of HIV-1 genotypes including groups M and 
N circulating recombinant forms, as well as Group O virus  [  43,   65,   66,   79,   80  ] . The 
assay possesses a wide linear dynamic range of between 40 and 10 million HIV-1 
RNA copies/ml and the limit of detection of the assay is 40 copies/ml for a 1.0 ml 
sample volume, 75 copies/ml for a 0.5 ml sample volume, and 150 copies/ml for a 
0.2 ml sample volume  [  36,   44  ] .  

   Genotypic Antiretroviral Susceptibility Testing 

 The goal of HAART is to completely suppress viral replication below the detection 
limit of the most sensitive assay in order to avoid the emergence of drug-resistant 
virus mutants and to delay clinical progression  [  27,   34,   35,   82  ] . Antiretrovial drug 
resistance is de fi ned as the ability of HIV-1 to multiply in the presence of antiretro-
viral drugs. In the clinical setting, if a viral load fails to fall adequately, or if it 
rebounds to greater than 1,000 copies/ml, tests for antiretroviral resistance are rec-
ommended. Two types of formats are available to determine antiretroviral susceptibilities. 
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Phenotypic resistance assays directly measure viral replication of the patient’s virus 
in the presence of antiretroviral drugs while genotypic resistance assays detect viral 
genome mutations known to confer decreased sensitivity to antiretroviral drugs. 
Both genotypic and phenotypic-based tests are available, but the latter is much more 
expensive and is usually reserved for patients with prior viral resistance. The clini-
cal utility of HIV susceptibility testing has been evaluated in a number of prospec-
tive randomized clinical trials  [  83–  90  ] . The use of HIV-1 susceptibility testing to 
guide antiretroviral treatment has been reported to be cost-effective  [  82,   91,   92  ].  

 Genotypic drug-resistance testing has been implemented in clinical guidelines as 
an important tool to guide therapy changes, overall therapy, and more recently, ini-
tiation of therapy  [  83,   85–  87,   93,   94  ] . There are currently two commercial assays 
available for HIV-1 genotyping: the TruGene HIV-1 Genotyping Kit and 
OpenGene DNA Sequencing System (Siemens Healthcare Diagnostics, Tarrytown, 
NY), and the ViroSeq HIV-1 Genotyping System (Abbott Molecular, Des Plaines, 
IL) (Table  41.3 ). Both systems are based on a PCR ampli fi cation of reverse 
transcriptase and protease genes followed by ampli fi cation product nucleic acid 
sequencing by the traditional Sanger method. One major difference between the two 
systems is the sequencing chemistry: ViroSeq uses a four-dye termination system 
while the TrueGene uses the dye primer system. In addition, six samples are needed 
to analyze one patient for ViroSeq, compared with 12 samples for TruGene. The 
ViroSeq system requires an additional puri fi cation step for removal of the dye 
terminators  [  95  ] . A parallel validation revealed that both assays generated an accu-
rate sequence with similarity in overall complexity. While the OpenGene system is 
limited in throughput, it provides an interpretative report containing information 
relating mutations to drug resistance  [  96  ] . Both systems work well for the USA 
dominantly circulating HIV-1 groups with varied performance in minor groups. 
One recent study used the ViroSeq HIV-1 genotyping system to determine drug 
resistance on a panel of diverse HIV-1 group M isolates circulating in Cameroon. 
The data revealed that the performance of this assay can be altered by the sequence 
variation of non-B HIV-1 strains that predominate in African settings  [  97  ] .  

 Both systems detect mutations in the reverse transcriptase and protease genes, 
but do not detect mutations associated with resistance to the fusion inhibitor, inte-
grase inhibitors, and CCR5 inhibitors. Another limitation of the two genotypic 
assays is that they are only able to detect mutants that comprise major fractions of 
the patient’s virus; resistant variants must constitute at least 25 % of the virus popu-
lation  [  93,   98  ] . Resistant mutations present at low levels missed by standard 
population-based genotyping assays can lead to failure of subsequent treatments 
 [  99  ] . Two other genotyping formats, the HIV PRT GeneChip assay (Affymetrix, 
Santa Clara, CA) and the HIV-1 RT Line Probe Assay (Innogenetics, Ghent, 
Belgium) have been reported for the rapid detection of drug resistance-related muta-
tion in HIV genomes, which have the potential to detect multiple mutations at lower 
levels  [  100–  103  ] . Allele-speci fi c PCR  [  104,   105  ] , single-genome sequencing  [  99, 
  104,   106  ]  and ultra-deep sequencing (UDS)  [  104,   107,   108  ]  have been reported to 
increase the sensitivity of minority mutation detection. However, due to the innate 
error rate of reaction enzymes, it has been reported that UDS had limited sensitivity 



794 Y.-W. Tang

   Ta
bl

e 
41

.3
  

  C
om

m
er

ci
al

 H
IV

-1
 a

nt
ir

et
ro

vi
ra

l r
es

is
ta

nc
e 

as
sa

ys
   

 D
ev

ic
e 

 M
an

uf
ac

tu
re

r 
 Pl

at
fo

rm
 

 Sc
op

e 
 A

dd
iti

on
al

 c
om

m
en

ts
 

 Se
le

ct
ed

 r
ef

er
en

ce
s 

 T
ru

ge
ne

 H
IV

-1
 g

en
ot

yp
in

g 
ki

t 
 Si

em
en

s 
D

ia
gn

os
tic

s,
 

Ta
rr

yt
ow

n,
 N

Y
 

 G
en

ot
yp

ic
 

 D
et

ec
tio

n 
of

 p
ro

te
as

e 
an

d 
re

ve
rs

e 
tr

an
sc

ri
pt

as
e 

ge
ne

 m
ut

at
io

ns
 

 FD
A

 c
le

ar
ed

; a
cc

ur
ac

y 
va

ri
es

 
du

e 
to

 s
eq

ue
nc

e 
va

ri
at

io
ns

 
of

 n
on

-B
 H

IV
-1

 s
tr

ai
ns

 

  [  8
5,

   8
6,

   8
8,

   9
4,

   9
5  ]

  

 V
ir

oS
eq

 H
IV

-1
 g

en
ot

yp
in

g 
sy

st
em

 
 A

bb
ot

t M
ol

ec
ul

ar
, 

D
es

 P
la

in
es

, I
L

 
 G

en
ot

yp
ic

 
 D

et
ec

tio
n 

of
 p

ro
te

as
e 

an
d 

re
ve

rs
e 

tr
an

sc
ri

pt
as

e 
ge

ne
 m

ut
at

io
ns

 
 FD

A
 c

le
ar

ed
; a

cc
ur

ac
y 

va
ri

es
 

du
e 

to
 s

eq
ue

nc
e 

va
ri

at
io

ns
 

of
 n

on
-B

 H
IV

-1
 s

tr
ai

ns
 

  [  8
8–

  90
,   9

4,
   9

5  ]
  

 H
IV

 P
R

T
 G

en
eC

hi
p 

as
sa

y 
 A

ff
ym

et
ri

x,
 S

an
ta

 
C

la
ra

, C
A

 
 G

en
ot

yp
ic

 
 D

et
ec

tio
n 

of
 p

ro
te

as
e 

an
d 

re
ve

rs
e 

tr
an

sc
ri

pt
as

e 
ge

ne
 m

ut
at

io
ns

 
 Po

te
nt

ia
l t

o 
de

te
ct

 m
ul

tip
le

 
m

ut
at

io
ns

 a
t l

ow
er

 le
ve

ls
 

  [  1
02

,   1
03

  ]  

 H
IV

-1
 R

T
 L

in
e 

Pr
ob

e 
A

ss
ay

 
 In

no
ge

ne
tic

s,
 G

he
nt

, 
B

el
gi

um
 

 G
en

ot
yp

ic
 

 D
et

ec
tio

n 
of

 p
ro

te
as

e 
an

d 
re

ve
rs

e 
tr

an
sc

ri
pt

as
e 

ge
ne

 m
ut

at
io

ns
 

 Po
te

nt
ia

l t
o 

de
te

ct
 m

ul
tip

le
 

m
ut

at
io

ns
 a

t l
ow

er
 le

ve
ls

 
  [  1

00
,   1

01
,   1

03
  ]  

 Ph
en

oS
en

se
, u

ni
ve

rs
al

, 
en

tr
y 

an
d 

in
te

gr
as

e 
 M

on
og

ra
m

 
B

io
sc

ie
nc

es
, 

So
ut

h 
Sa

n 
Fr

an
ci

sc
o,

 C
A

 

 Ph
en

ot
yp

ic
 

 Su
sc

ep
tib

ili
ty

 d
et

er
m

in
at

io
n 

fo
r 

re
ve

rs
e 

tr
an

sc
ri

pt
as

e,
 p

ro
te

as
e,

 
en

tr
y 

an
d 

in
te

gr
as

e 
in

hi
bi

to
rs

 

 T
hr

ee
 s

ep
ar

at
e 

de
vi

ce
s 

fo
r 

di
ff

er
en

t d
ru

gs
 

  [  1
13

–  1
15

,   1
17

, 
  12

7,
   1

29
  ]  

 T
ro

 fi l
e 

 M
on

og
ra

m
 

B
io

sc
ie

nc
es

, 
So

ut
h 

Sa
n 

Fr
an

ci
sc

o,
 C

A
 

 Ph
en

ot
yp

ic
 

 Su
sc

ep
tib

ili
ty

 d
et

er
m

in
at

io
n 

fo
r 

C
C

R
5 

in
hi

bi
to

rs
 

 U
se

d 
pr

io
r 

to
 in

iti
at

in
g 

th
er

ap
y 

  [  1
32

,   1
35

,   1
36

  ]  

 Se
ns

iT
ro

p 
II

 H
IV

 
co

re
ce

pt
or

 tr
op

is
m

 
 Pa

th
w

ay
 

D
ia

gn
os

tic
s,

 
M

al
ib

u,
 C

A
 

 Ph
en

ot
yp

ic
 

 Su
sc

ep
tib

ili
ty

 d
et

er
m

in
at

io
n 

fo
r 

C
C

R
5 

in
hi

bi
to

rs
 

 U
se

d 
pr

io
r 

to
 in

iti
at

in
g 

th
er

ap
y 

 V
ir

co
 T

Y
PE

 H
IV

-1
 

 V
IR

C
O

 L
ab

, I
nc

., 
T

itu
sv

ill
e,

 N
J 

 V
ir

tu
al

 
ph

en
ot

yp
e 

 Su
sc

ep
tib

ili
ty

 d
et

er
m

in
at

io
n 

by
 

us
in

g 
ge

ne
tic

 d
at

a 
 A

cc
ur

ac
y 

de
pe

nd
s 

on
 c

on
st

an
t 

da
ta

ba
se

 u
pd

at
es

 
  [  1

21
,   1

22
  ]  



79541 Molecular Diagnosis of HIV-1 Infections: Current State of the Art

to about 0.5 % and may have less utility in treatment-experienced patients with 
persistent viremia on therapy  [  109–  111  ] . The majority of low-frequency drug 
resistance-related mutations detected using UDS are likely errors inherent to UDS 
methodology or a consequence of error-prone HIV-1 replication  [  112  ] .  

   Phenotypic Antiretroviral Susceptibility Testing 

 Phenotyping assays measure the ability of HIV-1 to grow in the presence of various 
concentrations of antiretroviral agents. Phenotyping assays are considered a molec-
ular method as well, since the recombinant viruses are generated and used in the 
testing. Phenotyping uses clinical cutoffs associated with treatment outcome data 
and estimates the net effect of multiple mutations more directly  [  113–  115  ] . The cur-
rent procedure involves recombinant DNA technology. HIV-1 RNA from patient’s 
plasma is extracted and protease and reverse transcriptase genes are ampli fi ed by 
RT-PCR. The ampli fi ed gene fragments from the patient’s specimen are then inserted 
into HIV-1 vectors. The recombinant HIV-1 replication is measured by a reporter 
gene system  [  116–  119  ] . Data from these assays are relatively simple to interpret, 
and a report format of 50 or 90 % inhibitory concentrations (IC 

50
  or IC 

90
 ) is familiar 

to clinicians. However, phenotyping requires accurate fold-change clinical cut-off 
values for prediction of response. The test also requires longer turnaround time as it 
is labor intensive and technically complex. As with genotypic testing, the pheno-
typic assays can only detect mutant variants that comprise at least 25 % of the viral 
population. More data need to be collected for evidence of clinical utility for pheno-
typing rather than for genotyping  [  120  ] . Currently, two HIV-1 phenotyping assays 
are available at two commercial laboratories: the AntiVirogram assay at VIRCO 
Lab (Bridgewater, NJ)  [  116  ]  and the PhenoSense HIV assay at MonoGram 
Biosciences (South San Francisco, CA)  [  117  ] . A virtual phenotyping has been 
described that provides an estimation of the phenotype by averaging viruses with 
similar genotypes  [  121,   122  ] . 

 As integrase and entry/fusion inhibitors become available in antiretroviral ther-
apy, HIV-1 genotyping assays have been extended to cover resistance-related muta-
tions related to integrase and entry/fusion inhibitor resistances  [  123–  126  ] . Since 
inhibition by entry/fusion inhibitor Enfuvirtide blocks HIV-1 before it enters the 
human immune cell, genotyping alone provides insuf fi cient resistance information. 
A PhenoSense Entry assay (MonoGram) has been developed to assess resistance to 
entry inhibitors  [  127,   128  ] . Natural-resistance to Enfuvirtide among different HIV-1 
subtypes have been studied  [  129  ] , while HIV-2 is intrinsically resistant to the fusion 
inhibitor Enfuvirtide, and other culture-based and cell-free phenotyping assays 
should be used to determine resistance pro fi les  [  130  ] . Maraviroc, a CCR5 inhibitor 
drug, is only effective against viruses that use CCR5 as a coreceptor for entry  [  131, 
  132  ] . Prior to Maraviroc administration, a tropism assay must be performed to 
determine whether the virus is CCR5-tropic  [  133,   134  ] . Two commercial tropism 
assays are available at the Monogram Biosciences  [  132,   135,   136  ]  and Pathway 
Diagnostics (Malibu, CA).  
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   Point-of-Care Testing 

 POCT is performed in homes, workplaces, pharmacies, physicians’ of fi ces, outpatient 
clinics, emergency rooms, disaster sites, and patient bedsides. The need of POCT 
has been driven by the practitioner’s need to make rapid, evidence-based, therapeu-
tic action at or near the site of patient care  [  137  ] . This form of diagnosis has also 
been available for several years for problems related to infectious diseases. Numerous 
products are commercially available for the POC diagnosis of viral, bacterial, and 
parasitic infections  [  138  ] . Efforts have been spent in developing POCT devices 
including HIV antibody and nucleic acid detection as well as CD4 and HIV viral 
load quanti fi cation for the diagnosis and monitoring of HIV infections in resource-
limited settings  [  139  ] . Because early diagnosis profoundly affects the health care 
and survival of infected/high-risk individuals, and because the time required for 
conventional testing remains a barrier in many settings, rapid HIV antibody testing 
has been developed for use at the point of care. An ideal molecular POCT in the 
diagnosis of HIV-1 infections should possess relatively good sensitivity with low 
cost and a very short completion time  [  140  ] . 

 Molecular tests are sensitive and shorten the window of detection period to 
8–10 days  [  141,   142  ] . At the time of preparation, there are no real molecular POC 
devices approved by the FDA yet; some nucleic acid detection platforms have 
potential applications as an “instrument-free” means of HIV nucleic acid 
ampli fi cation and detection. A helicase-dependent ampli fi cation (HDA) was devel-
oped in which helicases are used to separate DNA strands rather than heat; it simply 
relies on DNA polymerase to amplify DNA rather than on the combinations of poly-
merases with other enzymes  [  143,   144  ] . This greatly simpli fi es the enzymology 
involved in the ampli fi cation process, while keeping the advantage of all isothermal 
ampli fi cation technologies. An IsoAmp HIV-1 assay (BioHelix Corp, Beverly, MA) 
was developed targeting the HIV-1  gag  gene using the isothermal RT-HDA and a 
disposable amplicon containment device with an embedded vertical- fl ow DNA 
detection strip to detect the presence of HIV-1 amplicons  [  145  ] . The vertical- fl ow 
DNA detection strip has a control line to validate the performance of the device as 
well as a test line to detect the analyte. The preliminary limit of detection of the 
IsoAmp HIV assay is 50 copies of the HIV-1 Armored RNA (Assuragen, Austin, 
TX) that were input into the IsoAmp HIV reaction  [  146  ] . 

 In addition to the rapid diagnosis of HIV infections by instrument-free molecular 
methods, other simple and user-friendly systems have been developed for antiretro-
viral therapy monitoring near patients. Two smaller  fl ow cytometers (Point-Care 
and Easy CD4 Analyzer) have been created targeting global health and point-of-
care applications with limited functionality  [  147  ] . Another simple image cytometer 
for CD4 enumeration has recently been described and used on HIV-1-infected 
patients in Thailand  [  148  ] . Simple micro fl uidic approaches merged with rapid 
detection and counting can capture CD4 cells selectively by  fl uorescent labeling or 
label-free techniques  [  149  ] . Two groups have reported the development of counting 
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micro fl uidic chips with lensless imaging to target CD4 cell counts for HIV POCT in 
resource-limited settings  [  150,   151  ] . Semiconductor quantum dots are integrated 
into a nanobiochip for enumeration of CD4+ T cell counts at the point-of-care  [  152  ] . 
A recent study used three POCT devices, including Pima CD4 (Alere Inc., Waltham, 
MA, USA), for CD4 counting for accurate CD4 T-cell enumeration and antiretrovi-
ral drug toxicity monitoring in primary healthcare clinics in Mozambique. The 
results indicated that POC diagnostics to monitor antiretroviral therapy at primary 
healthcare level is technically feasible and should be utilized in efforts to decentral-
ize HIV care and treatment  [  153  ] . 

 Each molecular diagnostic device can be divided into nucleic acid extraction, 
ampli fi cation, and detection components  [  154  ] . A rapid, point-of-care extrac-
tion of HIV-1 proviral DNA from whole blood was reported and used for detec-
tion by real-time PCR  [  155  ] . Simple and inexpensive molecular assays based on 
dipstick and zipper technology have been described  [  156,   157  ] . The Cepheid 
GeneXpert System (Sunnyvale, CA), a single-use sample processing cartridge 
system with integrated multicolor real-time PCR capacity  [  158  ] , has the poten-
tial to greatly simplify nucleic acid ampli fi cation tests. Microarrays have also 
been incorporated with nucleic acid probes and peptides to detect and quantify 
HIV-1  [  159–  163  ] . Miniaturized PCR “POCT” devices have been reported for 
microbial agent detection and identi fi cation. Integration of micro fl uidics and 
lensless imaging for POCT has been reported in HIV-1 point-of-care clinical 
diagnostics  [  164  ] . With incorporation of micro/nano- fabrications/crystals (e.g., 
quantum dots), micro fl uidics and array based systems will enable the develop-
ment of more feasible immunological and molecular tests for HIV POCT in 
resource-limited settings  [  165–  170  ] . 

 There is an urgent need for low-cost, simple, and accurate HIV-1 viral load 
monitoring technologies in resource-limited settings, particularly when scaling-up 
 fi rst and second-line highly active antiretroviral therapies  [  171–  173  ] . The Liat HIV 
Quant Assay (IQuum, Marlborough, MA) is comprised of two components, the 
Liat Analyzer and the Liat Tube (IQuum), that provide rapid and automated 
sample-to-result HIV load tests in the near-patient setting within 1.5 h. The assay 
demonstrated linearity of 6 logs and a limit of detection of 57 copies/ml and 
covered HIV-1 group M (clades A-H), group O, and HIV-2  [  174  ] . Besides nucleic 
acid ampli fi cation techniques, the ExaVir Load assay (Cavidi, Sweden), which 
requires simple equipment to perform the modi fi ed enzyme-linked immunosorbent 
assay (ELISA) format to measure viral reverse transcriptase (RT) activity in a sim-
ple laboratory environment, correlates with plasma RNA levels  [  175–  179  ] . Only 
standard ELISA equipment, together with the ExaVir Load start-up equipment, is 
required for analysis. The separation equipment used in the current Version 3 
makes the procedure less time-consuming, more ef fi cient, and easier to handle than 
ever. Using a similar principle, the system has been used for HIV phenotypic 
susceptibility testing (ExaVir Drug assay), which worked well for efavirenz but 
not for nevirapine  [  179  ] .  



798 Y.-W. Tang

   Host Genome Polymorphism Testing 

 Enhanced by the human genome programs, diagnostic virologists envisioned the 
utilization of genetics beyond HIV-1 genomes to help manage HIV infections  [  180  ] . 
If infections, especially chronic and persistent HIV-1 infections, can be viewed as 
“horizontally acquired” genetic diseases, it makes sense to view pathogen and host 
as an integrated system. Increasing evidence indicates that the outcome of HIV 
infections is in fl uenced by the genetic background of the host  [  181,   182  ] . Earlier 
pioneer studies revealed that resistance to HIV-1 infection, both in vitro and in vivo 
has been associated with an internal 32 base-pair deletion in the human chemokine 
receptor CCR-5 gene  [  183,   184  ] . Polymorphisms in AIDS restriction genes, e.g., 
CCR5, CCR2, and CXCR4, in fl uence the risk of becoming infected with HIV, as 
well as the rate of AIDS progression once one is infected  [  185–  189  ] . CCR5- D 32 
and CCR5 P1 haplotypes had the opposite effects on therapy ef fi cacy and subse-
quent progression to AIDS while on HAART: the CCR5- D 32 decreased time to 
viral suppression and was protective against AIDS, whereas the CCR5 P1 haplotype 
was associated with delayed viral suppression and accelerated time to AIDS  [  190  ] . 
Pine and colleagues revealed that polymorphisms in toll-like receptors 4 and 9 
in fl uence viral load in a seroincident cohort of HIV-1-infected individuals  [  191  ] . 
A recent study in high-risk South African black women indicated that the risk of 
acquiring HIV infection was threefold greater in those with the trait of Duffy-null-
associated low neutrophil counts, compared with all other study participants. 
Because of the high prevalence of this trait among persons of African ancestry, it 
may contribute to the dynamics of the HIV epidemic in Africa  [  192  ] . 

 Accordingly, detection of host polymorphisms in the HIV diagnostic  fi eld can 
help identify those at risk of rapid disease progression and help with the timing of 
the initiation of treatment. Allele frequencies and relative hazard values of 
CCR5- D 32, CCR2 64I, CCR5 P1, IL-10 5’A, HLA-B*35, and HLA homozygosity 
were determined to generate a composite relative hazard of progression to AIDS 
 [  193  ] . Possession of a CCL3L1 copy number lower than the population average is 
associated with markedly enhanced HIV/AIDS susceptibility; which is enhanced in 
individuals who possess the CCR5- D 32 genotype  [  194  ] . A model was de fi ned that 
retained CCR5- D 32, CCR2 64I, CCR5 59029AA, CCL3 495TT, SDF1 3 ¢ A, PML—
225TT, PPIA 1650G, and TSG101—183 °C where the differences between carry-
ing opposing genetic variants would translate into lengthening or shortening the 
time from 500 CD4 T cells/ m l to <200 CD4 T cells/ m l by up to 2.8 years  [  195  ] . 
Genetically, polymorphic pro fi les in cytochrome P450s and transporters facilitate 
the optimal chemotherapy for HIV infections. An association between  CYP2D6  
genetic variants and plasma levels of EFV and NVP in treatment-naïve individuals 
with HIV infection was observed, in which patients carrying a loss-of-function 
 CYP2D6  allele had higher median plasma levels of both drugs  [  196  ] . Polymorphisms 
in CYP2B6 correlate with high Efavirenz concentrations in plasma and the central 
nervous system  [  197,   198  ] . A recent study identi fi ed more than 300 genome-wide 
signi fi cant SNPs within the MHC, and the data implicated that the nature of the 
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HLA–viral peptide interaction as the major factor modulating durable control of 
HIV infections  [  199  ] . 

 Microarray has become a powerful technique to screen many genes for multiple 
polymorphisms on hundreds of samples  [  163  ] . With recent technological advances, 
it is now possible to genotype over one million polymorphisms for thousands of 
samples by using either the Illumina or Affymetrix system  [  200,   201  ] . While more 
and more HIV infection resistance and disease progression-related host gene 
polymorphisms have been demonstrated, simple, user-friendly techniques for the 
detection of such known mutations will soon be adapted into the clinical diagnostic 
 fi eld. Currently used techniques include allele-speci fi c nucleotide ampli fi cation 
 [  202,   203  ] , single nucleotide primer extension  [  204  ] , and the oligonucleotide liga-
tion assay  [  205,   206  ] . PCR-led ampli fi cation technology has been important for 
these methods since it is either used for the generation of DNA fragments, or is part 
of the detection method. Real-time PCR assays based on TaqMan hydrolysis probes 
have been used as con fi rmatory methods, which are very robust but less cost effec-
tive for larger scale studies  [  207,   208  ] . DNA sequencing remains the gold standard 
and is enhanced by high-throughput processing and deep production scaling  [  209  ]  
and is now considered the most powerful procedure for polymorphism detection.  

   Host Response and Transcriptome Analysis 

 In addition to CD4 cell counting, other host responses can be used for monitoring 
therapy ef fi cacies and side-effects in HIV-infected patients receiving antiretroviral 
therapy. T-cell-receptor-chain rearrangement excision circles (TREC) are episomal 
circles which are generated during T cell maturation in the thymus. TREC are stable 
and persist in newly matured T cells, and, after entering the peripheral bloods, they 
are diluted out during mitosis of these cells. Quanti fi cation of TREC present in 
naïve T cells is considered to be an accurate measure of thymic function. Although 
thymic function declines mainly with age, substantial output is maintained into late 
adulthood. HIV infection leads to a decrease in thymic function that can be mea-
sured in the peripheral blood and lymphoid tissues. In adults treated with HAART, 
there is a rapid and sustained increase in thymic output in most subjects, indicating 
that the adult thymus can contribute to immune reconstitution following antiretrovi-
ral therapy  [  210–  212  ] . In addition to CD4 cell counts and HIV-1 viral loads, TREC 
has been described as another biomarker to monitor the treatment effectiveness and 
the feasibility of clinical progression  [  210,   212–  216  ] . 

 Mitochondrial toxicity of antiretroviral drugs, particularly the nucleoside reverse 
transcriptase inhibitor (NRTI), has been postulated to be responsible for the patho-
genesis of many secondary effects of HAART, including hyperlactatemia  [  217, 
  218  ] . During HIV antiretroviral therapy, clinically symptomatic mitochondrial dys-
function has been associated with mitochondrial DNA depletion, and a real-time 
PCR was developed to determine a mitochondrial DNA versus nuclear DNA ratio 
as a biomarker of NRTI toxicity  [  219  ] . The observed increases in mitochondrial 
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DNA and RNA content during the  fi rst year of treatment may represent a restorative 
trend resulting from suppression of HIV-1 infection, independent of the treatment 
used. Mitochondrial DNA and RNA content in individual cell subtypes, rather than 
in peripheral leukocytes, may be better markers of toxicity and deserve further 
investigation  [  220  ] . Other assays, which include mitochondrial RNA quanti fi cation 
by real-time PCR  [  221  ]  and mitochondrial protein synthesis by Western blot immu-
noanalysis  [  222  ] , have been described to measure mitochondrial toxicity-related 
functional changes. Recently, a  fl ow cytometric assay has been developed to gauge 
mitochondrial function. Flow cytometric quanti fi cation of a mitochondrial DNA-
encoded mitochondrial protein and a nuclear DNA-encoded mitochondrial protein 
was optimized and validated, which allows simultaneous detection of mitochondrial 
DNA and nuclear DNA encoded proteins at the single cell level, offering a method 
to monitor for mitochondrial function  [  223  ] . 

 New microarray techniques, especially those from Affymetrix (Santa Clara, 
CA), have recently allowed the host transcriptome analyses in individuals with 
HIV-1  [  163,   224  ] . A comprehensive review of the 34 studies involving HIV-1 and 
microarrays in the 2000–2006 period concluded that these studies yielded important 
data on HIV-1-mediated effects on gene expression, providing new insights into the 
intricate interactions occurring during infection  [  225  ] . Several recent studies have 
demonstrated progress in expanding the pool of target genes and understanding the 
functional correlates of gene modulation to HIV-1 pathogenesis in vivo  [  180,   226  ] . 
It is predicted that these host transcriptome pro fi les will be used for the assessment 
of disease progression and prognosis. The precision of transcriptome analyses will 
be greatly improved through the added resolution of the RNA-Seq approach, which 
uses deep-sequencing technologies for transcriptome pro fi ling  [  227,   228  ] .  

   Concluding Remarks 

 The development and application of molecular diagnostic techniques has initiated a 
revolution in the diagnosis methodology and monitoring strategy of infectious dis-
eases. Molecular techniques have quickly become the mainstay for laboratory diag-
nosis and assessment of HIV-1 infections. Qualitative molecular assays have been 
used as the test of choice to diagnose perinatal and acute HIV-1 infections. HIV-1 
plasma viral load assays are routinely used in combination with CD4 cell counts to 
determine when to initiate therapy and when a regimen is failing. HIV-1 antiretrovi-
ral susceptibility tests, which include a genotyping assay that detects mutations 
known to confer resistance in viral genomes and a phenotypic assay measuring 
recombinant viral replication in the presence of antiretroviral drugs, have become 
routine patient care in the management of antiretroviral treatment. Point-of-care or 
near-the-patient molecular assays are being developed with the potential to make 
rapid, evidence-based, therapeutic action at or near the site of patient care. Assessing 
host gene polymorphisms and immune responses have emerged in research and 
clinical laboratories by initiating alternative tools for better diagnosis and monitor-
ing of HIV-1 infections.      
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         Introduction 

 The clinical signs and symptoms associated with many infectious diseases are often 
too nonspeci fi c to discriminate between causative agents, and thus, de fi nitive diagno-
sis requires speci fi c laboratory tests for all of the suspected pathogens. In particular, 
respiratory tract infections can be caused by numerous different viral, bacterial, and 
fungal pathogens that are indistinguishable by clinical diagnosis. Respiratory tract 
infections are also among the most common infections in humans, with approximately 
6−9 episodes per year in children and 2−4 episodes per year in adults  [  1  ] . These infec-
tions cause considerable morbidity and mortality as well as high healthcare costs 
associated with doctor visits, hospitalizations, treatment, and absences from work and 
school. Early diagnosis of the etiological agent in a respiratory infection permits 
effective antimicrobial therapy and appropriate management of the disease. 

 Molecular assays designed to directly detect microbial nucleic acid sequences 
from patient specimens have allowed for more rapid diagnosis and treatment of 
infectious diseases with high accuracy and reduced turnaround time as compared to 
traditional immunological and culture-based methods. Further, molecular testing 
methodologies that permit multiplexing have the advantage that they allow for 
simultaneous detection of multiple nucleic acid sequences from the same sample in 
a single reaction vessel. Multiplexed tests reduce the time, labor, and cost of labora-
tory testing as compared to single reaction detection methods, and in addition to 
improved ef fi ciency, also have a higher diagnostic yield by the ability to detect mul-
tiple infections. Thus, multiplexed molecular assays are an ef fi cient method for the 
de fi nitive diagnosis of respiratory infections and can also provide information on 
coinfections and secondary infections. Among the various multiplexing technologies 
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available, microsphere- or bead-based suspension arrays have emerged as a standard 
molecular multiplexing technology in the clinical microbiology laboratory. As com-
pared to planar arrays, some of the bene fi ts of bead-based arrays include ease of use, 
low cost, statistical superiority, excellent sensitivity and speci fi city, faster hybridiza-
tion kinetics,  fl exibility in array preparation, and rapid data acquisition  [  2,   3  ] . 

 The Luminex ®  xMAP ®  Technology platform was the  fi rst commercial bead-
based array platform to use differentially dyed microspheres of the same size to 
achieve multianalyte pro fi ling for proteins and nucleic acids. Key drivers for adop-
tion of the xMAP platform include cost savings, labor and work fl ow ef fi ciencies, 
sample conservation, high sensitivity, and broad dynamic range. The system has the 
added bene fi t of being an open platform in that assays can be rapidly developed, 
optimized, and implemented by the end user. The versatility of this open architec-
ture is evidenced by approximately 10,000 peer-reviewed publications describing a 
variety of applications. As a result, the platform was rapidly adopted for nucleic 
acid and protein analysis in various laboratory settings, and further, the Luminex ®  
200™ system has achieved a 510(k) clearance status for in vitro diagnostic (IVD) 
applications. The breadth of bioanalytical applications on the platform includes 
hundreds of commercially available analytes and a vast number of custom assays 
developed for a global install base of more than 7,000 instruments. This chapter 
describes the principle and uses of the xMAP Technology platform for infectious 
disease nucleic acid detection with an emphasis on applications for the detection 
and identi fi cation of respiratory viruses.  

   Technology Overview 

 The Luminex xMAP system incorporates polystyrene microspheres (beads) that are 
internally dyed with two or three spectrally distinct  fl uorochromes. Using precise 
amounts of each of these  fl uorochromes, an array is created consisting of different 
bead sets with speci fi c spectral addresses. The unique spectral characteristics within 
individual bead sets allow each bead region to be speci fi cally differentiated from all 
others in a multiplex. Each bead set can possess a different reactant on its surface 
and because bead sets can be distinguished by their spectral addresses and each 
address is associated with a speci fi c analyte or target, they can be combined in a 
single reaction to measure up to 500 different analytes simultaneously. An addi-
tional  fl uorochrome coupled to a reporter molecule quanti fi es the biomolecular 
interaction that has occurred at the bead surface. The con fi guration of an xMAP 
nucleic assay consists of a suspension array where speci fi c capture oligonucleotides 
are covalently coupled to the surfaces of the internally dyed bead sets. After com-
pletion of assay incubations with a nucleic acid sample and a detectable reporter 
reagent, the reactions are analyzed within a Luminex reader, classifying the beads 
based on the spectral address or bead identity (region) and quantifying the bound 
 fl uorophore in the reporter detection channel. The potential for simultaneous detec-
tion of 1−500 protein or nucleic acid targets provides for rapid, sensitive, and 
speci fi c multiplexed molecular analyses.  
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   xMAP Microspheres 

 The  fi rst generation of xMAP microspheres utilized two internal  fl uorescent dyes to 
produce a 100-membered array of spectrally distinct bead sets. Inclusion of a third 
internal dye has allowed the expansion from the original 100–500 bead regions 
(Fig.  42.1 ). Several varieties of  fl uorescent bead reagents are available from 
Luminex. The fundamental MicroPlex ®  Microspheres are 5.6  m m polystyrene beads 
functionalized with surface carboxyl groups for covalent attachment of capture 
ligands. Most of the currently available xMAP assays were developed on MicroPlex 
Microspheres. MagPlex ®  Microspheres are 6.5  m m superparamagnetic beads func-
tionalized with surface carboxyl groups for covalent attachment of ligands. MagPlex 
Microspheres exhibit both high performance and low nonspeci fi c binding, and they 
can be magnetically separated from solution, allowing easy automation of assay 
processes and simplifying assay wash steps. Microsphere reagents precoupled with 
unique capture oligonucleotides (oligos) are also available for nucleic acid assay 
development. These reagents incorporate the use of xTAG ®  Technology, a proprie-
tary universal tag sorting system that allows easy optimization, development, and 
expansion of molecular diagnostic assays and eliminates the need to couple content-
speci fi c capture probes to the beads. xTAG oligos are optimized to be an isothermal 
set and have minimum cross-reactivity. Earlier assays used MicroPlex-TAG™ 
Microspheres which are nonmagnetic MicroPlex beads, containing two internal 
 fl uorescent dyes and precoupled with xTAG oligo capture sequences (anti-TAGs). 
These beads have been replaced with MagPlex-TAG™ Microspheres which are 
superparamagnetic MagPlex beads, containing two or three internal  fl uorescent 
dyes and precoupled with anti-TAG capture oligos.   

  Fig. 42.1    Luminex bead maps. ( a ) Two-dimensional representation of the 100-plex bead map 
with Classi fi cation 1 dye (CL1) on the  x -axis and Classi fi cation 2 dye (CL2) on the  y -axis.  Gray 
ovals  indicate the positions of the 100 bead regions. ( b ) Three-dimensional representation of the 
500-plex bead map with CL2 on the x- axis, Classi fi cation 3 dye (CL3) on the  y -axis, and CL1 on 
the  z -axis.  Gray ovals  show the positions of the 500 bead regions. The software allows the user to 
zoom in to speci fi c areas (“slices”) of the bead map for a more detailed view       
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   Luminex Analyzers 

 There are currently three xMAP analyzers available through Luminex or its partners: 
the Luminex 200, the FLEXMAP 3D ® , and the MAGPIX ®  (Fig.  42.2 ). The Luminex 
200 and the FLEXMAP 3D are  fl ow analyzers capable of multiplexing up to 100- or 
500-plex, respectively, with  fl uidics and laser-based optics similar to traditional 
 fl ow cytometry instruments. The MAGPIX utilizes a  fl ow cell and CCD-based 
optics with magnetic beads for multiplexing up to 50-plex. In the  fl ow analyzers, the 
beads are introduced into a rapidly  fl owing  fl uid stream and through hydrodynamic 
focusing, are interrogated individually as they pass by two separate lasers. A 635-
nm, 10-mW red diode laser excites the  fl uorochromes contained within the micro-
spheres and a 532-nm, 13-mW yttrium aluminum garnet (YAG) laser excites the 
reporter  fl uorochrome (R-phycoerythrin, Alexa 532, or Cy-3) bound to the bead 
surface. High-speed digital signal processing classi fi es the microsphere based on its 
spectral address and quanti fi es the reaction on the microsphere surface. Multiple 
readings are made per microsphere set, providing valid and robust statistics. 
Thousands of microspheres are interrogated per second resulting in a system capa-
ble of analyzing and reporting up to 500 different reactions in a single reaction ves-
sel in just a few seconds per sample.  

 The Luminex 200 is designed to meet the multiplex testing needs of clinical and 
research laboratories. Built on proven, existing technologies including  fl ow cytom-
etry, microspheres, lasers, digital signal processing, and traditional chemistry, the 
Luminex 200 analyzer allows multiplex analysis of up to 100 analytes per reaction. 
The system is versatile and can be used for a variety of applications such as, immu-
noassays, genotyping, gene expression, and enzymatic assays. A few microliters of 
sample in a 20−200  m L reaction can provide up to 100 results, thus the platform is 
well suited for applications where sample size is limited. Robust optics and  fl uidics 
afford quantitative results over a 3−4 log dynamic range with strong concordance to 
enzyme-linked immunosorbent assay (ELISA), real-time polymerase chain reaction 
(PCR) and mass spectrometry. An intuitive template-based software, xPONENT ® , 
operates the system and is designed for use with commercial kits or custom proto-
cols and has simple assay set up, plate reading, and data analysis capabilities. The 
21 CFR Part 11 compatible upgrade offers multilevel user management, full audit 
trail, electronic records, and electronic signatures. The system is approved for IVD 
use, with more than 50 xMAP-based 510(k) cleared kits available and numerous 
existing laboratory-developed tests (LDTs). 

 The FLEXMAP 3D is an enhanced  fl ow-based multiplexing system utilizing 
xMAP Technology. The FLEXMAP 3D system assures rapid high-throughput analy-
ses without compromising  fl exibility or performance and optimizes work fl ow through 
automation of routine tasks and integration with front-end sample preparation plat-
forms. Enhanced optics permit multiplexing of up to 500 analytes per well and pro-
vide enhanced sensitivity with dynamic range extended to 4.5 logs. The system is 
compatible with both 96-well and 384-well plates and has a piercing probe which 
allows sealed plates to be analyzed. The dual syringe con fi guration processes plates 
2–3 times faster than the Luminex 200. The system software, xPONENT, has 
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  Fig. 42.2    Luminex analyzers. ( a ) The Luminex ®  200™ total system includes the Luminex 200 
 fl ow analyzer, the Luminex XYP™ plate handling platform, the Luminex SD™ sheath  fl uid deliv-
ery system, xPONENT ®  software, and computer. ( b ) The FLEXMAP 3D™ system includes ana-
lyzer, plate handling, and  fl uid delivery systems integrated within a single unit. Also included are 
xPONENT ®  software and computer with an articulating arm to house the monitor and keyboard. 
( c ) The MAGPIX ®  system is a compact system based on CCD imaging technology. xPONENT ®  
software provides stream-lined start-up and shutdown protocols and minimal maintenance 
requirements       
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automation and LIS interface components and includes walk-away maintenance and 
calibration functions. This combination of advanced features and capabilities can 
help to accelerate the discovery and development process and make the FLEXMAP 
3D an ideal platform for multiplexing analytes that may have broadly dissimilar lev-
els and eliminating the need for sample reanalysis due to out-of-range results. 

 The MAGPIX, which utilizes a  fl ow cell and robust LED/CCD-based optics, was 
released in July 2010. The MAGPIX system supports multiplexing of up to 50 tests 
in a single reaction volume using MagPlex or MagPlex-TAG beads. In MAGPIX, 
the reacted magnetic beads are sent through a  fl ow cell into an imaging  fl ow cell 
where a magnetic actuator pulls the beads out of suspension and holds them in place 
for optical analysis. Red LEDs (630-nm) excite the  fl uorescent dyes contained 
within the microspheres and green LEDs (515−521-nm) excite the reporter 
 fl uorochrome bound to the bead surface. A CCD imager identi fi es the bead region 
and quanti fi es the bound reporter. xPONENT for MAGPIX operates the system and 
can be used with commercial kits or user-developed assays. With a lower cost and a 
compact size (requiring only 64.8 cm bench space), MAGPIX provides an afford-
able multiplexing solution ideal for the low- to medium-throughput laboratory and 
remote laboratory testing sites.  

   Nucleic Acid Chemistries and Assay Development 

 xMAP Technology provides a  fl exible, open platform where users can easily develop 
their own custom assays. Various assay chemistries and assay development tech-
niques have been used for nucleic acid detection on the xMAP Technology platform. 
Detailed sample protocols and recommendations to guide the user through the assay 
development process are available as downloads in the Support section of the 
Luminex website  [  4  ] . Assay development training is available from Luminex and 
custom assay development services are also available from Luminex and its partners. 
A general work fl ow for nucleic acid assay development can be described as follows: 
(1) Acquire materials and reagents (e.g., oligos for ampli fi cation and capture/detec-
tion, enzymes, buffers, reporter  fl uorophore, nucleic acid samples, and standards/
controls); (2) Purify the reagent to be coupled of extraneous primary amines (e.g., Tris), 
if needed; (3) Conjugate the microspheres with the capture oligo; (4) Evaluate cou-
pling ef fi ciency using an appropriate target and detection reagent (e.g., biotinylated 
reverse complementary oligo); (5) Assess assay performance (background, sensitiv-
ity, speci fi city) using positive and negative control samples; and (6) Optimize 
ampli fi cation conditions and/or hybridization time, temperature, and sample input. 

   Microsphere Coupling 

 Capture oligos are modi fi ed with a spacer and terminal amine (e.g., 5 ¢ -Amino-
Modi fi er C12) and covalently coupled to carboxylated beads using a carbodiimide 
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coupling procedure  [  5,   6  ] . Capture oligos should be resuspended and diluted in 
dH 

2
 O as Tris, azide, or other amine-containing buffers can interfere in the coupling 

process. If oligos were previously solubilized in an amine-containing buffer, they 
should be desalted by column or precipitation and resuspended into dH 

2
 O. Stock 

uncoupled carboxylated beads are washed and resuspended in 100 mM 
2-[ N -morpholino]ethanesulfonic acid (MES), pH 4.5. The capture oligo is added, 
followed by addition of  N -(3-Dimethylaminopropyl)- N  ¢ -ethylcarbodiimide (EDC) 
and incubation in the dark for 30 min. The EDC addition and incubation are repeated 
and then the coupled beads are washed once with 0.02 % Tween-20 and once with 
0.1 % SDS. Coupled microspheres are stored in 10 mM Tris–HCl, 1 mM EDTA, pH 
8.0 (TE) at 2–8 °C in the dark. When properly stored, coupled microspheres are 
usually stable for more than 1 year  [  7  ] . Coupling reactions can be easily scaled up 
or down according to user needs. Initial coupling and optimization of coupling 
amount (i.e., nmol oligo per million microspheres) is usually done in small coupling 
reactions of 2.5−5 million microspheres. Coupling reactions can then be scaled up 
for manufacturing and preparation of bulk reagents. For optimal coupling ef fi ciency, 
it is important to perform oligo coupling reactions in as small a reaction volume as 
possible, typically 25−100  m L for 2.5−100 million beads  [  8  ] . 

 Veri fi cation of coupling can be performed using a biotinylated reverse comple-
mentary positive control oligo  [  9  ] . Coupled microspheres are resuspended by vortex 
and sonication and combined to a  fi nal concentration of 100−150 beads of each 
set/ m L in hybridization buffer. Target biotinylated oligos are added (5−200 fmol) 
and hybridized to the coupled beads for 15 min, followed by labeling with reporter 
(streptavidin-R-phycoerythrin) for 5 min. The reactions are then ready for analysis. 
Effective coupling is demonstrated by a dose response increase in median  fl uorescent 
intensity (MFI) with increasing concentration of oligo target  [  10  ] .  

   Direct Hybridization 

 Several assay chemistries have been used for nucleic acid detection on the xMAP 
system. One approach is to use direct hybridization of a labeled PCR-ampli fi ed 
target DNA to bead sets bearing oligonucleotide capture probes speci fi c for each 
sequence (Fig.  42.3 ). Direct hybridization is the simplest assay chemistry that can 
provide single nucleotide discrimination and takes advantage of the fact that the 
melting temperature for hybridization of a perfectly matched template compared to 
one with a single base mismatch can differ by several degrees for capture oligos 
approximately 15−20 nucleotides in length  [  11,   12  ] . The reaction kinetics can be 
adversely affected by immobilization of the reactant on a solid surface but these 
effects are less severe for bead-based suspension arrays; however, the diffusion rate 
of the immobilized capture probe can be slower and the effective concentration is 
reduced as compared to free DNA in solution  [  13  ] . Design of sequence-speci fi c 
capture probes and PCR primers for a direct hybridization assay on the xMAP sus-
pension array can be facilitated through the use of a tetramethylammonium chloride 
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(TMAC)-containing hybridization buffer. TMAC stabilizes AT base pairs, minimiz-
ing the effect of base composition on hybridization  [  14,   15  ] . For oligos less than 200 
base pairs in length, hybridization ef fi ciency in TMAC is a function of the length of 
the perfect match and less dependent on base composition. Thus, hybridization buf-
fers incorporating 3 or 4 M TMAC equalize the melting points of different probes, 
allowing probes with different characteristics to be used under identical conditions 
with high duplex yields  [  16,   17  ] . Typically for single nucleotide discrimination, 
capture probes are designed to be matched in length at approximately 20 nucle-
otides. The probes are complementary in sequence to the labeled strand of the PCR 
product and the polymorphic nucleotide is located at the center of the probe, as 
mismatches in the center have a more profound effect on the equilibrium state than 
mismatches near the 5 ¢  or 3 ¢ end  [  18,   19  ] .  

  Fig. 42.3    Direct 
hybridization. Target DNA is 
PCR-ampli fi ed with one 
biotinylated and one 
unlabeled primer. The PCR 
products are denatured, 
hybridized to probe-coupled 
bead sets, and labeled for 
detection with streptavidin-R-
phycoerythrin       
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 Optimal assay conditions are determined by evaluating the effect of hybridization 
temperature, probe length, and input target concentration on assay sensitivity and 
speci fi city. The probe melting temperature is in fl uenced by length, sequence, and 
type and position of the mismatched base. The effect of a mismatch on hybridiza-
tion is greater with increasing temperature and decreasing probe length  [  12,   20  ] . 
Thus, discrimination can be improved by increasing the hybridization temperature 
and/or decreasing the probe length. After testing known DNA samples under a set 
of standard hybridization conditions, nucleotides are added to the 5 ¢  and/or 3 ¢  ends 
of the probe to improve sensitivity or removed from the 5 ¢  and/or 3 ¢  ends of the 
probe to increase speci fi city. The position of the polymorphism within the probe 
sequence can be adjusted when necessary to avoid formation of secondary struc-
tures and adequate speci fi city can usually be achieved when the polymorphic nucle-
otide is between positions 8 and 14 of a 20-nucleotide probe  [  19  ] . 

 PCR primers are typically designed to amplify 100−300 base pair regions of 
target sequence with one primer of each pair biotinylated at the 5 ¢  end for labeling 
the target strand of the amplicon. Using a small target DNA minimizes the potential 
for steric hindrance to affect hybridization ef fi ciency. In some cases, larger targets 
(400−1,200 base pairs) have been used successfully, suggesting that hybridization 
ef fi ciency is also dependent on the sequence and overall secondary structure of tar-
get  [  21  ] . Hybridization kinetics and thermodynamic af fi nities of matched and mis-
matched sequences can be driven in a concentration-dependent manner  [  22  ] . At 
concentrations beyond the saturation level, the hybridization ef fi ciency can decrease 
presumably due to competition of the complementary strand and renaturation of the 
PCR product  [  20,   23  ] . Therefore, it is also important to determine the range of target 
concentrations that yield ef fi cient hybridization without sacri fi cing discrimination.  

   Solution-Based Chemistries with Bead Capture 

 Another approach is to use a sequence-speci fi c enzymatic reaction in solution to 
determine the target sequence followed by capture onto the bead surface for detec-
tion (Fig.  42.4 ). This format involves the incorporation of a speci fi c capture sequence 
during the enzymatic step that allows hybridization to a complementary “address” 
sequence on the bead surface. Commonly used enzymatic methods for sequence 
determination rely on the discriminating ability of DNA polymerases and DNA 
ligases, and include allele-speci fi c or target-speci fi c primer extension (ASPE or 
TSPE), oligonucleotide ligation assay (OLA), single base chain extension (SBCE), 
and target-speci fi c PCR (TS-PCR)  [  24–  26  ] . This approach takes advantage of solu-
tion-phase kinetics and permits the addressed bead sets to be used in many different 
assays where new sequences can be targeted by adding the appropriate capture 
sequence to the target-speci fi c oligo used in the enzymatic step. Hybridization buffer 
and reaction conditions for detection are dependent upon the capture sequences 
attached to the microspheres. Commercially available Luminex MagPlex-TAG 
Microspheres, precoupled with xTAG capture oligos (anti-TAGs) are compatible with 
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solution-based enzymatic chemistries. The assay developer appends an appropriate 
complementary TAG sequence to each target-speci fi c oligo to allow capture onto 
the corresponding anti-TAG coupled to the bead.  

 Assay development parameters for enzymatic solution-based nucleic acid assays 
on the xMAP platform have been described and various procedures are illustrated in 
Fig.  42.5   [  27–  29  ] . Brie fl y, target-speci fi c oligos are designed to be matched in melt-
ing temperature at 51−56 °C. For TSPE, TS-PCR, and OLA, the discriminating 
nucleotide is positioned at the 3 ¢  end of the oligo, whereas for SBCE the 3 ¢  end of 
the primer is positioned one nucleotide upstream. The unique capture sequence for 
each target is incorporated at the 5 ¢  end of the oligo. Optimization, when needed to 
improve sensitivity or speci fi city, can be achieved by adding or removing nucle-
otides from the 5 ¢  end of the target-speci fi c sequence (immediately downstream 
from the capture sequence) or by targeting the opposite DNA strand.  

 Templates containing the target sequences for the TSPE, OLA, and SBCE reactions 
are generated by PCR using unlabeled primers. In TSPE, a thermostable polymerase 
is used to extend the primer by incorporation of dNTPs, including one which is 
biotin-labeled. Extension only occurs if the 3 ¢  nucleotide of the primer is comple-
mentary and can anneal to the template DNA. OLA employs the same oligo design 
but a thermostable ligase is used to ligate a biotin-labeled oligo (reporter probe) 

  Fig. 42.4    Capture of “addressed” targets onto precoupled beads. ( a ) Solution-based enzymatic 
assay ampli fi es targets, incorporating a unique address sequence into each product. ( b ) Bead sets 
coupled with complementary capture sequences (“anti-address”). ( c ) Products are captured onto 
beads through hybridization of the anti-address capture and address sequences, and labeled with 
streptavidin-R-phycoerythrin       

Fig. 42.5 (continued) Sample DNA is ampli fi ed and annealed to addressed target-speci fi c primers 
in a reaction containing a DNA polymerase and a biotinylated ddNTP (in separate reactions for 
each nucleotide). Targets are extended and addressed extension products are captured onto com-
plementary beads sets, and labeled with streptavidin-R-phycoerythrin. ( d ) TS-PCR. Sample DNA 
is ampli fi ed using addressed target-speci fi c upstream primers paired with downstream biotinylated 
primers. Addressed PCR products are simultaneously hybridized to complementary bead sets and 
labeled with streptavidin-R-phycoerythrin. This example depicts a spacer between address and 
target-speci fi c primer sequences to prevent ampli fi cation of the capture sequence       
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  Fig. 42.5    Chemistries used for addressed microsphere capture assays. ( a ) TSPE. Sample DNA is 
ampli fi ed and annealed to addressed target-speci fi c primers in a reaction containing a DNA poly-
merase and dNTPs (one with biotin label). Targets are extended and addressed extension products 
are captured onto complementary beads sets, and labeled with streptavidin-R-phycoerythrin. 
( b ) OLA. Sample DNA is ampli fi ed and annealed to addressed target-speci fi c primers in a reaction 
containing a DNA ligase and biotinylated reporter probe. Addressed ligation products are cap-
tured onto complementary beads sets, and labeled with streptavidin-R-phycoerythrin. ( c ) SBCE.  
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that is complementary to the sequence downstream from the target nucleotide. 
The reporter probe is designed to be matched in melting temperature at 51−56 °C, 
is phosphorylated at the 5 ¢  end to provide a substrate for ligase, and is biotin-labeled 
at the 3 ¢  end for  fl uorescent detection with streptavidin-R-phycoerythrin. For SBCE, 
individual reactions must be set up for each of the four possible nucleotides and a 
thermostable polymerase is used to incorporate a single biotin-labeled ddNTP. 
Extension occurs only if the nucleotide complementary to the sequence immedi-
ately downstream of the primer is present in the reaction. Targets for SBCE can be 
combined for each of the nucleotide reactions and if different capture sequences are 
used for each, the products can be multiplexed for capture onto the addressed micro-
sphere sets. For TS-PCR, target sequences are directly ampli fi ed and labeled by 
PCR using one primer containing both capture and target-speci fi c sequences paired 
with a biotinylated target-speci fi c primer. This method requires a strategy which 
minimizes or eliminates production of the capture sequence in the nontarget strand, 
which would compete for hybridization of the target to the addressed bead. Some 
methods include asymmetric PCR, post-PCR treatment with phosphatase and exo-
nuclease, or incorporating a spacer between the capture-speci fi c and target-speci fi c 
sequences of the primer  [  29  ] . TS-PCR chemistry eliminates the need for separate 
ampli fi cation and target-speci fi c enzymatic steps, thus simplifying the assay proce-
dure and reducing reagent costs and turnaround time.   

   Bead-Based Applications for Respiratory Virus Detection 
and Identi fi cation 

 Molecular analysis of infectious organisms is widely applied in healthcare and 
numerous applications using xMAP technology have been described for the detec-
tion of bacterial, viral, fungal and parasitic pathogens. Several commercial products 
are available for multiplexed detection and identi fi cation of respiratory viruses using 
xMAP bead-based suspension arrays, including the ResPlex™ II Panel from Qiagen, 
Inc. (Valencia, CA), and the xTAG RVP and xTAG RVP FAST assays from Luminex 
Molecular Diagnostics, Inc. (Toronto, ON). Since their development, these assays 
are being increasingly used for clinical diagnostics and epidemiological research, 
and numerous studies utilizing bead-based suspension array assays for respiratory 
virus detection have been reported. 

 The ResPlex II Panel is a for research use only (RUO) product that employs a 
novel multiplex reverse transcription-polymerase chain reaction (RT-PCR) strategy, 
called Tem-PCR (Target Enriched Multiplexing-PCR), combined with direct hybrid-
ization for capture onto target-speci fi c probe-coupled bead sets. Tem-PCR uses 
nested gene-speci fi c primers at low concentrations to enrich the speci fi c targets dur-
ing initial PCR cycles, followed by universal forward and reverse primers at high but 
unequal concentrations to achieve exponential asymmetric ampli fi cation  [  30  ] . The 
primer in excess is biotinylated to yield a surplus of labeled target strands that can be 
hybridized and detected on the complementary bead sets. The ResPlex II Panel 
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detects 18 respiratory viral targets: respiratory syncytial viruses (RSV) A and B, 
in fl uenza A virus (Flu-A), in fl uenza B virus (Flu-B), parain fl uenza viruses (PIV) 
1–4, human metapneumoviruses (hMPV) A and B, coxsackieviruses/echovirus 
(CVEV), rhinovirus (RhV), adenoviruses (AdV) A and E, coronaviruses (CoV) NL63, 
HKU1, 229E and OC43, and bocavirus (BocV)  [  31  ] . The panel also includes an inter-
nal control to monitor viral RNA isolation and PCR inhibition, and a positive control 
for human genomic DNA to monitor sample integrity and success of the run. 

 Li et al. evaluated the ResPlex II panel in a retrospective study using 360 frozen 
respiratory specimens and the results were compared to those obtained by a refer-
ence standard of culture and individual real-time TaqMan ®  RT-PCR assays  [  32  ] . 
Sensitivity and speci fi city for Flu-A, Flu-B, PIV-1, PIV-3, and RSV were 
72.2−90.0 % and 99.7−100 %, respectively, and the assay could process 96 samples 
in 6 h. Brunstein et al. used the ResPlex II panel in combination with the ResPlex I 
assay, which tests for bacterial pathogens and AdV A and E, in parallel with a DFA 
and culture testing protocol to investigate the incidence of coinfections and the 
potential for complex interactions between multiple pathogens in respiratory infec-
tions  [  33,   34  ] . Coinfections were found in 27 % of the specimens tested. Using 
multiple statistical methods, they determined patterns of association between patho-
gens found in individual specimens. Potential positive correlations were found for 
specimens coinfected with the following:  Streptococcus pneumoniae  and 
 Haemophilus in fl uenzae ,  Neisseria meningitidis  and Flu-B, and CVEV and RhV. In 
addition, while overall prevalence for  S. pneumoniae  was 20 %, prevalence was 
26 % in RSV B positive specimens. Although the results were preliminary, the 
authors concluded that the data support the hypothesis that coinfection with multi-
ple respiratory pathogens is medically relevant and that effective treatment for 
severe respiratory infections may require diagnosis of all pathogens involved, rather 
than single-pathogen reporting protocols where diagnostic testing is discontinued 
after identi fi cation of the  fi rst relevant pathogen. 

 The xTAG respiratory viral panel (RVP) assay utilizes a TSPE chemistry with 
xTAG Technology to identify all major respiratory viruses commonly encountered, 
including Flu-A subtypes H1 and H3, in a single test. The assay is approved for 
in vitro diagnostic use (IVD) in the United States, Canada, and Europe for 12−19 
virus types and subtypes, depending on geographical location. The regulatory clear-
ance status for each target in each region is shown in Table  42.1 . The assay also 
includes an internal (extraction control), a positive (run) control, and xTAG Data 
Analysis Software (TDAS) to interpret the MFI results and establish the presence or 
absence of each target. RVP is compatible with the Luminex 100/200 instrument and 
can provide results for 96 samples in a single work day (approximately 8 h). The 
RVP assay was  fi rst described by Mahony et al. in a prospective evaluation using 294 
nasopharyngeal swab (NP) specimens and compared to direct  fl uorescent antibody 
assay (DFA) and culture. RVP detected 112 positives as compared to 119 positives 
detected by DFA/culture for a sensitivity of 97 %, and further, detected an additional 
61 positive specimens that were either negative by DFA/culture or positive for 
viruses not tested by DFA/culture  [  35  ] . Following resolution of discordants by PCR, 
RVP detected 180 of 183 true positives (98.5 % sensitivity) as compared to 126 of 
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183 true positives by DFA/culture (68.8 % sensitivity). RVP detected the presence of 
two viruses in 5.2 % of the specimens tested. The performance of RVP was also 
compared to real-time PCR in a parallel study using the same sample extracts  [  36  ] . 
The results were comparable for samples with Ct values less than or equal to 35 and 
RVP demonstrated signal to noise ratios of greater than or equal to 50.  

 For IVD clearance, the performance characteristics of the RVP assay were estab-
lished in a multicenter clinical trial involving six sites in North America and Europe 
using a total of 1,464 specimens collected and tested during the 2005/2006 in fl uenza 
season  [  37–  39  ] . For 544 prospectively collected NP swabs, sensitivity was greater 
than 91 % (91.5−100 %) for all analytes except PIV-3 (84.2 %), PIV-4 (50.0 %), and 
AdV (78.3 %). However, only two positive specimens were available for PIV-4, and 
sequence analysis revealed that low overall sensitivity for AdV was mainly due to 
poor detection of serotypes in the AdV C species. In addition, few positive samples 
were available for CoV, thus sensitivity for CoV types ranged from 0.0 to 100 % or 
could not determined. Speci fi city was greater than 91 % (91.3−100 %) for all ana-
lytes, the limit of detection (LoD) was from 6 × 10 −2  to 5 × 10 4 median tissue culture 
infective dose (TCID 

50
 )/mL, and overall site-to-site reproducibility was 98.2 %. No 

interference was detected in 16 combinations of analyte plus potential bacterial or 

   Table 42.1    xTAG RVP targets and regulatory clearances   

 Viral family and subtype 

 RVP 

 US-IVD  Health Canada IVD  CE-IVD Europe 

 Respiratory syncytial virus (RSV) 
 RSV A  •  •  • 
 RSV B  •  •  • 

 In fl uenza A (Flu-A) 
 Nonspeci fi c Flu-A  •  •  • 
 H1 subtype  •  •  • 
 H3 subtype  •  •  • 
 H5 subtype  • 

 In fl uenza B (Flu-B)  •  •  • 
 Parain fl uenza 1 (PIV-1)  •  •  • 
 Parain fl uenza 2 (PIV-2)  •  •  • 
 Parain fl uenza 3 (PIV-3)  •  •  • 
 Parain fl uenza 4 (PIV-4)  •  • 
 Metapneumovirus (hMPV)  •  •  • 
 Adenovirus  •  •  • 
 Enterovirus-Rhinovirus (EV-RhV)  •  •  • 
 Coronavirus (CoV) NL63  •  • 
 CoV HKU1  •  • 
 CoV 229E  •  • 
 CoV OC43  •  • 
 CoV SARS  • 
  MS2 bacteriophage internal control  
  Lambda phage positive control  
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viral interferent, and no cross-reactivity was observed for 26 other bacterial and 
viral pathogens tested. One BocV sample yielded a false positive call for RhV but 
was subsequently determined to be contaminated with RhV. In addition, there were 
no signi fi cant differences in the sensitivity of the target analytes in medicated versus 
unmedicated patients. 

 In a comparison study, ResPlex II and RVP suspension array assays detected more 
viruses than culture for 202 adult respiratory specimens, including NP and other 
swabs, bronchoalveolar lavages (BAL), lung biopsies, pleural  fl uids and sputa  [  40  ] . 
RVP showed 100 % sensitivity and negative predictive value (NPV), 93 % speci fi city, 
and near perfect agreement with culture. ResPlex II had slightly higher speci fi city 
(94 %), 80 % positive predictive value (PPV), and 89 % sensitivity. Coinfections 
were detected in 1−4.5 % of samples, most of which included a PIV, furthermore 
PIV-1 and PIV-2 were only detected in multiple infections. The ResPlex II was easi-
est to use with one reagent preparation/ampli fi cation step and one hybridization/
detection step, generating results in 5.5 h, whereas RVP was more labor intensive 
with  fi ve reagent preparation steps and two thermal cycler programs, resulting in a 
7−8 h turnaround time. The ResPlex II (RUO) offered a broader coverage of virus 
types than the RVP (IVD) assay, but RVP had the ability to differentiate human from 
nonhuman Flu-A subtypes. The authors concluded that as compared to culture, mul-
tiplexed molecular assays could provide enhanced sensitivity, faster turnaround time, 
and broader coverage, and should prove to be a useful tool for respiratory virus 
identi fi cation as an aid in patient management and outbreak investigations. 

 Multiplexed molecular assays can be useful as a screening tool for the detection 
of novel or emerging viral strains and for outbreak investigations. Wong et al. used 
the RVP assay in a retrospective study of 1,108 specimens from 244 suspected respi-
ratory virus outbreaks to assess utility for enhanced respiratory outbreak investiga-
tion  [  41  ] . When used in combination with DFA and various in-house nucleic acid 
ampli fi cation tests (NATs), RVP testing improved detection of a viral etiological 
agent from 72.5 to 90.8 % of outbreaks. The RVP assay also proved to be an effec-
tive aid for the detection of 2009 Flu-A/H1N1 strains  [  42–  44  ] . While the assay can 
detect the matrix gene of 2009 Flu-A/H1N1, it cannot identify the hemagglutinin 
(HA) gene of 2009 Flu-A/H1N1 in clinical specimens. In New York during the 2009 
Flu-A/H1N1 outbreak, the RVP assay was used to test 375 samples that initially 
tested positive for Flu-A by rapid antigen tests, DFA, and culture, or were from 
patients with suspected infection. RVP identi fi ed 201 samples as Flu-A, with 60 
identi fi ed as seasonal (H1 and H3) strains but the remaining 141 were unsubtypeable 
(negative for both H1 and H3). The CDC real-time RT-PCR assay speci fi c for 2009 
Flu-A/H1N1 was used to further test 101 of these specimens and 99 were identi fi ed 
as positive for 2009 Flu-A/H1N1. These data indicated that the predictability of 
unsubtypeable Flu-A identi fi ed by the RVP assay to be pandemic Flu-A/H1N1 was 
high. Implementation of RVP screening in the testing algorithm enabled the labora-
tory to rapidly subtype Flu-A, rule out seasonal H1 and H3 subtypes, detect addi-
tional respiratory viruses, and identify probable pandemic Flu-A/H1N1 cases. 

 The xTAG RVP FAST assay is a newer version of the xTAG RVP assay, modi fi ed 
to have a simpler protocol with a faster turnaround time. The assay has been 
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approved for IVD use in the United States, Canada, and Europe for 8−17 virus types 
and subtypes (Table  42.2 ). The targets detected have been modi fi ed slightly from 
the RVP assay and, depending on geographical location, can additionally detect 
BocV. RVP FAST uses TS-PCR chemistry where a multiplexed RT-PCR reaction is 
performed using target-speci fi c upstream primers containing a TAG capture 
sequence paired with biotinylated downstream primers to amplify the target 
sequences in a single reaction. The ampli fi ed product is added to a combined hybrid-
ization/detection reaction containing the corresponding anti-TAG bead sets and 
streptavidin-R-phycoerythrin reporter, and then the completed reactions are read on 
the Luminex analyzer to determine the MFI signal. The raw  fl uorescence values are 
then analyzed using TDAS for RVP FAST software and each target interpreted as 
present or absent. The RVP FAST assay combines ampli fi cation with target-speci fi c 
extension, and uses a combined hybridization and detection step, resulting in a turn-
around time of less than 5 h (including nucleic acid extraction). Further, the risk of 
contamination from post-PCR manipulation is minimized by the reduction of opera-
tor handling steps to a single post-PCR transfer.  

 The performance characteristics of RVP FAST for IVD use were determined 
from two datasets resulting from multicenter clinical studies of 1,518 total speci-
mens (EU/Canada study) and 1,191 NP swab specimens (US study) submitted for 
viral testing at three independent laboratories  [  45,   46  ] . For the combined dataset 
( n  = 1518), sensitivity was greater than 91 % (91.2−100 %) for all analytes with the 
exception of PIV where sensitivity was 76 % for PIV-2, 76.29 % for PIV-3, and 
80 % for PIV-1, respectively. Speci fi city was 89.2−99.33 % and LoD ranged from 

   Table 42.2    xTAG RVP FAST targets and regulatory clearances   

 Viral family and subtype 

 RVP 

 US-IVD  Health Canada IVD  CE-IVD Europe 

 Respiratory syncytial virus (RSV)  •  • 
 In fl uenza A (Flu-A) 

 Nonspeci fi c Flu-A  •  •  • 
 H1 subtype  •  •  • 
 H3 subtype  •  •  • 

 In fl uenza B (Flu-B)  •  •  • 
 Parain fl uenza 1 (PIV-1)  •  • 
 Parain fl uenza 2 (PIV-2)  •  • 
 Parain fl uenza 3 (PIV-3)  •  • 
 Parain fl uenza 4 (PIV-4)  •  • 
 Metapneumovirus (hMPV)  •  •  • 
 Adenovirus  •  •  • 
 Enterovirus-Rhinovirus (EV-RhV)  •  •  • 
 Coronavirus (CoV) NL63  •  • 
 CoV HKU1  •  • 
 CoV 229E  •  • 
 CoV OC43  •  • 
 Bocavirus (BocV)  •  • 
  MS2 bacteriophage internal control  
  Lambda phage positive control  
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0.1 to 1,000 TCID 
50

 /mL, depending on analyte. An additional 285 specimens were 
collected and tested for a subset of targets and showed sensitivity of 96.49−100 % 
and speci fi city of 89.47−98.57 % when compared to real-time RT-PCR  [  45  ] . For the 
NP swab dataset ( n  = 1,191), sensitivity and speci fi city was 90.9−97.2 and 
92.5−99.3 %, respectively  [  46  ] . A coinfection was identi fi ed in 3 % of these speci-
mens and was most commonly due to RSV/RhV at 1.1 % prevalence and Flu-A/
RhV at 0.4 % prevalence. The LoDs for the viral analyte targets were determined by 
serial dilution of high titer stocks in Universal Transport Medium (UTM) and ranged 
from 1.4 × 10 −2  to 3.9 × 10  [  2  ]  TCID 

50
 /mL. No cross-reactivity was observed for 30 

(20 bacterial and 10 viral) pathogens tested and no interference was detected in 14 
combinations of analyte plus potential bacterial or viral interferent. In addition, 
there were no signi fi cant differences in the sensitivity of the target analytes in medi-
cated versus unmedicated patients. 

 RVP FAST was compared to culture, DFA, and a combination of single and multi-
plex real-time RT-PCR assays in a retrospective study of 286 respiratory specimens 
 [  47  ] . At least one respiratory virus was detected in 13.6 % of specimens by culture 
and DFA combined, in 49.7 % by real-time RT-PCR, and in 46.2 % by RVP FAST. 
Using real-time RT-PCR results as the gold standard, RVP FAST had 78.8 % sensi-
tivity and 99.6 % speci fi city. Specimens not detected by RVP FAST generally had 
low viral loads or contained AdV. For some viral targets, few positive samples were 
available in the set tested, which suggests that further study using larger numbers of 
positive samples is needed to fully assess sensitivity of RVP FAST for all targets. 
Overall, the investigators found RVP FAST to be rapid and easy to perform in com-
parison to the multiple real-time RT-PCR assays that would be required for equal 
target coverage. Pabbaraju et al. compared RVP FAST with the original RVP assay 
on 334 respiratory specimens that had been previously characterized for a variety of 
respiratory virus targets  [  48  ] . Samples were tested in parallel by both assays and the 
RVP assay was found to be more sensitive than RVP FAST for the combined targets, 
with sensitivities of 88.6 and 77.5 %, respectively. However, RVP FAST was ten-
fold more sensitive for the detection of RSV A. Targets not detected by RVP FAST 
were primarily Flu-B, PIV-2, and CoV 229E. In addition, a small number of sam-
ples positive for Flu-A, RSV B, hMNV, and PIV-1 were not detected by the RVP 
assay and generally had low viral loads. Reproducibility was similar between the 
two assays but RVP FAST exhibited better reproducibility for detection of AdV at 
the LoD. The authors concluded that RVP FAST met the diagnostic needs for sen-
sitivity and speci fi city in their laboratory with the exception of Flu-B, which had 
decreased sensitivity for Flu-B in specimens collected in 2010. Reduced sensitivity 
for PIV-2 and CoV 229E was of lesser concern because PIV-2 has low prevalence 
and detection of CoV 229E does not affect established patient management proto-
cols. Their preliminary studies also indicated that use of RVP FAST will lead to cost 
savings and improved turnaround time as a result of the shorter protocol and a 
reduction in hands-on time to 1.5 h. 

 The openness of the xMAP platform lends itself to the rapid development of new 
assays as analytes of interest are identi fi ed and described. As an example, the emer-
gence of antiviral resistance in in fl uenza has raised concerns about use of antiviral 
drugs and treatment in response to future pandemic outbreaks. Amantadine resistance 
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has increased dramatically for Flu-A/H3N2 and Flu-A/H1N1, and increasing 
oseltamivir resistance for seasonal Flu-A/H1N1 has been reported worldwide since 
2007  [  49–  51  ] . Currently, resistance testing is done by sequencing or phenotypic 
assays which can be costly and time consuming; however, a multiplexed bead-based 
array could be applied for this purpose in combination with or in addition to a com-
prehensive respiratory viral panel. This is illustrated in a report of a multiplexed 
bead-based LDT that was developed for simultaneous identi fi cation of Flu-A sub-
types and the oseltamivir resistance genotype  [  52  ] . The assay employed the use of 
degenerate primers for ampli fi cation of the HA and neuraminidase (NA) genes and 
eight target-speci fi c primers with TAG modi fi cations for TSPE and subsequent 
detection on MicroPlex-xTAG beads. The assay was evaluated using 54 NP specimens 
that were Flu-A positive by DFA or real-time RT-PCR for the matrix gene, and was 
capable of correctly identifying the Flu-A subtype and the oseltamivir sensitive (H275) 
and resistance (H275Y) alleles in all samples. Of the 17 seasonal Flu-A/H1N1 iso-
lates, H275Y was identi fi ed in 15, and of the 24 pandemic 2009 Flu-A/H1N1 
isolates, 12 were H275 (sensitive), 3 were H275Y (resistant), and 9 revealed a com-
bination of both alleles. The assay was also inexpensive to run with a combined 
reagent cost of $6.95 Canadian dollars (CAD) per test. 

 Cost analysis studies indicate that use of a multiplexed bead-based array for 
diagnosis of respiratory viral infections can be less expensive than routine strategies 
using DFA and/or culture. A 2009 cost analysis revealed that the average diagnostic 
cost per pediatric inpatient was lowest for a strategy using xTAG RVP testing alone 
as compared to DFA alone, DFA plus culture, and DFA plus RVP assay  [  53  ] . When 
all four diagnostic strategies were compared, RVP alone was the least costly strat-
egy when the prevalence of infection was 11 % or higher but DFA alone was less 
costly when the prevalence was less than 11 %. They estimated a savings of $291 
CAD per case if the xTAG RVP test alone was used to replace DFA plus culture, and 
a savings of $529,620 CAD per year in direct costs for the four hospitals included 
in the study. An operational work fl ow analysis using lean methodology principles 
was employed in another study to evaluate potential advantages of a multiplexed 
bead-based array for laboratory work fl ow and associated cost  [  54  ] . Implementation 
of the RVP assay resulted in a standardized work fl ow that decreased laboratory 
costs and improved ef fi ciency as compared to DFA and culture for diagnosis of 
respiratory viruses. Work fl ow was evaluated in terms of total hands-on time and 
number of operator steps, and all hospital and laboratory costs associated with test-
ing were calculated for each test for both positive and negative result scenarios. 
Combining the scores for all samples included in the analysis revealed that the 
hands-on time to completion for 1,015 samples was 80 h for RVP as compared to 
503 h for DFA and culture. Total cost per sample was $99.75 United States dollar 
(USD) for DFA-positive samples (no culture or additional testing performed) and 
ranged from $329.68 to $429.07 USD for DFA-negative samples which are re fl exed 
to culture with variable time to completion. The total cost for RVP was $135.03 
USD, regardless of result. Further, although RVP required more time, steps, and was 
slightly more expensive per test than DFA screening alone, only 23 % of the sample 
population studied were DFA-positive. The additional time and costs associated 
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with follow-up culture for the large percentage of DFA-negative specimens were far 
greater. Thus, the bead-based array assays not only provide increased diagnostic 
capability for respiratory viral infections but can also maximize ef fi ciency and 
reduce the costs associated with diagnosis.  

   Conclusions 

 Recent advances in molecular diagnostics have provided the clinical laboratory 
with new methods that allow rapid diagnosis and treatment of infectious diseases. 
Among these, multiplexed bead-based suspension arrays have emerged as a rapid, 
high-throughput, and cost-effective means to provide physicians with reliable and 
actionable results for timely and improved patient care. In particular, bead-based 
suspension array assays have been demonstrated as a method of choice for the com-
prehensive detection and identi fi cation of respiratory viruses and have improved 
diagnosis, allowed identi fi cation of coinfections, provided valuable epidemiological 
data, and aided in the response to outbreaks of respiratory infections. With the avail-
ability of assays cleared for IVD use, this technology should become easy to imple-
ment, even in diagnostic laboratories with limited experience in molecular 
techniques. It can be anticipated that as new assays are developed and existing 
assays are continually enhanced and improved with simpler protocols, streamlined 
work fl ows, and automation, these assays will continue to prove valuable for diagno-
sis of respiratory viruses and other infectious diseases.      
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         Introduction 

 Though the incidence of cervical cancer is low in the USA, cervical cancer is still 
the second leading cause of cancer and cancer-related deaths worldwide  [  1  ] . The 
Papanicolaou (PAP) smear has been the hallmark of cervical cancer screening since 
   1949. Following the discovery that HPV was the causative agent in >99 % of cervi-
cal cancers  [  2  ] , the detection of high-risk HPV types (HRHPV) that cause cervical 
cancer in cervical samples became an important adjunct in the cervical cancer 
screening algorithm  [  3,   4  ] . Currently, HPV DNA testing is recommended in cervi-
cal cancer screening as a co-test to the Pap test and as a re fl ex test for cytology 
samples determined to be atypical squamous cells of undetermined signi fi cance 
   (ASCUS)  [  5  ] . Both of these recommendations are only in women over 30 years old 
(>30). Though HRHPV types were universally found in cervical cancer, infection 
by HRHPV types results in cervical cancer in a very small percentage of infections 
 [  6  ] . More recently, new- or second-generation cervical cancer diagnostics targeting 
different aspects of the mechanism of cervical cancer pathogenesis have been 
brought into clinical use and added much needed speci fi city to the cervical cancer 
screening algorithm  [  7  ] . The purpose of this chapter is to understand the utility of 
HPV/cervical cancer diagnostics. In particular, discussion focuses on the relation-
ship between the diagnostic target and the pathogenesis of cervical cancer as the 
 fi eld attempts to direct diagnostics toward detection of lesions requiring treatment 
and minimize the number of women sent to unnecessary, invasive procedures. In 
other words, cervical cancer diagnostics to date have focused on the mere presence 
of HRHPV and the associated risk of developing cervical cancer rather than the 
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HPV-driven mechanism by which HPV causes cervical cancer. In this chapter, 
consideration is also given to other uses of HPV diagnostics including anal and head 
and neck cancers.  

   Specimen Collection for HPV Diagnostics 

 Collection of cervical cytology specimens changed dramatically in the mid-1990s 
as new technologies were introduced that allowed the cervical cytology sample 
collected by spatula or brush to be placed in a liquid preservative  [  8,   9  ] . Liquid 
cytology preservatives are typically alcohol based (ethanol or methanol) and, in 
general, contain compounds that dissolve mucus and disaggregate cells. All tech-
nologies create a slide that contains a monolayer of representative cells from the 
ecto- and endocervix stained by the method of Pap. SurePath liquid (Becton 
Dickinson Burlington, NC) is used for collection of cervical cytology specimens 
and involves pressing cell suspensions through the small ori fi ce of a syringe which 
disaggregates cell clusters. Isolation of epithelial cells is accomplished by remov-
ing interfering debris and in fl ammatory cells by centrifugation through a density 
gradient. After centrifugation, the tubes including cell pellets are placed on the 
PrepStain System for staining using the Pap stains. Thin Prep (Hologic, 
Marlborough, MA) uses a  fi lter pressed through a cell suspension until a mono-
layer is created on the  fi lter membrane. The  fi lter is then pressed onto a treated 
slide and stained by the method of Pap. These technologies improved the quality 
and uniformity of cells on slides and reduced but did not eliminate unsatisfactory 
slides  [  8,   9  ] . A third liquid-based cervical cytology solution, LiquiPrep (LP), has 
also been used extensively around the world.    Liqui Prep was the  fi rst LBC tech-
nology not requiring a dedicated processor. Through the use of its proprietary 
separation chemistry, this LBC system can be run on any swing bucket centrifuge 
allowing for broad adoption. The LP Preservative solution contains no hazmat 
chemicals which allows for lower shipping costs and simple disposal, the  fi rst 
truly “green” LBC system. The LP Preservative also does not cause morphology 
changes as seen with the  fi rst-generation system utilizing high concentration of 
methanol. Through the use of LP Cell Base, the cells are af fi xed to the slide main-
taining classic morphology which allows labs to quickly adopt reading of the 
technology. To maximize cost-effectiveness the LP system offers the selective use 
of LP Cleaner to remove mucus in those samples where in fl ammatory cells are an 
issue. To provide further savings, no special coated slides are required; so any lab 
slide can be used. 

 As is discussed in subsequent sections, liquid-based cervical cytology has 
signi fi cantly aided the use of automated screening devices and the automation of 
advanced molecular and proteomic assays. Some studies suggest that liquid cytol-
ogy preservatives can preserve RNA for up to 12 months  [  10  ] . This has led to the 
use of liquid-based cervical cytology samples as well as swabs for HPV diagnostics 
that target either DNA or RNA.  
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   HPV and Cervical Carcinogenesis 

 In this section, the role of HPV in cervical carcinogenesis is discussed with an overlay 
of the commercially available diagnostics that detect different phases of HPV infec-
tion through transformation leading to cancer (Fig.  43.1 ). In HRHPV-associated 
lesions, HPV DNA exists as an episome in the cytoplasm of epithelial cells 
(Diagnostic Correlate:  Hybrid Capture 2 (Qiagen), Cervista (Hologic) , cobas 4800 
HPV test (Roche), INFINITI (Autogenomics), CLART (Genomica), RealTime High 
Risk HPV test (Abbott )). Under certain circumstances HPV DNA linearizes and 
integrates into the host cell chromosome  [  11  ] . During integration, the E2 gene, 
which is a negative regulator of E6 and E7, (Diagnostic Correlate:  Aptima 
(GenProbe),NucliSense Easy Q (BioMerieux), PreTect Proofer (NorChip )) is 
deleted leading to overexpression of E6 and E7 mRNA (Diagnostic  Correlate :  HPV 
OncoTect  ( IncellDx ))  [  12–  15  ] . This derepression of E6 and E7 mRNA is different 
from the small amounts of E6 and E7 that are required for replication and expressed 
during a “normal life cycle”  [  16  ] . E6 and E7 and certain host factors are clearly 
involved in the transformation of cells leading to cell cycle abnormalities and pro-
liferation (Diagnostic Correlate:  HPV OncoTect 3Dx (IncellDx), CINTec plus (mtm 
Laboratories), ProEx C (Becton Dickinson ), and eventually cancer)  [  17  ]  (Fig.  43.1 ). 
Mechanistically, the E6 protein causes degradation of p53, BAK, and activation of 
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  Fig. 43.1    Overlay of cervical cancer pathogenesis and diagnostic tests. This  fi gure illustrates the 
detection of various stages of disease and where in the disease process various diagnostic tests 
detect changes       
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SRC-family kinases in addition to the activation of telomerase (Diagnostic 
Correlate: 3q addition (Ikonysis )). Similarly and synergistically, the E7 protein 
degrades the RB releasing the transcription factor E2F from inhibition and upregu-
lating the cellular protein p16 INK4A  (Diagnostic Correlate:  CINTec p16  ( mtm 
Laboratories ))  [  17–  28  ] . Several reports have shown not only the ubiquitous pres-
ence of E6 and E7 mRNA regardless of the high-risk type in cervical cancer but also 
a quantitative difference in the overexpression of E6/E7 depending on the severity 
of the cervical lesion, CIN 0, 18 %; CIN 1, 58 %; CIN 2, 77 %; and CIN 3, 84 %, 
and 100 % of cervical cancers  [  29,   30  ] .   

   HPV and Cervical Cancer Diagnostics 

 As discussed above, the indication for HPV testing in the cervical cancer algorithm 
is for co-testing with cervical cytology and for ASCUS re fl ex testing. The metric by 
which cervical cancer diagnostics are measured is histology. In particular, high-
grade dysplasia at the level of cervical intraepithelial neoplasia 2 (CIN 2) or worse, 
CIN 3 and squamous cell carcinoma, is considered the “Gold Standard.” For several 
reasons this standard is not perfect because it is subject to sampling bias and the 
reproducibility of calling a lesion CIN 2 is poor relative to pathologist’s ability to 
call a lesion CIN 1 or CIN 3  [  31  ] . The CIN 2 or higher (CIN 2+) standard was also 
chosen since it was an actionable metric. In other words, clinicians generally treat a 
lesion of CIN2+ severity though recently the diagnosis and immediate treatment of 
CIN 2 are debated. A summary of the performance of commercially available tests 
follows and the attributes of each test are summarized in Table  43.1 .   

   HPV DNA Tests (Consensus) 

 The  fi rst test on the market as an adjunct to cervical cytology was the Digene (now 
Qiagen) Hybrid Capture (HC2) technology which is a liquid hybridization assay 
that detects 13 high-risk strains of HPV (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 
59, 68). The performance of HC2 for the detection of high-grade disease (CIN 2+) 
is well documented but in general the sensitivity is >95 % and the speci fi city is 
<30 %  [  32  ] . Similarly, the negative predictive value (NPV) is 99 % and the positive 
predictive value is 15–25 %. Though not approved by the US FDA, newer versions 
of the Qiagen offering will re fl ex to HPV 16, 18, 45 genotyping. The Cervista test, 
like HC2, is approved by the FDA in the USA and detects the same strains of HPV 
as HC2 in addition to HPV type 66, now considered to be a high-risk type. Cervista 
also includes an HPV type 16, 18 re fl ex component which is discussed under HPV 
genotyping. In general, Cervista has an identical performance pro fi le as HC2 though 
some publications have indicated that the positivity rate of Cervista on normal cytol-
ogy specimens may be as high as 18 %  [  33  ] .  
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   HPV DNA (Genotyping) 

 Many HPV genotyping assays exist in the market worldwide including  INFINITI  
(Autogenomics), CLART (Genomica), PapilloCheck (Greiner Bio-One),  RealTime 
High Risk HPV test  (Abbott), and Cobas 4800 HPV test (Roche) which was recently 
FDA approved for cervical cancer screening in the USA. All of these tests will 
report at least 15 high-risk types (16, 18, 31, 33, 35, 35, 39, 45, 51, 52, 56, 58, 59, 
66, 68)   . These assays are important from an epidemiologic standpoint and more 
recent evidence has suggested that detection of HPV 16, 18 in particular increases 
the risk of a high-grade lesion (CIN 3+) from approximately 5 to 11 %  [  34,   35  ] . In 
a study with >40,000 women enrolled with an ASCUS diagnosis, the cobas 4800 
HPV test demonstrated 93.5 % sensitivity, 69.3 % speci fi city, 8.4 % PPV, and 
99.7 % NPV. By comparison, HC2 showed 91.3 % sensitivity, 70 % speci fi city, 
8.5 % PPV, and 99.6 % NPV  [  34,   35  ] .  

   HPV E6, E7 mRNA (Qualitative/Genotyping) 

 Aptima (GenProbe), NucliSENS EasyQ HPV (BioMerieux), and PreTect HPV 
Proofer (NorChip) are E6, E7 mRNA assays that provide a genotype based on 
qualitative detection of genotypic sequences within the E6, E7 genes. The Aptima 
test detects genotypes 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68 and 
the other two tests detect 16, 18, 31, 33, and 45. Since expression of E6, E7 mRNA 
is an event that would indicate cellular transformation, the intent of this approach 
was to improve on the low speci fi city and low PPV of HPV DNA assays by increas-
ing the speci fi city for CIN2+ lesions. Interestingly, these two tests have very differ-
ent performance pro fi les. The GenProbe Aptima assay has a performance pro fi le 
similar to HPV DNA assays with sensitivity for CIN2+ >95 % and speci fi city of 
40 % and a PPV of 40 %  [  32  ] . The other two assays that detect only  fi ve high-risk 
types have sensitivities of 70–75 % and speci fi cities of 70–75 % with a PPV of 
55 %  [  32  ] .  

   HPV E6, E7 mRNA (Quantitative) 

 HPV OncoTect is a quantitative assay that uses  fl ow or image cytometry to quantify 
both the overexpression of E6, E7 mRNA on a cell-by-cell basis, which is the hall-
mark of cellular transformation, and the quantity of cells overexpressing E6, E7 
mRNA in a liquid-based cervical cytology specimen  [  36  ] . Because  fl ow cytometry 
has high analytic sensitivity and can analyze thousands of cells with high through-
put, HPV OncoTect has a unique performance pro fi le with both high sensitivity of 
90–93 % and high speci fi city of 80–90 %  [  37  ] . The PPV of HPV OncoTect is 
between 60 and 80 % depending on the age of the woman  [  38  ] .  
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   Other HPV-Related Diagnostics 

 As described above, the cervical cancer screening  fi led is moving toward more 
speci fi c markers that indicate that HPV is actually causing disease. The CINTec p16 
marker is a protein that is upregulated following E7 overexpression  [  39  ] . Reactivity 
for the p16 marker was 68 % in CIN 2 and 82 % of CIN 3 in a meta-analysis of clini-
cal studies. Because p16 staining is a slide-based test, the authors concluded that 
subjectivity affected reproducibility  [  39  ] . The ProEx C test detects the markers 
mtm2 and Top2a that are produced as a result of cell cycle dysregulation  [  18  ]  and 
the 3q addition cytogenetics test re fl ects the activation of telomerase as a result of 
HPV transformation  [  40  ] .  

   Comments, Future Approaches, and Summary 

 Because HPV has been implicated in a number of other epithelial cancers including 
anal cancer, head and neck cancers, and even breast cancer, HPV diagnostics are 
gaining importance in sites other than the cervix. Both HPV DNA assays such as 
HC2 and PCR (Roche Linear Array) and HPV RNA (HPV OncoTect) have been 
used to screen for anal intraepithelial neoplasia (AIN) in a similar manner to cervi-
cal cancer screening. The results vary with sensitivities for AIN 2, 3 between 50 % 
(Roche Linear Array) and 75 % (HC2 and HPV OncoTect)  [  41,   42  ] . The speci fi city 
of HPV DNA for AIN 2,3 is similar to the speci fi city for cervical disease around 
30–40 % and as expected the speci fi city of HPV RNA by HPV OncoTect was higher 
at 60–70%. Other studies have suggested that HPV RNA may be a better marker for 
anal screening because of the potential reservoir of HPV in the anus that does not 
cause disease  [  43  ] . 

 For head and neck squamous cell carcinomas, molecular markers that differenti-
ate HPV-positive tumors from HPV-negative tumors correlate with tumor prognosis 
with increased survival in transcriptionally active HPV infections  [  44,   45  ] . For 
example, oropharyngeal squamous cell carcinomas that have p16 expression exhibit 
a 79 % 5-year survival, compared with 20 % 5-year survival in individuals with 
HPV-negative tumors, and 18 % 5-year survival in persons with HPV-16-positive 
tumors with no evidence of transcriptional activity     [  46  ] . 

 In summary, the trend toward more speci fi c HPV/cervical cancer tests either 
singly or in combination suggests a movement of the  fi eld to replace the Pap smear—
so-called “Primary    Screening.” Studies addressing whether HPV DNA can be used 
as a primary screen for cervical cancer have arisen extensively in Europe  [  47  ] . In 
fact a new technology, HPV OncoTect 3Dx technology, allows for simultaneous E6, 
E7 mRNA quanti fi cation, cell cycle (ploidy analysis), and imaging of the cells while 
still in suspension for high-throughput analysis without ever producing a slide 
(Fig.  43.2 )  [  48  ] . Using this technology, studies showed that ASCUS cytology speci-
mens clearly fell into normal, LSIL or rarely, HSIL diagnostic categories, thus dem-
onstrating the potential of eliminating this ambiguous category  [  48  ] .       
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         Introduction 

 Bloodstream infections are among the top causes of death in the US, and substantial 
mortality is attributed to testing delays in determination of the microbial cause(s) and 
selection of the appropriate antibiotic. In this review, the human and  fi nancial impact 
of sepsis, are summarized as well as the predisposing factors, symptoms, and com-
mon modes of bacterial pathogenesis. Important clinical and laboratory criteria for 
the diagnosis of sepsis and key aspects of the Surviving Sepsis Campaign Guidelines 
are detailed as they relate to diagnosis, therapy, and resuscitation from the septic 
event. Clinical laboratories must expand their understanding of the complexities 
related to diagnosing and treating sepsis in order to expand their role as productive 
members of interdisciplinary health care teams focused on improving survival from 
sepsis and limiting the  fi nancial impact that sepsis imparts on our health care 
systems. 

 Bloodstream infections and sepsis are among the top causes of mortality in the 
US, killing nearly 600 people per day. Many septic patients are treated in Emergency 
Medicine Departments (EMDs), or Critical Care Units (CCU), settings in which 
rapid administration of targeted antibiotic therapy drastically reduces mortality. 
Unfortunately, current microbiology laboratory methods are too slow to support 
rapid interventions, typically requiring >24 h to detect the presence of bloodstream 
pathogens (hematopathogens) and at least 3–5 days to con fi rm selection of appro-
priate antimicrobial therapy. Moreover, cultures from septic patients are often 
falsely negative due to preemptive therapy, the presence of fastidious organisms, or 
microbes that are present in low density. As a result, empiric, broad-spectrum treat-
ment is common, and is a costly approach that may fail to effectively target the 

    D.  M.   Wolk     (*)
     Department of Pathology ,  University of Arizona College of Medicine ,
  1501 N. Campbell Ave. ,  P.O. Box 245059 ,  Tucson ,  AZ   85724-5059 ,  USA    
e-mail:  dwolk@email.arizona.edu   

    Chapter 44   
 Molecular Niches for the Laboratory 
Diagnosis of Sepsis       

      Donna   M.   Wolk          



846 D.M. Wolk

 correct microbe, may inadvertently harm patients via antimicrobial toxicity, and 
may contribute to the evolution of drug-resistant microbes. Clearly new rapid labo-
ratory methods, which enhance the laboratory capabilities to diagnose bloodstream 
infections, will be a useful and welcome addition to clinical microbiology 
laboratories.  

   The Impact of Sepsis 

   Morbidity and Mortality 

 Bloodstream infections can lead to sepsis, a multi-symptom manifestation of blood-
stream infection that causes rapid fatalities across all demographic populations. 
Sepsis is among the top ten causes of death for patients in the US with over 750,000 
episodes each year, not; at times, exceeding 50 % mortality. Over 500 US patients 
die per day, nearly 183,000 per year  [  1–  7  ] . The estimated sepsis incidence rate is 
approximately 3 in every 1,000 patients; of these patients, 51 % require ICU care, 
with additional 17 % requiring mechanical ventilation in an intermediate care or 
coronary care unit setting  [  4  ] . Cases of sepsis, primarily caused by bloodstream 
infections, are increasing dramatically, recently doubling in incidence  [  1–  3  ] , which 
is expected to increase by as much as 1.5–10 % per year  [  1,   2,   4,   8  ] . Sepsis is a 
growing problem to health care systems worldwide, affecting 18 million people and 
equaling the number of fatalities from acute myocardial infarction  [  9  ] .  

   Economic Burden of Sepsis 

 Sepsis occurs in approximately 2 % of all hospitalizations and 75 % of intensive 
care patients  [  1  ] , with enormous concomitant social and economic burden. In the 
US, the current per capita incidence is at least 240 patients per 100,000 people and 
estimated US health care costs exceed $17 billion dollars per year  [  2,   4,   8  ] . 
Emergency Medicine Departments (EMDs) are a common interface with septic 
patients, who account for approximately 571,000 EMD visits per year  [  4,   8,   10  ] . 
Sepsis is commonly associated with prolonged length of stay in the hospital and the 
ICU, up to 8 days longer, according to  MEDPAR Hospital Discharge Databases 
2004 through 2005  and critical care reviews  [  4,   11  ] . With reports of 2.26 cases per 
100 hospital discharges, costs to care for septic patients impart a large economic 
burden, averaging $22,100–40,890 per case  [  2,   4,   8  ] . In a study of medication costs 
in the ICU, half of the cost of medications and nutrition was attributed to antibiotics 
 [  12  ] . A common precursor to sepsis, bacteremia, acquired in the ICU, is associated 
with increased mortality, a longer ICU stay, and a 25 % increase in costs of hospital 
care ($85,137 vs. $67,879)  [  13  ] .   
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   The Attributes of Sepsis 

   Predisposing Factors and Underlying Diseases 
Increase Risks for Sepsis 

 Contributing factors are varied and include the following. 

  Critical care and surgery . Sepsis can be a fatal outcome for post-surgical patients in 
a variety of settings including, transplantation, wound surgery, splenectomy, intra-
abdominal surgery, and cancer surgery  [  14–  19  ] . 

  Cancer . An estimated 5 % of cancer patients acquire severe sepsis. Hospitalized 
patients with cancer are more than  fi ve times more likely to die (37.8 %) than cancer 
patients without sepsis. Patients with hematologic cancers are 15 times more likely 
than the average person to suffer from severe sepsis  [  20  ] . The use of cytotoxic 
agents is largely responsible for immune suppression in these patients, which pre-
disposes them to sepsis. In addition, malignant neoplasms can provide entry for 
bacteria into the bloodstream. 

  Age . People over 65 years old account for only 1/8 of the US population, but account 
for 2/3 of all sepsis cases. Age over 40 is a risk factor for sepsis  [  21–  23  ] . The poorest 
outcomes are observed in patients over age 85, with a mortality rate over 38.4 %  [  4  ] . 
At the other end of the age spectrum, children share elevated mortality rates  [  11  ] . 

  Other . Rheumatic or congenital heart disease; septic abortion; pelvic infection; 
intravenous drug abuse; other infections such as severe CAP (community-acquired 
pneumonia), abdominal infection, and urinary tract infection (with risk in descend-
ing order); alcoholism; meningitis; cellulitis; and chronic diseases (including diabe-
tes, heart failure, chronic renal failure, and COPD); surgery; or cirrhosis are all 
risk factors for sepsis. Immunocompromised status due to HIV/AIDS increases 
risks, as do other immunosuppressive states. Indeed, due to hospital-associated 
drug-resistant infections, the simple act of hospitalization increases risk for blood-
stream infections and sepsis.  

   The Systemic In fl ammatory Response 
Syndromes (SIRS) and Sepsis 

 Bloodstream infections can lead to sepsis, in the following manner. At onset, a bac-
terial cell triggers the host immune response. For gram negative hematopathogens, 
the bacterial cell wall endotoxin, a lipopolysaccharide from the cell wall, initiates 
the human in fl ammatory response. For gram positive hematopathogens, it is the 
lipotechoic acid, peptidoglycan, and extracellular products (toxins) that trigger the 
response. An in fl ammatory response follows, functioning to mount protective host 
responses, such as vascular, cellular, and chemical. These responses are designed to 
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stop injury with edema, which dilutes toxins, and phagocytosis, which removes 
bacteria and cell debris. 

 The pathogenesis of sepsis involves pro-in fl ammatory mediators, anti-in fl ammatory 
mediators, and vaso-in fl ammatory mediators. There are several in fl ammatory responses 
of importance, which are linked to human cells that respond to bacterial invasion: 
(1) phagocytes (monocytes/macrophages, neutrophils, eosinophils, and to a lesser 
extent, mast cells), (2) mast cells, which are induced by lipopolysaccharide (LPS) 
and complement (C3a and C5a) to release immune mediators, and (3) natural killer 
cells, which cause lysis of target cells and production of cytokines like IFN- g  and 
TNF- a  in a process called cell-mediated cytotoxicity. Other physiological changes 
include reduced protein C activity, micro-plugging of vessels, cellular necrosis 
(ischemic injury),  fi brinolysis inhibition, apoptosis, leukocyte-mediated tissue 
injury, endothelial dysfunction, and cytopathic hypoxia. 

 While some patients may die of infection due to their lack of ability to mount an 
effective immune response, sepsis also results from a human immune response to 
bacteria (or other pathogens), which goes awry and out of control (Fig.  44.1 ). Patient 
survival is dependent on whether or not physicians can balance the patient immune 
response to microbial pathogens and bring patients’ systems back to homeostasis.   

   Pathophysiology of Sepsis, a Disease Gradient 

 Due to the widespread in fl ammatory response  [  23  ] , disease symptoms are widely 
variable and include fever, chills, hypotension, neutrophilic leukocytosis or neutro-
penia, hypothermia (especially in the elderly), diaphoresis, apprehension, change in 

  Fig. 44.1    In fl ammation responses that occur in response to bacterial bloodstream infection. 
Reprinted with permission from Elsevier.       
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mental status, tachypnea, tachycardia, hyperventilation and respiratory alkalosis, 
reduced vascular tone, and ultimately organ dysfunction. Hematologic  fi ndings are 
also extremely important as the septic patient can present with thrombocytopenia, 
toxic granulations of neutrophils, or disseminated intravascular coagulation (DIC). 
Renal and gastrointestinal signs include acute tubular necrosis, oliguria, anuria, upper 
GI bleeding, cholestatic jaundice, increased transaminase levels, or hypoglycemia. 

 There are consensus de fi nitions that de fi ne the serial stages of sepsis  [  21  ] , a pro-
gression of disease detailed below.

    1.    Bacteremia: The presence of viable bacteria in blood.  
    2.    Systemic In fl ammatory Response Syndrome (SIRS), a systemic in fl ammatory 

response to insults (e.g., infection, burns, trauma) that requires two or more of 
the following:

   (a)    Temperature of >38° C or <36° C.  
   (b)    Heart rate of >90 bpm.  
   (c)    Respiratory rate of >20 or PaCO 

2
  <32 mmHg.  

   (d)    WBC count >12 × 10 9 /l or <4 × 10 9 /l or 10 % immature forms (bands).      

    3.    Sepsis: The systemic in fl ammatory response to infection (SIRS) secondary to 
infection, suspected or proven by culture.  

    4.    Severe sepsis, which is sepsis plus signs of hypoperfusion, hypotension, or organ 
dysfunction.  

    5.    Septic shock, which is refractory arterial hypotension or hypoperfusion despite 
adequate intravascular  fl uid resuscitation. Hypoperfusion may be manifested as 
lactic acidosis, oliguria, or mental status changes.     

 Figure  44.2  illustrates the substantial overlap of the disease gradient that arises 
with bacteremia or another microbial infection and ends with septic shock. 
Nonspeci fi c causes of in fl ammation can cause SIRS and must be considered in 
assessment of patients who present with in fl ammatory symptoms.    

  Fig. 44.2    There is substantial overlap between infection, in fl ammatory response, and sepsis. 
There are also noninfectious causes of in fl ammation, which must be eliminated before treatment 
for microbial sepsis (not drawn to scale). Reprinted with permission from Elsevier       
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   Rapid Antibiotic Therapy Saves More Lives 
than Any Other Intervention 

 In cases of sepsis, rapid intervention with appropriate antimicrobial therapy can be 
critical to patient survival  [  24,   25  ] . For aerobes, anaerobes, and fungi, appropriate 
antibiotic therapy increases survival by approximately 25–45 %. Eliminating delays 
in appropriate antibiotic administration increases survival by ~7–10 %/h  [  26  ] . 
Optimized antibiotic care requires intravenous (IV) broad-spectrum antibiotics with 
daily re-evaluation to optimize ef fi cacy, prevent resistance, avoid toxicity, and mini-
mize costs with the ultimate goal to discontinue broad-spectrum within 3–5 days 
and continue antibiotics targeted to the causative pathogen  [  27  ] . 

   Diagnostic Approach to the Septic Patient 

 Unfortunately, despite the enormous human and  fi nancial impact of sepsis, this 
diagnosis remains largely a clinical one  [  28  ] , due to the lack of rapid, sensitive, and 
speci fi c laboratory tests to detect the causative pathogens. In order to provide a 
more accurate diagnosis, there is a signi fi cant need to improve the speed and diag-
nostic breadth of laboratory detection methods for hematopathogens, bloodstream 
infections, and sepsis.  

   Requirements for an Interdisciplinary Sepsis Team 

 As with all complex diseases, the diagnostic approach to sepsis is multifaceted. 
Laboratory collaboration with Emergency Medicine Departments and Critical Care 
Services is essential. Laboratories can participate by partnering with the entire 
health care team, setting goals to provide rapid laboratory testing to maximize effec-
tiveness of early goal-directed therapy, improve targeted antibiotic therapy, shorten 
antibiotic treatment duration, avoid development of antibiotic resistance and side 
effects, decrease mortality and morbidity, decrease length of stay, and decrease 
overall hospital costs. The clinical microbiology laboratory must help drive antibi-
otic intervention in partnership with pharmacists and physicians. 

 Upon presentation of a patient with symptoms of infection, physicians will seek 
the primary site of infection and attempt to direct therapy to that primary site. A full 
history is important to de fi ne the potential source and risks. For instance, important 
factors include the source of infection, community- or hospital-acquired; prior 
or current medications; recent manipulations or surgery; underlying or chronic 
 diseases; and travel history. 

 In addition, there are several standardized classi fi cation systems for ICU 
patients, created to assess severity of illness  [  29  ] ; one common scoring system is 
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the APACHE II SCORE (acute physiology and chronic health evaluation). After 
admission of a patient to an ICU, an integer score from 0 to 71 is computed based 
on several measurements, including assessment of temperature, arterial blood gas 
pH, mean arterial pressure (MAP), serum sodium, serum creatinine, heart rate, 
hematocrit, respiratory rate, white blood cell counts, oxygenation parameters and 
the Glasgow Coma Score. Higher scores imply a more severe disease and a higher 
risk of death. 

 Combining a variety of clinical assessments with various laboratory tests from 
clinical microbiology, hematology, chemistry, point-of-care testing, and blood gas 
laboratories is an important aspect of the optimum care and treatment of septic 
patients.  

   Other Evidence-Based Sepsis Guidelines 

 The Surviving Sepsis Campaign is a worldwide consortium of health care providers 
committed to improving the outcomes for patients with sepsis  [  21,   30  ] . All compo-
nents of the “Surviving Sepsis Campaign Guidelines” are focused on reducing mor-
tality by using standardized criteria for patient assessment and treatment. The 
guidelines, aspects of which are also referred to as “Early Goal-Directed Therapy” 
(EGDT), often rely on laboratory data for optimal use. EGDT is a combination of 
prompt recognition of the symptoms of severe sepsis and septic shock, early antibi-
otic administration, and aggressive, protocol-driven resuscitation interventions, and 
subsequent continuous monitoring of patients. 

 River’s landmark paper on EGDT demonstrated a 16 % absolute reduction in 
mortality in patients treated using EGDT compared to standard therapy  [  21  ] . 
A more recent review of the literature regarding EGDT continues to show signi fi cant 
improvement in mortality when EGDT is implemented  [  30  ] . Used appropriately, 
EGDT has been shown to effect a reduction in mortality from 46.5 to 30.5 %  [  25  ] . 
However, despite its success, implementing EGDT is both costly and resource-
intensive. Physicians must place invasive lines and monitor resuscitation of patients 
closely. Nurses must perform frequent blood draws, manage multiple medications 
(including pressors), and tailor prescribed therapy based upon a number of parame-
ters—some of which may be measured continuously, and some of which require 
periodic blood draws. In light of the resource and cost intensity of EGDT, there is 
concern that overly sensitive and insuf fi ciently speci fi c criteria for identifying 
patients with true bacterial sepsis may cause overuse of this intervention. Overly 
sensitive criteria may also lead to over-administration of antibiotics, increasing 
bacterial resistance and putting patients at risk of experiencing side effects from 
allergic reaction to organ toxicity. 

 To focus EGDT at the most appropriate patients, EMD and ICU services may use 
a “Sepsis Team,” experts whose focus is implementation and follow up with prac-
tices called “sepsis bundles,” as detailed below.   
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   Sepsis Resuscitation Bundle (Often Triggered in EMD or ICU in 
What Is Sometimes Referred to as a “Code Sepsis” Response) 

     1.    Serum lactate measured.  
    2.    Blood cultures obtained prior to antibiotic administration.  
    3.    From the time of presentation, broad-spectrum antibiotics administered within 

3 h for ED admissions and 1 h for non-ED ICU admissions.  
    4.    In the event of hypotension and/or lactate >4 mmol/l (36 mg/dl):

   (a)    Deliver an initial minimum of 20 ml/kg of crystalloid (or colloid equivalent).  
   (b)     Apply vasopressors for hypotension not responding to initial  fl uid resuscita-

tion to maintain mean arterial pressure (MAP) >65 mmHg.      

    5.    In the event of persistent hypotension despite  fl uid resuscitation (septic shock) 
and/or lactate >4 mmol/l (36 mg/dl):

   (a)    Achieve central venous pressure (CVP) of >8 mmHg.  
   (b)    Achieve central venous oxygen saturation (ScvO 

2
 ) of >70 %.          

   Sepsis Management Bundle (Follow-Up 
to the Resuscitation Bundle) 

     1.     Steroid replacement : Low-dose steroids administered for septic shock, which is 
poorly responsive to adequate  fl uid resuscitation and vasopressors in accordance 
with a standardized ICU policy.  

    2.     Glycemic control : Glucose maintenance approximating 150 mg/dl (8.3 mmol/l) 
(nutritional support and insulin control are often included in this focus) ( Note : 
The aspects of this intervention are still controversial).  

    3.    Inspiratory plateau pressures maintained <30 cm H 
2
 O for mechanically venti-

lated patients.  
    4.    Drotrecogin alfa (recombinant activated Protein C, aka Xigris) administration 

was previously listed here, but it has since been withdrawn from use after a major 
study showed no Xigris ef fi cacy for the treatment of sepsis  [  31,   32  ] .      

   Historic Laboratory Methods for Blood Cultures 

 Current laboratory methods for identi fi cation and characterization of bloodstream 
pathogens are slow to produce useful results and are ineffective for detection of 
some pathogens  [  33  ] . Rapid detection of bloodstream infections in the critically ill 
followed by appropriate antimicrobial therapy, can have a life-saving impact. 
According to a review of more than 2,600 cases from 15 intensive care units in  fi ve 
US and Canadian cities, the risk of death from sepsis increases by 6–10 % with 
every hour that passes, from the onset of septic shock until the start of effective 
antimicrobial therapy  [  34  ] . Thus, the development of a rapid, sensitive, and accurate 
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molecular diagnostic laboratory method to identify bacterial and fungal pathogens 
and characterize associated antimicrobial resistance has great potential to bene fi t 
diagnosis and therapy for septic patients, and save many lives. 

 While a variety of historical methods were grandfathered into laboratory proto-
cols prior to CLIA regulations and new methods are implemented by validating 
them as laboratory-de fi ned tests (LDTs), the clinical utility and accuracy of these 
off-label assays must be re-established in each laboratory where the method is used. 
In a recent ad hoc survey conducted with members of the American Society for 
Microbiology’s LISTSERV communities, the clinmicronet and divC in May 2009, 
the survey participants reported use of the following methods, extrapolated from the 
published literature: the direct tube coagulase  [  35,   36  ] , cefoxtin disk with reduced 
zones to predict MRSA  [  35,   37,   38  ] , rapid PBP2a latex agglutination test  [  35,   39  ]  
and other latex agglutination for streptococci  [  40  ] , direct germ tube  [  41  ] , MRSA Select  
Agar  [  42  ] , and pneumoslide for  Streptococcus pneumonia   [  43  ] , were performed 
directly from blood culture bottles. In addition, direct susceptibility testing for bac-
teria  [  44–  49  ]  and yeast  [  50  ]  have been reported. 

 Despite attempts to rapidly identify pathogens and their associated susceptibility, 
these techniques are still not a common practice and patients and their physicians 
continue to wait for con fi rmatory results from blood cultures, the gold standard for 
diagnosis of bacterial sepsis, which can take several days to grow out a pathogen, 
limiting their usefulness in the management of the acutely ill patient. Moreover, 
blood cultures can frequently remain negative even in severe cases of sepsis. For 
example, routine methods are relatively ineffective for detection of certain patho-
gens, such as  Coccidioides  sp. and  Brucella  sp., causes of culture-negative fungemia 
and bacterial endocarditis, respectively. Despite its large societal impact, historic 
detection methods for bacteremia and sepsis remain largely unchanged for the past 
20 years. Unfortunately, despite the enormous human and  fi nancial impact of sepsis, 
its diagnosis remains largely a clinical one  [  28  ] , due to the lack of rapid, sensitive, 
and speci fi c laboratory tests to detect the causative pathogens. 

   Emerging Molecular Methods for the Diagnosis 
of Sepsis and Bacteremia 

 In order to provide a more accurate diagnosis, there is a signi fi cant need to improve 
the speed and diagnostic breadth of laboratory detection methods for bloodstream 
infections and sepsis. Routine diagnostic methods, including routine cultures for 
bacteria, fungi, and rarely, viruses, almost all require subsequent subculture for 
organism identi fi cation, and the entire process can take days to weeks to produce a 
 fi nal result. Because of associated multiple-organ dysfunction in septic patients, 
death can occur rapidly, so improvements in diagnosis and treatment are focused on 
EGDT, which require rapid identi fi cation and characterization of complex symptoms 
 [  25,   30,   51  ] . Microbiology detection methods to characterize microbial pathogens 
and host response patterns are historically too slow, too insensitive, or too nonspeci fi c 
to support differential diagnosis for EGDT strategies and do not fully assess the 
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complexities of the host immune response during sepsis, which appears critical to 
the understanding of associated multiple-organ dysfunction and death. 

 Because of the complex nature of sepsis, there are no single laboratory tests that 
can combine with clinical information to assess health outcomes or describe a time 
course of certain key biomarkers. Such a multicomponent test will be the key to 
unraveling the parallel and complex processes in sepsis and to providing clinicians 
with a tool for detection, prognosis, and therapeutic monitoring of sepsis. Clearly, 
historical immunological and molecular methods are impractical for detecting the 
complex patterns of immune responses seen in sepsis and the wide variety of 
hematopathogens that can cause disease; therefore clinical microbiology laborato-
ries will need to consider the approach of “sepsis diagnostic panels,” to combine 
detection of hematopathogens and key aspects of host’s innate and systemic immune 
response. In addition, sensitive genotypic and phenotypic predictors of antibiotic 
resistance and phamacogenomic markers of potential drug toxicity will play a role in 
the future. Clearly, it will be critical to offset costs of new rapid methods with overall 
reduction of hospital costs. In order for the laboratory to effect these changes, a team 
approach will rely on interaction with pharmacists, physicians, and other health care 
staff to determine the most judicious use of these methods. One approach may include 
selective testing on only high-risk patients, which may bene fi t most from rapid test-
ing. Discussion with health care  fi nance and reimbursement teams as well as antimi-
crobial utilization teams are critical for the proper test utilization decisions to be 
made. In light of the complexity and urgency of the diagnostic challenges we face, 
this review summarizes the most recent published developments in the diagnosis of 
sepsis and bacteremia, which impact clinical microbiology laboratories.  

   FDA-Approved Molecular Methods for Blood Culture Bottles 

   Peptide Nucleic Acid Fluorescent In Situ Hybridization (PNA-FISH) 

   PNA Molecules Are DNA Mimics 

 Peptide nucleic acid  fl uorescence in situ hybridization (PNA FISH) is a new tech-
nology to test blood smears made directly from positive blood culture bottles and 
provides results in as little as 20 minutes after a positive blood culture is identi fi ed. 
The probes are commercially available from AdvanDx (Woburn, MA) for the direct 
identi fi cation of  Staphylococcus aureus ,  Candida albicans , and  Enterococcus faeca-
lis /other enterococcus from positive blood cultures. Probe kit utilization is driven 
by the gram stain result, thus gram positive cocci in clusters would utilize the  S. 
aureus  probe, yeast would utilize the  C. albicans  probe, and gram positive cocci in 
pairs and chains would utilize the dual  E. faecalis /other enterococci probe. Testing 
for Gram-negative microbes is also available. 

    PNA probes contain the same nucleotide bases as DNA, and follow standard 
base-pairing rules for hybridization for the following basepairs: adenine (A), thy-
mine (T), cytosine (C), guanine (G). The difference between DNA hybridization 
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probes and PNA hybridization probes are that the negatively charged sugar–phosphate 
backbone of DNA is replaced with a non-charged polyamide or “peptide” backbone 
for the PNA probes. This replacement confers several advantages over conventional 
nucleic acid probes: (1) the strength of the FISH binding is greater than the DNA 
probe; PNA Chemistry creates very small dye-labeled probes, approximately 12–20 
mers in size; therefore they are easy to hybridize to the target of interest, (2) because 
of the neutral charge, there is no natural repulsion with charged backbones, there-
fore they bind tightly, and (3) there is exquisite base-discrimination, allowing for 
more speci fi c binding to target DNA or RNA. In addition, the PNA probes confer 
very low background, which allows the  fl uorescent signal to be visualized and con-
fers greater sensitivity. 

 PNA FISH probes target rRNA in microbial chromosomes, offering advantages 
of a small subunit rRNA (ssRNA) target—(1) sequences are known and unique 
between species, (2) ssRNA targets are highly abundant target and multicopy, and 
(3) PNA probes, due to their small size, can bind in highly conserved regions that 
are not accessible to larger DNA probes.  

   PNA-FISH Assay Accuracy 

 According to product inserts and clinical publications, PNA FISH performance data 
has demonstrated accuracy. For  S. aureus  sensitivity and speci fi city are 98.8 and 
99.6 % respectively,  C. albicans  99.3 and 100 %,  E. faecalis  96.3 and 98.3 %, and 
other  enterococcus  93.1 and 99.3 %  [  52–  60  ] . The compatibility of these probes has 
been proven with demonstrated accuracy for various blood culture media, including 
FAN and resin bottles  [  53–  55,   60–  62  ] . 

 The accuracy of the staphylococcal PNA FISH probe was assessed by Chapin 
and Musgnug  [  63  ] . In this study, 157 blood cultures with  S. aureus  or coagulase-
negative staphylococci (CoNS) were tested by the API RAPIDEC staph (API, 
bioMerieux, Durham, NC), tube coagulase test (TCT) read at 4 h, and the PNA 
FISH (AdvanDx, Woburn, MA) and compared to the results of AccuProbe  S. aureus  
Culture Identi fi cation Test (Gen-Probe, San Diego, CA), revealing that API, TCT, 
and PNA FISH exhibited sensitivities of 96, 84, and 99 %, respectively, and 
speci fi cities of 99, 100, and 100 %. 

 In a blinded comparison of  S. aureus  PNA FISH with standard identi fi cation 
methods, Oliveria et al. tested a total of 564 routine blood culture bottles positive for 
GPCC recovered from both aerobic and anaerobic media from three different manu-
facturers (ESP, BACTEC, and BacT/Alert)  [  64  ] . The sensitivity and speci fi city of  S. 
aureus  PNA FISH were 100 % (57 of 57) and 99.2 % (116 of 117), respectively, 
with 174 GPCC-positive ESP blood culture bottles, 98.5 % (67 of 68) and 98.5 % 
(129 of 131), respectively, with 200 GPCC-positive BACTEC blood culture bottles, 
and 100 % (74 of 74) and 99.1 % (115 of 116), respectively, with 190 GPCC-positive 
BacT/Alert blood culture bottles. It is concluded that  S. aureus  PNA FISH performs 
well with commonly used continuously monitoring blood culture systems. 

 There are three types of Candida probes. In a multicenter trial of the  C. albicans/
Candida glabrata  probe published by Shepard et al.,  n  = 197 the  C. albicans , sensitivity 
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98.7 % (78/79),  C. glabrata  was 100 % (37/37); speci fi city for both was 100 % (82/82) 
 [  65  ] . Seventy fungal reference strains were spiked and tested with the BacT/ALERT 
system. In an evaluation of 5-color PNA-FISH assay with  fi ve Candida species, 
 C. albicans, glabrata, krusei, parapsilosis, and tropicalis , -speci fi c probes to identify 
Candida colonies, compared well to standard phenotypic identi fi cation methods. 
Sensitivity was 99 % (109/110), and speci fi city was 99 % (129/130)  [  66  ] .  

   PNA-FISH Algorithms Used for Intervention 

 The following review details studies that have applied PNA FISH as an adjunct to 
Gram’s stain from positive blood culture bottles. It is clear that when used appropri-
ately with a team involving laboratory, pharmacy, and physicians, PNA FISH can-
not only direct therapy but can also drive down antibiotic and hospital costs and 
save lives. Optimal outcomes for rapid intervention with PNA-FISH have been best 
documented when there is a strong collaborative effort between the laboratory and 
pharmacy. Holtzman et al. found no impact when their pharmacy was not involved. 
 [  67  ] . Others found success with physician intervention as detailed here. Gamage 
et al. found substantial decreases in mortality and hospital expenditures using a 
multidisciplinary team of laboratorians, pharmacists, and physicians  [  68  ] .  

   Support of Antibiotic Selection for Bacteremia Due 
to  E. faecalis  or Other Enterococcus 

 The  E. faecalis  OE PNA FISH assay (AdvanDx, Woburn, MA) can be utilized to 
reduce the time required to administer targeted antibiotics therapy  [  69  ] . Recently 
the probe has been modi fi ed to shorten the hybridization time to 90 min  [  70,   71  ] . 
At present,  enterococci  such as  E. faecium  make up the majority of vancomycin-
resistant  enterococcus  (VRE) while  E. faecalis  are rarely vancomycin resistant. 
Identi fi cation of  E. faecium  isolates can signi fi cantly reduce the time required to 
prescribe correct therapy with linezolid. Since delay in appropriate antimicrobial 
therapy is a risk factor for death in VRE bacteremia, rapid identi fi cation and appro-
priate intervention with targeted antibiotics is aimed to reduce mortality with  E. 
faecium  isolates. Alternately, rapid identi fi cation of  E. faecalis  isolates from blood 
cultures provides the opportunity to direct therapy toward an earlier switch to ampi-
cillin, providing a cost bene fi t. Use of these algorithms requires targeted interven-
tions based on local antibiograms and should not be undertaken without critical 
review of local antibiograms and pharmacy formulary issues. 

 Using a targeted algorithm directed by the  E. faecailis  PNA FISH probes, Toombs 
et al. demonstrated that appropriate treatment for VRE and non-VRE can be directed 
for bloodstream infections  [  69  ] . Use of the PNA FISH probes signi fi cantly reduced 
the number of days required to reach appropriate therapy, from 2.5 to 1.4 days 
( p  < 0.05). In turn, there was a trend toward less mortality (36 % vs. 14 %) ( p  < 0.05). 

 Reduction in mortality was also observed in a quasi-experimental study per-
formed by Forrest et al. in which PNA FISH was added to a treatment algorithm for 
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hospital-acquired enterococcal bacteremia  [  72  ] . In this study, the primary outcome 
assessed was de fi ned as the “time from blood culture draw to implementation of 
effective antimicrobial therapy.” Comparing 129 patients in the pre-intervention 
arm vs. 95 in the post intervention arm, using PNA FISH, the investigators identi fi ed 
 E. faecalis  in 1.1 day vs. 4.1 day without PNA FISH;  p  < 0.001. For  E. faecium , 
results were obtained in 1.1 day vs. 3.4 day;  p  < 0.001. Comparisons between the pre 
and post intervention period revealed a decreased 30-day mortality (26 % vs. 45 %; 
 p  = 0.04) and an overall hospital savings of $20,000/year.  

   The Ability to Curtail Unnecessary Antibiotics When Blood 
Cultures are Contaminated 

 The  S. aureus /CNS PNA FISH Culture Identi fi cation Kit (AdvanDx, Woburn, MA) 
may be bene fi cial in terms of reducing time to correct species identi fi cation and 
therapy for staphylococcal bacteremia. Forrest et al. demonstrated the use of PNA 
FISH for the rapid differentiation of  S. aureus  from CoNS (a common skin contami-
nate) in blood cultures  [  58  ] . The goal was to identify CoNS contaminants and to 
limit the use of vancomycin in these patients. In this study, an antimicrobial team 
evaluated the once daily PNA FISH results, and then made suggestions to physi-
cians, which led to reduction in vancomycin use in patients with positive cultures 
that were most likely contamination. In this study, there were 223 episodes of bac-
teremia, 39 were tested with PNA FISH, 84 were matched controls and had tradi-
tional identi fi cation without the bene fi t of the rapid PNA FISH assay. With this 
algorithm, the use of PNA FISH signi fi cantly reduced the median hospital stay by 
2 days ( p  < 0.05) and resulted in less vancomycin usage with an estimated cost saving 
per patient of roughly $4,000. Reduction in median length of stay was achieved by 
2 days:6 days in the control group, 4 days in the PNA FISH group. 

 Recently, Ly et al. studied 202 patients with gram positive cocci in clusters in the 
blood culture gram stain  [  73  ] . In the intervention group, results and general organ-
ism information from the PNA FISH results were relayed to the treating clinician. 
In the control group, no call was made. For patients whose physicians received a 
PNA FISH result, an 80 % reduction in intensive care unit (ICU) related mortality 
was observed for bloodstream infections due to  S. aureus . The median hospital cost 
savings of $19,441 per patient was observed as was a 61 % reduction in antibiotics 
for coagulase-negative staphylococci, when deemed a blood culture contaminant. 

 Testing a high percentage of skin contaminants with PNA FISH can be costly 
and labor-intensive; therefore, it is prudent to limit the percentage of skin contami-
nants recovered from blood culture bottles. Skin and line antisepsis is critical to 
prevent blood culture contamination and <3 % contamination rate is considered a 
benchmark of good blood culture collection practice. 

 Hensley et al. report a comparison of the  S. aureus /CNS PNA FISH Culture 
Identi fi cation Kit (AdvanDx, Woburn, MA) to standard methods for presumptive 
identi fi cation of  S. aureus  and coagulase-negative staphylococcus (CoNS) in 
 positive blood cultures.    Blood cultures ( n  = 301) that signaled positive on the 
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BacT/Alert 3D (bioMerieux, Durham, NC) automated blood culture system and 
had GPCCC on Gram stain were tested with the PNA FISH assay. Overall agree-
ment was 96.7 %. Sensitivity for  S. aureus  was 96.5 % (83/86); speci fi city was 
100 % (215/215). Sensitivity for CoNS was 96.6 % (201/208) and speci fi city was 
96.8 % (90/93). This study had more discordant samples than other published 
comparisons, and misidenti fi cations were observed for  S. aureus , CoNS, and  S. 
viridans   [  74  ] .  

   Support of Antifungal Selection for Candidemia 

  Candida  species are the fourth most common cause of nosocomial bloodstream 
infections, commonly in the immunocompromised host population. Of all the 
 Candida  sp.,  C. albicans  is the most common isolate, accounting for 55 % of all 
candidemias  [  61  ] . Guidelines de fi ned by the Infectious Disease Society of America 
(IDSA), promote the use of  fl uconazole as the initial therapy for  C. albicans  without 
prior azole use. Alternatively, guidelines suggest that broad-spectrum agents should 
be considered for non- C. albicans  because of the risk of possible  fl uconazole resis-
tance  [  75  ] . To support rapid adherence to those guidelines, PNA FISH testing sup-
ports the ability to provide a direct identi fi cation from positive blood cultures in 
2.5 h, as opposed to 1–5 days by conventional culture methods. 

 The ability of PNA FISH to support appropriate antifungal selection has been 
evaluated  [  61,   76,   77  ] . In one key study the cost savings realized with the  C. albi-
cans  PNA FISH was $1,729–1,837 per patient. The majority of the cost savings 
were realized in antifungal expenditures  [  61,   76,   77  ] . Reporting of  C. albicans  by 
PNA FISH led to early switch to generic  fl uconazole without compromising 
patient safety.  

   Detection of Gram Negative Microbes 

 Using spiked blood cultures, both ATCC and clinical strains, Peleg et al. showed 
described the accuracy of PNA FISH for the detection of  Acinetobacter  spp. and 
 Pseudomonas aeruginosa . PNA FISH had a sensitivity and speci fi city of 100 and 
100 %, respectively, for 20 clinical strains of  Acinetobacter  spp. and 100 and 95 %, 
respectively, for 20 strains of  P. aeruginosa  and was able to detect spiked mixtures 
 [  78  ] . The study was limited by the small number of species tested for speci fi city and 
depicted a false-positive with an  Escherichia coli  strain and a  Stentotrophomonas  
strain  [  78  ] ; further advancement via FDA clinical trial shows improved results.   

   PCR to Con fi rm Identi fi cation of  S. aureus  Bacteremia 

 The rapid detection of  S. aureus  bacteremia and a swift determination of methicillin 
susceptibility has serious clinical implications affecting patient mortality. 
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   GeneXpert ® , Xpert™ MRSA/SA BC Assay 

 In a multicenter preclinical evaluation, Wolk et al. evaluated the performance of two 
Cepheid Xpert™ MRSA/SA assay for detection of methicillin-resistant  S. aureus  
(MRSA) and methicillin-susceptible  S. aureus  (MSSA)  [  79  ] . Using an integrated 
DNA extraction process coupled to real-time PCR, MSSA, and MRSA are identi fi ed 
directly from positive BC bottles in <1 h. A total of 114 wound specimens and 406 
blood culture bottles were tested from study sites in the United States and Europe in 
order to characterize assay performance of these assays in a clinical setting. Newly 
positive blood culture broths with Gram’s stains consistent with gram-positive cocci 
in clusters were tested. Broths from each of the following continuously monitoring 
blood culture instruments were included: bioMérieux BacT/ALERT SA standard 
aerobic, SN standard anaerobic; BACTEC™ PEDS PLUS™/F Medium, Plus 
Aerobic/F Medium, Plus Anaerobic/F Medium; Standard Anaerobic/F Medium, 
Standard/10 Aerobic/F Medium, LYTIC/10 Anaerobic/F Culture Vials; and 
VersaTREK REDOX 1 ®  (aerobic), REDOX 2 ®  (anaerobic). BacT/ALERT FAN 
aerobic and anaerobic broths were not included. The primers and probes in the 
Xpert MRSA/SA assays detect sequences within the staphylococcal protein A (spa) 
gene, the gene for methicillin resistance (mecA), and the staphylococcal cassette 
chromosome (SCCmec) inserted into the SA chromosomal attB insertion site  [  80, 
  81  ] . Inclusion of both the attB insertion site and the mecA gene targets enables the 
assays to identify the presence of SCCmec cassette variants with mecA gene dele-
tions, thus reducing false-positive results that occur in molecular tests that only 
target the SCCmec cassette  [  82,   83  ] . For the Xpert™ MRSA/SA assay performed 
on Cepheid GeneXpert ®  system, sensitivity was 97.1 and 98.3 % for MRSA in 
wound and blood culture specimens, respectively. Sensitivity was 100 % for  S. 
aureus  from both specimen types  [  79  ] . This assay has since been removed from the 
market and a replacement is pending.  

   SmartCycler, BD GeneOhm StaphSR Assay 

 BD GeneOhm™ StaphSR Assay on the SmartCycler ®  is used for detection of  S. aureus  
and MRSA directly from positive blood culture bottles. In a study by Stamper et al., 
a real-time PCR assay, the StaphSR assay (BD GeneOhm, San Diego, CA) was used 
for the identi fi cation of methicillin-susceptible  S. aureus  (MSSA) and methicillin-
resistant  S. aureus  (MRSA), from positive blood culture bottles,  n  = 300  [  84  ] . The 
sensitivity, speci fi city, and positive and negative predictive values of the BD 
GeneOhm StaphSR assay for MSSA detection were 98.9, 96.7, 93.6, and 99.5 %, 
respectively when compared to phenotypic identi fi cation with a variety of reference 
standards including oxacillin and cefoxitin Etests (AB Biodisk, Solna, Sweden), 
penicillin-binding protein 2 ¢  (Denka Seiken Co., Tokyo, Japan), and  mecA  PCR. For 
the detection of MRSA, the BD GeneOhm StaphSR assay was 100 % sensitive 
and 98.4 % speci fi c. Inhibition was seen with only one sample, and the issue was 
resolved upon retesting. 
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 Recently Grobner et al. evaluated the BD GeneOhm StaphSR assay for its use 
in the detection of  S. aureus  and methicillin-resistant  S. aureus  (MRSA) ( n  = 134). 
Of 134 samples  fi ve discrepant results arose with this assay due to the presence of 
methicillin-susceptible, revertant MRSA strains (3/45) and MRSA strains that were 
not detected by the BD GeneOhm StaphSR assay (2/45)  [  85  ] .     

   New Methods with Potential for Future Impact 

 The future of clinical diagnostics is anticipated to include a variety of rapid and 
multiplex methods. Review of all technologies is beyond the scope of this review; 
however, several will be discussed, including multiplex-PCR, DNA sequencing, liq-
uid microarrays, and PCR-electrospray ionization mass spectrometry. It is known 
that blood culture bottles, positive for bacteria, do not always support cultivation of 
the pathogen to agar  [  33,   86  ] ; therefore new molecular methods may allow micro-
biology laboratories to identify fastidious pathogens or those damaged by antibiotics. 
More detailed information about the following techniques may be found in other 
reviews  [  87,   88  ] . 

   PCR Mass Spectrometry, Genetic Pro fi ling Directly 
from Blood Culture Bottles 

 PCR/electrospray ionization time-of- fl ight mass spectrometry (PCR/ESI-MS) from 
Abbott/Ibis, has recently been adapted and developed for rapid identi fi cation, strain 
typing, and antibiotic-resistance assessment  [  89–  92  ] , including  S. aureus  genetic 
targets  [  93,   94  ] . In a recent publication, Baldwin et al. provided evidence for the 
technology’s ability to identify a broad range of pathogens, such as those that may 
be encountered in blood cultures. With accuracy listed as 91 % for the genus level, 
there is room for improvement; however, the approach shows promise as a rapid 
method for identi fi cation of hematopathogens. A new RUO assay, the Bacterial 
Candida Assay is available commercially in the US. 

 In this approach, broad-range primers are used to amplify PCR products from 
groupings of microbes, rather than primers targeted to single target or species. 
Electrospray ionization time-of- fl ight mass spectrometry is used to determine the 
nucleic base composition (the number of adenosines (A), cytidines (C), guanosines 
(G) and thymidines (T)) of the PCR amplicon and this base composition signature 
is used to identify the pathogens present. Unlike nucleic acid probe assays or 
microarrays, mass spectrometry does not require prior knowledge of products ana-
lyzed, but simply measures the masses of the nucleic acids present in the sample. 
The platform is signi fi cantly different from previous technologies in its ability to 
detect virtually all microbes from a family and even microbes that have mutated 
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signi fi cantly. This technology has the potential for identi fi cation of all known human 
microbial pathogens in 4–6 h from blood or sterile body  fl uids. The system is more 
fully described elsewhere in this book, and while accurate for identi fi cation of a 
wide range of hematopathogens, and comparable to MALDI-ToF mass spectrome-
try, it has yet to be adapted for use in the clinical laboratory  [  95,   96  ] .  

   Multiplex Real-Time PCR 

 The Roche Septifast™ assay is a real-time PCR assay, performed using the 
LightCycler 480 system, which is designed to identify the 19 most common bacteria 
and 6 most common fungi isolated from blood culture bottles and whole blood. The 
system has been evaluated by several investigators  [  97–  99  ]  but is not yet commer-
cially available in the US. 

 While the SeptiFast assay may lead to a more rapid and targeted antibiotic therapy 
early after the onset of fever, the results for sensitivity are low and the cost bene fi t 
has yet to be determined. Bravo et al. compared the performance of the LightCycler 
SeptiFast Test MGRADE and conventional blood culture for microbes isolated 
from febrile episodes occurring in neutropenic and critically ill patients (in the 
intensive care unit; ICU). A total of 86 febrile episodes occurred in 33 neutropenic 
patients and 53 ICU patients. Blood samples for traditional and molecular methods 
were obtained at the onset of fever, before the implementation of empirical antimi-
crobial therapy. The overall agreement between the SeptiFast test and blood culture 
was 69 % (  k   = 0.37) in neutropenic patients and 75 % (  k   = 0.56) in ICU patients. The 
sensitivity of the SeptiFast assay for clinically relevant episodes of bacteremia and 
fungemia was 62 % in neutropenic patients and 70 % in ICU patients  [  100  ] . For 
community-onset bacteremias, Josephson et al. prospectively evaluated results from 
adult patients from an infectious diseases department. For the evaluation, one BC/
PCR set (two BC bottles and one PCR tube) per patient was used. For  n  = 1,093 
patients, the BC was positive in 138 and PCR was positive in 107. Ten PCR results 
were supported by the clinical presentation. The following sensitivities and positive 
predictive values (PPVs) were noted:  S. aureus , 67 and 43 %;  S. pneumoniae , 12 
and 67 %; other  Streptococcus  species, 43 and 77 %;  Escherichia coli , 53 and 56 %; 
and  Klebsiella species,  43 and 23 %. If support from other cultures and the clinical 
presentation were included in the reference standard, the PPVs for the detection of 
these bacteria were 57, 100, 92, 75, and 69 %, respectively. Low sensitivity discour-
ages routine use of the test in its present form for the detection of community-onset 
bloodstream infections  [  101  ] . 

 For endocarditis, the accuracy of the method is also suboptimal; however, it may 
have a use in cases of IE in patients treated with antibiotics before admission. 
Casalta et al., evaluated results from 63 patients with infectious endocarditis (IE). 
The SeptiFast test was less sensitive than blood cultures; however, some gains were 
observed for patients treated with antibiotics on admission; three isolates were 
identi fi ed that were not able to be cultivated  [  98  ] . 
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 For surgical patients at the ICU, a positive Septifast test showed a high 
 coincidence with SIRS (75.8 %); however, the sample size was small and many 
discordant results confound interpretation. Nevertheless, surgical ICU may be a 
patient population in which systematic investigation may be warranted  [  102  ] . 
Likewise, in a specialized patient population, liver transplant, two cases of invasive 
Aspergillus infection were successfully identi fi ed by SeptiFast, which identi fi ed 
 Aspergillus fumigatus  DNA in blood and BAL  fl uid. Follow-up of the SeptiFast 
 fi ndings and GM index correlated with the clinical course, with blood clearing of 
DNA in parallel with galactomannan results. Further evaluation will be are neces-
sary to evaluate the accuracy of SeptiFast in diagnosing IA  [  103  ] . 

 Relative to the use of SeptiFast for identi fi cation of pathogens in blood culture 
bottles, Dierks et al. tested 101 cultures from 77 patients. In this limited sample set, 
63 (62 %) yielded concordant negative results, 14 (13 %) concordant positive, and 
9 (9 %) were BC positive only. In 14 (13 %) samples pathogens were detected by 
SF only, resulting in adjustment of antibiotic therapy in  fi ve patients (7.7 % of 
patients). In three samples a treatment adjustment would have been made earlier 
resulting in a total of eight adjustments in all 101 samples (8 %)  [  97  ] .  

   Molzyme SepsiTest 

 Another PCR method is based on the detection of conserved sequences in whole 
blood for rapid diagnosis of bacteremia and fungemia. The SepsiTest is not commer-
cially available in the US. The test uses a universal PCR from the 16S and 18S rRNA 
genes with subsequent identi fi cation of bacteria and fungi, respectively, from posi-
tive samples by sequence analysis of amplicons. The SepsiTest was evaluated in a 
prospective, multicenter study of 342 blood samples from 187 patients with systemic 
in fl ammatory response syndrome, sepsis, or neutropenic fever. Compared to blood 
culture the diagnostic sensitivity and speci fi city of the PCR were 87.0 and 85.8 %, 
respectively, achieving improved results in accuracy over the SeptiFast, and yielding 
results in a few hours. The concordance of PCR and BC for both positive and nega-
tive samples was 86.0 %  [  104,   105  ] . 

 In another study employing 20 infective endocarditis (IE) patients and ten non-
IE patients, heart valves and preoperative blood samples were analyzed by blood 
culture and SepsiTest. The diagnostic sensitivity of the molecular test was 85 % and 
that of blood culture only 45 %, remaining negative in many cases as a result of 
antibiotic treatment. Also, etiological agents were identi fi ed by SepsiTest in 5/10 
non-IE patients, whereas cultures were negative throughout  [  106  ] .  

   DNA Sequencing 

 Pyrosequencing ®  (Qiagen, Germantown, MD) is a rapid method for sequencing 
based on the detection of pyrophosphate released during DNA synthesis. These 
methods’ advantages include speed and ease of use in comparison to traditional 
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sequencing technology; disadvantages include the short lengths of sequences that 
can be currently analyzed. Pyrosequencing ®  provides short sequence information 
roughly 30–50 bases; it is useful for short-read DNA and mutation/SNP analysis. 
It is ideally suited for applied genomics research including molecular applications 
for disease diagnosis, clinical prognosis and pharmacogenomics testing. After PCR 
ampli fi cation and amplicon clean-up, run times approach 1 h for 96 samples, with 
approximately 30–45 min for sequence analysis applications. 

 Jordan et al. evaluated pyrosequencing directly from blood culture bottles to 
assess the potential of pyrosequencing to differentiate between bacteria commonly 
associated with neonatal sepsis. An informative 15 bases within the 380-bp ampli-
con was targeted for pyrosequencing following enrichment culture and PCR 
ampli fi cation. A total of 643 bacterial isolates commonly associated with neonatal 
sepsis, and 15 PCR-positive, culture-positive neonatal whole blood samples were 
analyzed by pyrosequencing. Results of DNA sequencing and culture identi fi cation 
were compared and were successful at using PCR and pyrosequencing together to 
accurately differentiate between several bacterial groups, both gram positive and 
gram negative. The system had some dif fi culty with identi fi cation of viridians 
group strep and  S. pyogenes   [  107  ] . The same group evaluated specimens from iso-
lates from neonatal sepsis events, to support species identi fi cation that could lead to 
rapid de-escalation or targeting of antibiotic therapy. A total of 643 bacterial isolates 
and 15 PCR-positive, culture-positive neonatal whole blood samples were analyzed 
by pyrosequencing. Pyrosequencing was able to provide useful information on the 
identity of species based on the amplicon generated by PCR  [  107  ] . 

 Quiles-Melero et al. tested a unique paper-based DNA preservation method prior 
to pyrosequencing of  Candida  species and found 100 % concordance to species 
identi fi cation for 48 positive blood cultures, containing 47 yeast and one  fi lamentous 
fungus. Primers for  C. albicans ,  C. parapsilosis ,  C. tropicalis ,  C. glabrata , 
 C. dubliniensis ,  C. krusei , and  A. niger  were included  [  104  ] .   

   StaphPlex System 

 Tang et al. report the accuracy of the Qiagen StaphPlex system, which ampli fi es and 
detects 18 gene targets simultaneously for species-level identi fi cation of staphylo-
cocci, detection of genes encoding Panton-Valentine leukocidin (PVL), and antimi-
crobial resistance determinants of staphylococci  [  108  ] . The StaphPlex system was 
compared to phenotypic methods for organism identi fi cation and antimicrobial 
resistance detection for positive blood culture specimens in which GPCC were 
observed. Of 360 specimens containing staphylococci, 273 (75.8 %), 37 (10.3 %), 
37 (10.3 %), 1 (0.3 %), 3 (0.8 %), and 9 (2.5 %) were identi fi ed by StaphPlex as 
coagulase-negative Staphylococcus (CoNS), MRSA, MSSA, or mixed infections of 
CoNS and MRSA, CoNS and MSSA, or nonstaphylococci, respectively, with an 
overall accuracy of 91.7 %. 

 The 277 CoNS-containing specimens were further identi fi ed as 203 (73.3 %) 
 Staphylococcus epidermidis  isolates, 10 (3.6 %)  Staphylococcus haemolyticus  
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isolates, 27 (9.7 %)  Staphylococcus hominis  isolates, 1 (0.4 %)  Staphylococcus 
lugdunensis  isolate, and 36 (13.0 %) other CoNS isolates, with an overall accuracy 
of 80.1 % compared to an API STAPH test and CDC reference identi fi cation. 
Numerous “very major” errors were observed for several of the drug-resistance 
genes, but demonstrated 100 % sensitivity and speci fi city, ranging from 95.5 to 
100.0 % when used for staphylococcal cassette chromosome mec typing and PVL 
detection. StaphPlex provides simultaneous staphylococcal identi fi cation and detec-
tion of PVL and antimicrobial resistance determinants within 5 h.  

   Molecular Testing for Drug Resistance 

 Rapid and accurate determination of microbial drug susceptibility is actually the 
most critical challenge; it is essential to facilitate successful antimicrobial therapy of 
any person, and particularly useful for those with immune function impairment. 
Rapid testing for genetic resistance markers is an emerging clinical practice that can-
not only identify the potential for drug resistance, but also help distinguish ambigu-
ous breakpoints associated with susceptibility testing. The application of molecular 
diagnostic methods to detect drug resistance is evolving. Future methods should 
facilitate educated choices for therapy, which can be initiated early in diagnosis to 
impact patient outcomes. Evidence-based studies will be key to the adoption of these 
new testing antimicrobial testing paradigms. 

 Targets for genetic testing require relative genetic stability of the target sequence, 
a requirement that demands national and international efforts for monitoring genetic 
mutations in these target regions. Together, MRSA and VRE are the two most impor-
tant resistant bacterial pathogens in US hospitals and their rapid detection remains a 
critical necessity as antimicrobial resistance continues to increase in the US and 
worldwide  [  109  ] . Among bacteria, other useful antimicrobial resistance targets 
include resistance genes for  b -lactams,  aminoglycosides, chloramphenicol, 
 fl uoroquinolones, glycopeptides, isoniazids, macrolides, mupicurin, rifampin, 
sulfonamids, tetracyclines, and trimethaprim  [  110–  112  ] . For a list of PCR primers 
used to target such resistance markers see Tenover and Rasheed  [  112  ] . For fungi, 
rapid detection of antifungal resistance is useful, primarily due to the increase in 
fungal infections among immunocompromised patients. Current antifungal assays 
rely on fungal susceptibility testing which is dependent on growth. The practical 
application of antifungal molecular testing is yet to be seen, as there is still much to 
learn about the genetic markers, which mediate resistance. The genetic information 
needed to examine fungal resistance at the molecular level is complex; a review of 
molecular mechanisms of antifungal resistance has been published  [  113  ] . 

 The full potential of molecular diagnostics for drug resistance testing in microbi-
ology has not reached its full potential—its application is still in its infancy. As the 
molecular mechanisms of antimicrobial resistance are described, newer tech
nologies may enhance the utility of such an approach. Furthermore, microarray 
technology has the promise to impact the rapid and accurate detection of multiple 
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mutations associated with resistant bacteria, mycobacterium, viruses, and fungi. 
Until the full potential of drug resistant markers is understood, rapid molecular anti-
microbial testing must still be combined with traditional microbial cultivation  [  109  ] .  

   Summary 

 Bacteremia and sepsis are critically important syndromes with high mortality and 
associated costs. Bloodstream infections and sepsis are among the top causes of 
mortality in the US, killing over 500 people per day. Many septic patients are treated 
in Emergency Medicine Departments or Critical Care Units, settings in which rapid 
administration of targeted antibiotic therapy drastically reduces mortality. 
Unfortunately, routine blood cultures are too slow to support rapid therapeutic inter-
ventions. As a result, empiric, broad-spectrum treatment is common—a costly 
approach that may fail to effectively target the correct microbe, may inadvertently 
harm patients via antimicrobial toxicity, and may contribute to the evolution of drug-
resistant microbes. To meet these diagnostic challenges, laboratories must under-
stand the complexity of diagnosing and treating septic patients, in order to focus on 
creating algorithms that help direct targeted antibiotic therapy and synergize with 
existing EMD and CCU clinical practices put forth in Surviving Sepsis Guidelines. 

 Several methods for rapid molecular identi fi cation of pathogens from blood cul-
ture bottles are available. Laboratories can integrate with overall care to support 
local Surviving Sepsis Campaigns by providing rapid testing to facilitate targeted 
therapeutic interventions for infections with common hematopathogens. As a result, 
empiric, broad-spectrum, antibiotic therapy can be shortened to improve survival, 
reduce health care costs, and decrease antibiotic resistance. More evidence and 
clinical utility studies are needed to justify the added expense of molecular meth-
ods, to determine an appropriate niche in patient populations for which the cost 
bene fi t would be favorable. The PNA FISH methods show much promise for clinical 
utility and cost-effectiveness; however, the accuracy and cost bene fi t of multiplex 
PCR remains to be fully evaluated. Pyrosequencing and PCR/ESI-MS have proven 
accuracy and await practical adaption to routine microbiology laboratories. MALDI-
TOF-MS shows promise and is currently being adapted to rapid identi fi cation of 
pathogen isolates and potentially to blood cultures. 

 The development of molecular diagnostic assays for detection of single patho-
gens from blood culture bottles has already shown to have impact on reducing mor-
tality and costs. In the future, tests for multiple pathogens that could characterize 
gram positive, gram negative, and fungal infections would enable more rapid and 
targeted antimicrobial interventions for those with severe disease. Targeted drug-
resistance genes testing of blood culture bottles will enable risk assessment and 
guide treatment options for sepsis. Ultimately, early intervention by molecular 
detection of bacteria and fungi directly from whole blood would provide the most 
patient bene fi t and contribute to a tailored antibiotic coverage of the patient early on 
in the course of the disease, allowing for more effective treatment and better out-
comes of patients with sepsis and septic shock.      
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         Introduction 

 Detection and surveillance for emerging and reemerging pathogens need a 
multidisciplinary approach. The intertwining complexity of these pathogens with 
their diverse tissue tropisms, direct effects on host cells, multiphasic immunological 
responses, and additional in fl uence of superimposed secondary agents is beyond the 
expertise of a single discipline in modern medicine. A combined evaluation of 
patient’s history, clinical manifestations, and physical examination may suggest a 
list of differential diagnosis, but it is often insuf fi cient to determine the speci fi c 
infectious etiology. Laboratory methods are essential to identify an etiologic agent 
from testing clinical samples, such as blood, serum, nasopharyngeal swab, etc. 
These methods, including traditional microbiological techniques, conventional 
immunological assays, and modern molecular methods, remain the mainstay in 
today’s practice of clinical microbiology and infectious disease medicine. 
Nevertheless, there are technical and logistic issues associated with these methods, 
and the test results often lack a clinicopathologic correlation that can confound the 
interpretation of their clinical signi fi cance. For example, microbiological culture 
may fail to grow a causative organism, while the organism isolated by the laboratory 
in vitro may arise from contamination and does not represent the actual infective 
agent in vivo. 

 Pathology plays a key role as a bridging subspecialty in such multidisciplinary 
approach. Pathologic examination, if available, can establish a more speci fi c diag-
nosis correlated with clinical manifestations. Although general practice of pathology 
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is largely oriented toward diagnosis of neoplastic diseases, pathologists have been 
increasingly called upon to make diagnoses from tissue samples collected by cytol-
ogy, biopsy, and autopsy procedures in response to the challenge of emerging infec-
tions  [  1–  4  ] . Using these tissue samples as the source for laboratory workup, 
pathologists have made various contributions to our understanding of emerging 
infectious diseases in diagnostics, pathogenesis, epidemiology, and clinical aspects 
of these diseases (Table  45.1 ). In addition, results from pathologic studies can help 
design better strategies for control and prevention of these emerging infectious 
diseases, especially when they occur as an outbreak  [  5,   6  ] . Furthermore, pathologic 
studies also play an essential role in identifying the effects of secondary pathogens 
that commonly complicate the primary disease syndrome  [  7,   8  ] .  

 Recent advances in molecular biology have revolutionized the practice of medi-
cine, especially in the arena of diagnostic pathology and laboratory medicine 
 [  9–  11  ] . The practice of pathology has evolved from using morphologic pattern 

   Table 45.1    Examples of outbreaks caused by emerging pathogens initially identi fi ed or con fi rmed 
by pathologic studies   

 Year(s)  Disease outbreak  Country or geopolitical region 

 1993  Hantavirus pulmonary syndrome  USA 
 1995  Ebola hemorrhagic fever  Zaire 
 1995  Leptospirosis associated with pulmonary 

hemorrhage 
 Nicaragua 

 1996  Lassa hemorrhagic fever  Sierra Leone 
 1997  Enterovirus 71 hand-foot-and-mouth disease 

with encephalitis 
 Malaysia 

 1997  H5N1 in fl uenza  Hong Kong 
 1998  Enterovirus 71 hand-foot-and mouth disease 

with encephalitis 
 Taiwan 

 1999  Nipah virus encephalitis  Malaysia 
 1999  West Nile encephalitis  USA 
 2000  Rift Valley fever  Saudi Arabia/Yemen 
 2000  Ebola hemorrhagic fever  Uganda 
 2001  Inhalational and cutaneous anthrax  USA 
 2002  Transplant-associated West Nile encephalitis  USA 
 2003  Sever acute respiratory syndrome  Global 
 2003  Monkeypox  USA 
 2003, 2005, 

2007, 2010 
 Transplant-associated lymphocytic 

choriomeningitis virus 
 USA 

 2004  Transplant-associated rabies  USA 
 2006/2007  Rift Valley fever  Kenya/Somalia 
 2008  Lujo virus hemorrhagic fever  Zambia/South Africa 
 2009  H1N1 pandemic in fl uenza  Global 
 2009  Transplant-associated  Balamuthia mandrillaris   USA 
 2010  Dengue hemorrhagic fever  Puerto Rico 
 2011  Leptospirosis  Puerto Rico 
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recognition as the main tool to a sophisticated medical subspecialty by applying a 
wide array of advanced immunologic and molecular techniques on top of the tradi-
tional methods. The so-called “traditional methods” include routine hematoxylin 
and eosin (H&E) stain, histochemical (special) stain, and electron microscopy 
(EM). The more commonly used advanced techniques include immunohistochem-
istry (IHC), in situ hybridization (ISH), polymerase chain reaction assay (PCR), 
and tissue microarrays. Other advanced techniques that are less standardized as 
diagnostic utilities include confocal microscopy, proteomics, laser capture micro-
dissection (LCM), and in situ PCR. The results from these techniques provide dif-
ferent information regarding the infectious agents in the organ systems they involve 
(Table  45.2 ). Each technique has its respective advantages and limitations, and 
there is no single technique that can stand alone as the only method for etiologic 
diagnosis. The advanced techniques complement the traditional methods to con fi rm 
the diagnosis; therefore, it is always necessary to apply these techniques as an 
integrated laboratory utility to take full advantage of the pathology approach. 
A good example to illustrate such approach is the identi fi cation of a novel corona-
virus during the global epidemic of severe acute respiratory syndrome (SARS) in 
2003  [  12–  17  ] . By using traditional culture (Fig.  45.1a ) and EM examinations 
(Fig.  45.1b ) on clinical samples and tissue specimens, the morphologic evidence of 
coronavirus leads to subsequent anatomic localization of this novel virus in lung 
tissues by using a combination of IHC (Fig.  45.1c ), ISH (Fig.  45.1d ), and PCR. 
Ultimately, correlations of these data with serological and clinical  fi ndings 
con fi rmed the SARS-associated coronavirus (SARS-CoV) as the etiologic patho-
gen of the outbreak. This is a prime example of the contributions made by infec-
tious disease pathology as part of a multidisciplinary approach to investigate 
emerging infections and disease outbreaks.    

   Table 45.2    Pathology techniques and their utilities for infectious disease diagnosis   

 Technique  Main utility  Remarks 

 Hematoxylin & Eosin 
Stain (H&E) 

 Shows histopatho-
logic features of 
infectious 
process 

 * Illustrates the evidence of a microbial infection 
and provides guidance to subsequent 
laboratory testing 

 * Does not highlight the pathogen per se 
 * Can only suggest certain infections and not a 

speci fi c etiologic organism 
 Histochemical stain 

(special stain) 
 Highlights 

organisms 
 * More useful for bacterial, mycobacterial, and 

fungal organisms 
 * Only categorizes organisms within a broad 

classi fi cation but not a speci fi c species 
 * Can be dif fi cult to interpret 

 Electron microscopy 
(EM) 

 Illustrates microbial 
ultrastructure 

 * The most direct evidence to show an infectious 
agent 

 * Time consuming and limited to small areas of 
interest 

(continued)
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 Technique  Main utility  Remarks 

 Immunohistochemistry 
(IHC) 

 Localizes microbial 
antigens 

 * Demonstrates antigens regardless the organism 
is intact or not 

 * Provides histomorphologic correlation of 
infectious process 

 * Many commercially available antibodies for 
common pathogens 

 * Antibodies of novel pathogens may not be 
readily available 

 * Formalin  fi xation may decrease sensitivity 
 In situ hybridization 

(ISH) 
 Localizes microbial 

nucleic acids 
 * Probes can be synthesized in-house with known 

sequence 
 * Provides histomorphologic correlation of 

infectious process 
 * Usually more speci fi c but less sensitive than 

IHC 
 * Formalin  fi xation may decrease sensitivity 

 Polymerase chain 
reaction assay 
(PCR) 

 Ampli fi es small 
amount of 
microbial 
nucleic acids 

 * Usually more sensitive than IHC and ISH 
 * Contamination issues frequently encountered 
 * Does not provide histomorphologic correlation 

of infectious process 
 * Formalin  fi xation may decrease sensitivity 

 Tissue microarray  Detects multiple 
microbial 
nucleic acids 

 * Facilitate sequence analysis and pathogen 
identi fi cation 

 * Can detect microbes and assess related host 
responses simultaneously 

 * Biosafety concerns using frozen tissues 
 * Less sensitive than conventional PCR 

 Confocal microscopy  Increases morpho-
logic dimension 

 * Provides wider spectrum for histopathologic or 
cytologic interpretation 

 * Limited diagnostic utility for emerging 
pathogens 

 Laser capture 
microdissection 
(LCM) 

 Dissect speci fi c 
target cells for 
PCR or 
proteomic 
studies 

 * Useful in studies of pathogenesis 
 * Limited diagnostic utility for emerging 

pathogens 

 In situ polymerase 
chain reaction assay 

 Localizes microbial 
nucleic acids 
with 
ampli fi cation 
process 

 * Combines ampli fi cation and in situ localization 
methods 

 * Inherent technical issues with nonstandardized 
protocols 

 * Formalin  fi xation may decrease sensitivity 
 * Limited diagnostic utility for emerging 

pathogens 
 Proteomics  Detects microbial 

and host 
peptides 

 * Useful in studies of pathogenesis 
 * Formalin  fi xation may decrease sensitivity 
 * Limited diagnostic utility for emerging 

pathogens 

Table 45.2 (continued)
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   Highlights of Techniques 

   Hematoxylin & Eosin Stain 

 Any pathology laboratory dealing with clinical diagnosis routinely performs H&E 
stain. It demonstrates the histologic and cytologic features in a tissue section and 
allows the pathologists to examine the microscopic changes related to infectious 
processes. This is the most unequivocal method to illustrate the evidence of a micro-
bial infection and its consequence in the tissue. For example, the presence of abun-
dant neutrophils in pulmonary alveoli is indicative of pneumonia (Fig.  45.2a ), while 
neutrophils in meninges support the diagnosis of meningitis. However, these histo-
pathologic  fi ndings shown by H&E stain are not speci fi c because they can be caused 
by a variety of organisms; their importance is to pave the  fi rst step leading to further 
laboratory assays for detecting the causative agent.   

  Fig. 45.1    (a) Vero E6 cells show early cytopathic effect with coronavirus isolates from patients 
with SARS. (Courtesy of Dr. Thomas G. Ksiazek). (b) Negative stain (methylamine tungstate 
stain) electron microscopy shows coronavirus particle with an internal helical nucleocapsid-like 
structure and club-shaped surface projections. (Courtesy of Dr. Charles D. Humphrey). (c) Double-
stain IHC (immunoalkaline phosphatase polymer and peroxidase polymer) shows SARS-CoV 
(red) and surfactant antigens (brown) in type II pneumocytes. (d) ISH shows SARS-CoV nucleic 
acids in pneumocytes       
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   Histochemical Stains (Special Stains) 

 Many histochemical stains have been developed to highlight a variety of microbial 
organisms. Some of the common ones are tissue Gram stain (for bacteria), Grocott’s 
methenamine silver stain (for fungi), acid-fast stain (for mycobacteria), periodic 
acid-Schiff stain (for organisms with high content of carbohydrate macromolecules), 
Warthin–Starry silver stain or Steiner’s silver stain (for spirochetes and other bacteria). 
Interpretation of these special stains performed on tissue sections is usually more 
dif fi cult than those performed on cultures because the coexistence of host tissue 
responses and accompanied histopathologic changes in the sections can confound 
the interpretation. It needs more expertise and effort to examine these special stains 
and usually requires a trained pathologist to carry out such examination. For exam-
ple,  Streptococcus pneumoniae  can appear as gram-negative cocci in tissue sections 
because the host in fl ammatory responses, antibiotic treatment, or autolysin 
 produced by the bacteria per se can damage the bacterial cell wall and render the 

  Fig. 45.2    (a) H&E stain shows abundant polymorphonuclear in fl ammatory cells in alveoli 
 indicative of an acute pneumonia. (b) Gram stain highlights numerous gram-positive cocci mixed 
with in fl ammatory cells. (c) IHC with anti-S. pneumoniae antibody shows abundant extracellular 
and intracellular bacterial antigens. (d) PCR targeting pneumolysin gene of S. pneumonia shows 
positive amplicon. (lane 1: positive control; lane 2: negative control; lane 3: water control; lane 4: 
lung sample tested)       
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Gram stain appear negative. Even when these special stains properly highlight 
organisms of interest, they can only categorize them within a broad classi fi cation 
but not a speci fi c species. For example, gram-positive cocci demonstrated by tissue 
Gram stain in a lung section (Fig.  45.2b ) could represent different species of 
Streptococci or Staphylococci, and further testing with more speci fi c assays is 
needed to reveal the true identity of these cocci.  

   Electron Microscopy 

 Four decades ago, EM was the only ancillary technique available to the pathologists 
when routine H&E and special stains failed to reveal diagnostic features in histopa-
thology  [  18  ] . EM examination provides a direct visualization of microbial organisms 
at a high magni fi cation. Ultrastructural  fi nding is the most direct evidence to show 
the presence of an infectious agent in clinical specimens. Thin section and negative 
stain are two common EM methods used to study pathogen morphology and mor-
phogenesis of the microorganisms with recognition of their cytoplasmic organelles 
and matrix constituents. Therefore, correlation of light and electron microscopic 
 fi ndings not only improves pathologist’s diagnostic acumen but also allows for a 
more coherent explanation of the pathogenesis. Since the advent of immunohis-
tochemical and molecular techniques, EM has been less often used for identifying 
infectious agents. However, EM still played an essential role in determining the 
speci fi c family of the pathogen involved in several outbreaks caused by novel 
viruses, such as Sin Nombre virus  [  19,   20  ] , Nipah virus  [  21,   22  ] , SARS-CoV  [  12, 
  23  ] , and monkeypox virus  [  24  ] . In these outbreak investigations, negative stain of 
virus isolated from tissue culture and thin-section preparation of tissue specimen 
facilitated the ultrastructural examination. The determination of etiologic agents 
guided subsequent laboratory, clinical, and epidemiologic investigations. Advanced 
EM methods, such as immuno-EM or EM in situ hybridization using colloidal gold 
labels, have been developed for a more speci fi c ultrastructural diagnosis.  

   Immunohistochemistry 

 IHC has been widely used in all aspects of pathology diagnosis in the past three 
decades  [  25–  27  ] . A large number of IHC is available that can be helpful in the 
identi fi cation of microorganisms. By using a variety of antibodies, IHC can detect 
the presence of microbial antigens in tissue specimens, whether they represent the 
intact or degraded pathogens, and whether they are intracellular or extracellular 
(Fig.  45.2c ). Therefore, IHC has become a powerful technique used by patholo-
gists for tissue diagnosis of infectious diseases. There are many ways to visualize 
an antibody–antigen interaction. The most common method is to apply an 
 antibody conjugated to an enzyme, such as peroxidase  [  28–  30  ]  or alkaline 
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 phosphatase  [  31,   32  ] , which can further catalyze a reaction for colorimetric detec-
tion. The antibodies used for speci fi c detection can be polyclonal or monoclonal. 
Polyclonal antibodies are a heterogeneous mixture of antibodies that recognize 
several epitopes of a speci fi c organism or more commonly, a group of related 
organisms. Monoclonal antibodies are generated against a single epitope and 
hence more speci fi c to the target antigen than polyclonal antibodies. Many of 
these antibodies are commercially available and are widely used in diagnostic 
pathology laboratories. Others, especially those antibodies for detecting novel 
emerging pathogens, are available only at highly specialized centers such as the 
Centers for Disease Control and Prevention. Development of new IHC is a worth-
while but usually labor-intensive task. Similar to all other laboratory assays, the 
sensitivity and speci fi city of any IHC always need a careful evaluation before 
establishing its status as a diagnostic assay. 

 Detection of two or more target antigens on one slide can be achieved with mul-
tiple staining IHC assays  [  33–  35  ] . These assays can expand the information obtained 
from each slide and reduce turnaround-time compared to single staining or sequen-
tial staining methods. It is possible to assess the topographic relationship of the 
targets by using multiple staining IHC assays for determining the cellular tropism of 
viral infection with antibodies raised against virus and speci fi c cellular markers 
respectively (Fig.  45.1c ). These multiple staining methods not only help con fi rm the 
immunolocalization of pathogens but also enhance further understanding of patho-
genesis in many emerging infections  [  7,   16,   19  ] . 

 There are many advantages of using formalin- fi xed tissues and IHC to detect 
etiologic pathogens. It is particular useful in detecting those fastidious or slow-
growing organisms, such as mycobacteria  [  36,   37  ]  or  Tropheryma whipplei   [  38  ] , 
and can improve the speed, sensitivity, and speci fi city of microbial diagnosis. It is 
also valuable for characterizing emerging infections, whose causes are initially 
unknown, such as those caused by Nipah virus  [  21  ]  or SARS-CoV  [  12  ] . 
Immunolocalization of antigens by IHC provides histomorphologic correlation 
between the infectious pathogen and host tissue responses, which is not only crucial 
for diagnosis but also important to study the pathogenesis of those emerging infec-
tions  [  19,   21,   39,   40  ] . Additionally, IHC performed on  fi xed tissues can minimize 
laboratory worker’s potential risk of exposure to infectious agents because of the 
deactivation of pathogens by formalin  fi xation. Another advantage of using IHC is 
its capability of detecting well-preserved microbial antigens in archived formalin- fi xed, 
paraf fi n-embedded (FFPE) tissues, which allows retrospective studies of many 
emerging pathogens even after decades of archive  [  41,   42  ] .  

   In Situ Hybridization 

 ISH is a technique that uses  fl uorescent or radiolabeled nucleic acid probes com-
prising complementary DNA or RNA strand to localize speci fi c sequences in tissue 
sections  [  43,   44  ] . It has been applied in many medical diagnostics, such as gene 
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expression pro fi ling, chromosomal integrity, and karyotyping, etc. There are also 
many ways to perform ISH in diagnosis of infectious pathogens with a variety of 
probes  [  45–  50  ] , including double-stranded DNA (dsDNA) probes, single-stranded 
DNA (ssDNA) probes, RNA probes (riboprobes), and synthetic oligonucleotides 
(oligoprobes). ISH can localize nucleic acids of microorganisms in tissues and pro-
vides histomorphologic correlation between the infectious pathogen and host tissue 
responses, similar to IHC. The advantages of using formalin- fi xed tissues and ISH 
to detect etiologic pathogens are also similar to IHC, except it is usually less sensitive 
than IHC because of the potential fragmentation of target nucleic acids by formalin 
 fi xation  [  51,   52  ] . On the other hand, ISH can utilize in-house probes synthesized in 
a well-equipped laboratory with known sequences of the target nucleic acids, mini-
mizing the need to depend on commercial resources.  

   Polymerase Chain Reaction Assay 

 PCR ampli fi cation undoubtedly is the most sensitive method available to detect 
microbial organisms in tissue specimens and has become a common practice in 
many pathology laboratories. PCR can be performed on FFPE samples  [  53–  56  ] ; 
therefore diagnoses can be made even if cultures were not obtained initially from 
biopsy or autopsy at the time of processing. In addition, molecular identi fi cation can 
accelerate de fi nitive diagnosis of fastidious organisms that either grow slowly or 
does not grow at all with culture methods. When combined with other techniques 
mentioned above, PCR has markedly improved the capabilities of providing rapid 
and accurate detection of many emerging and reemerging pathogens as well as 
pathogens commonly encountered in medical practice. 

 PCR requires the isolation of nucleic acids from microorganisms in clinical sam-
ples and needs to apply adjunct techniques with restriction endonuclease enzymes, 
gel electrophoresis (Fig.  45.2d ), and other nucleic acid hybridization methods. 
Degenerate primers can be employed in PCR assays at reduced stringency to facili-
tate detection of related but unknown organisms  [  12,   57,   58  ] . A vast number of 
PCR-based techniques have been developed in the past two decades and have been 
increasingly applied to clinical samples. For instance, multiplex PCR has been 
shown to increase the diagnostic yield in acute respiratory tract infections and con-
tribute to overall improved outcome in patient care  [  59,   60  ] . New platforms such as 
real-time polymerase chain reaction (rt-PCR) combine nucleic acid ampli fi cation 
and  fl uorescent detection of the ampli fi ed product in the same closed system, result-
ing in an excellent technique that can diagnose a wide spectrum of infectious patho-
gens with tremendous  fl exibility, rapidity, and accuracy  [  55,   59,   61–  63  ] . Nucleic 
acid sequence analysis has become highly automated and is now practical for use in 
many diagnostic and reference laboratories for the identi fi cation of a large number 
of microorganisms, whether they are cultivatable or not. 
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 One particularly prevalent utility of PCR is the usage of wide-range paneubacteria 
16S ribosomal RNA (16S rRNA) PCR for detecting unknown bacterial organisms in 
tissue specimens. 16S rRNA is 1,542 nt in length and is a component of the 30S 
subunit of prokaryotic ribosomes. The16S rRNA gene in bacteria contains well- 
conserved sequences that can be used as binding sites for universal PCR primers 
adjacent to variable sequences  [  64–  66  ] . Subsequent analyses and comparisons of the 
sequences from amplicons to databases of known sequences can provide valuable 
information for etiologic diagnosis and further speciation. A set of broad-range PCR 
primers directed against conserved regions in the 16S rRNA gene was designed to 
speci fi cally amplify either gram-positive or gram-negative bacteria  [  67  ] . These dif-
ferential 16S rRNA gene PCR assays provide more speci fi c information regarding 
the bacteria identity and are very useful for detecting bacterial pathogens in tissue 
samples in conjunction with histopathologic evaluation, special stains, and IHC. 

 Despite their high sensitivity, PCR techniques often face challenges from poten-
tial contamination issues. Processing of tissue samples, especially autopsy tissues, 
is often performed under a rather lax sterile condition and may enhance the chance 
of contamination. Many infectious pathogens can be present in the environment as 
commensals and their clinical relevance from PCR testing results can be con-
founded by such nature. Therefore, the PCR results should always be evaluated 
within the context of other diagnostic criteria. Moreover, any PCR testing of 
formalin- fi xed tissues may be compromised by damage to DNA caused by the 
 fi xative. It is also important to know that identi fi cation to the species level may not 
be rigorous because the target gene may contain limited amount of sequence data 
available for comparison.  

   Microarrays 

 Microarrays can be performed on frozen tissue samples and may be helpful when 
multiplex PCR or other nucleic acid methods fail  [  68–  70  ] . However, the sensitivity 
is generally lower than those multiplex PCR methods. Viral microarrays can be 
roughly divided into those targeting 10–100 agents and those designed for detection 
of thousands of agents, including unknown pathogens. Arrays designed to address a 
limited number of agents may employ multiplex consensus PCR to amplify speci fi c 
genetic targets. Oligonucleotide microarrays with probes of up to 70 nt can offer a 
considerable advantage for detection of rapidly evolving targets, such as RNA 
viruses because these arrays are less likely to be confounded by minor sequence 
variation. Viral microarrays can facilitate sequence analysis and pathogen 
identi fi cation  [  68,   71–  73  ] . Additionally, both microbial and host gene targets can 
incorporated in these high-density arrays, thus allows an opportunity to detect 
microbes and assess related host responses simultaneously for pathogenic features 
consistent with various classes of infectious agents.  
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   Other Advanced Techniques 

 Other advanced pathology techniques such as confocal microscopy  [  74  ] , proteom-
ics  [  75–  77  ] , laser capture microdissection (LCM)  [  78,   79  ] , and in situ PCR  [  80  ]  
have been used sparingly for detecting novel pathogens in a few specialized labora-
tories. Although they can become potentially powerful tools for diagnosis of emerg-
ing infections, most of them remain as pilot utilities and need further optimization 
to gain wide acceptance as mainstream techniques in practice of infectious diseases 
pathology.   

   General Guidelines of Using Pathology Techniques 

 Appropriate clinical specimen collection, transport, and processing are crucial to 
establish an accurate laboratory diagnosis of infectious diseases. Similarly, adequate 
tissue sampling is the  fi rst and the most important step to obtain an organism-speci fi c 
diagnosis of infectious diseases by using pathology techniques. The pathology labo-
ratory must have practical guidelines for optimal specimen collection and handling, 
and should communicate this information to the clinical staff and patient care sites. 
It is prudent to obtain biopsy or surgical samples from the precise site of infection 
and preferably before initiation of therapy to minimize the impact of treatment on 
subsequent diagnostic tests. This is particularly true for bacterial or fungal infec-
tions. Tissue specimens obtained surgically are acquired at great expense and pose 
considerable risk to the patient; therefore they should be procured with an amount 
of material adequate for both histopathologic and microbiological examination. 
Swabs are rarely adequate for this purpose. Representative samples from all major 
organs should be collected in autopsy cases, especially those unexplained fatal cases 
due to infectious causes. 

 Etiologic pathogens may be focally or sparsely present in involved organs and 
only a complete postmortem examination can attentively localize the causative 
organisms, as well as the full spectrum of their pathologic effects. In addition, the 
predilection site for infection may vary among different organisms. For example, 
herpes simplex virus tends to involve temporal lobe in the brain more frequently, 
while West Nile virus usually causes more severe infection in brain stem and spinal 
cord. Moreover, since multiple organs can be involved in the context of systemic 
diseases, collecting multiple representative portions of target organs with syndrome-
based approach (Table  45.3 ) and tissue samples from any other organ system with 
 fi ndings suggestive of infection ensures the best chance of detecting the causative 
agent. In fl uenza-associated myocarditis is a good example to show the dif fi culty of 
identifying in fl uenza virus in the heart tissue even with prominent histopathologic 
changes of myocarditis, while the evidence of infection is usually present in the 
respiratory tissues  [  81  ] .  



884 W.-J. Shieh and S.R. Zaki

 FFPE tissue samples are usually adequate for routine H&E stain, special stains, 
IHC, and ISH assays. However, prolonged formalin  fi xation can cause cross-linking 
of proteins and nucleic acids in tissues and hence decrease the sensitivity of IHC, 
ISH, or PCR assays. In general, antigens and nucleic acids in tissue samples can be 
well preserved in paraf fi n-embedded blocks if formalin  fi xation does not exceed 
2 weeks. It is highly recommended to embed tissue samples in paraf fi n no longer 
than 72 h after adequate formalin  fi xation. Although FFPE blocks can also be used 
for ultrastructural examination, it is preferably to dissect tissue samples into small 
thin pieces (1 mm 3 ), placed in glutaraldehyde  fi xative, and stored in a refrigerator 
for optimal EM studies. 

 Sterile techniques are mandatory to obtain target tissue samples for microbiologic 
culture and PCR assays. While biopsy procedure is usually performed under a strin-
gent sterile condition, autopsy is not. In addition, delay of postmortem examination 
will facilitate colonization by normal  fl ora or contamination by environmental 
organisms and interfere subsequent diagnostic assays. Therefore, autopsy should be 
performed as soon as possible (preferably within 12 h after death) to minimize these 
postmortem confounding factors. Representative tissue samples for potential PCR 
assay should be obtained with sterile technique and frozen at −70 °C. It is notewor-
thy that FFPE can also be used for PCR testing if frozen samples are not readily 
available, but the sensitivity is usually lower because of the chemical property of 
formalin  fi xative mentioned earlier. 

   Table 45.3    Tissue sample collection with syndrome-based approach   

 Target system (syndrome)  Representative tissue sample collection 

 Central nervous system (meningitis, 
encephalitis, myelitis) 

 Cerebral cortex (frontal, parietal, temporal, and 
occipital), brain stem (midbrain, pons, medulla), 
spinal cord, cerebellum, basal ganglia, thalamus, 
hypothalamus, hippocampus, and meninges 

 Respiratory system (laryngitis, 
tracheiits, bronchitis, pneumonia, 
pulmonary hemorrhage) 

 Larynx, trachea, left and right main bronchi, hilar lung 
with segmental bronchi, and peripheral pulmonary 
parenchyma from both lungs 

 Cardiovascular system (myocarditis, 
endocarditis) 

 Ventricles, atrium, including endocardium, epicardium, 
and pericardium 

 Hepatobilliary system (hepatitis, 
cholecystitis, hepatic failure) 

 Different areas of liver, gall bladder 

 Gastrointestinal system (gastritis, 
enteritis, intestinal perforation, 
intussusception) 

 Esophagus, stomach, small intestine, large intestine, 
appendix, and mesenteric lymph nodes 

 Urinary system (nephritis, cystitis, 
renal failure) 

 Renal cortex and medulla, urinary bladder, and adrenal 
gland 

 Reproductive system (cervicitis, 
endometritis, pelvic in fl ammatory 
diseases, funisitis, 
chorioamnionitis) 

 Cervix, uterus (endometrium and myometrium), ovary, 
fallopian tube, umbilical cord, placenta 

 Cutaneous system (skin rashes, 
including macule, papule, vesicle, 
pustule, ulceration, and eschar) 

 Minimally, a 3 mm punch, deep shave, or excisional 
biopsy specimen from the representative rash lesion. 
Multiple biopsies should be obtained if multiple 
stages or forms of cutaneous lesions are identi fi ed 
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 A diagram of optimal tissue collection for pathologic studies is shown in 
Fig.  45.3 .   

   Summary 

 Diagnosis with pathologic techniques provides histomorphologic correlation for a 
speci fi c infectious agent with the disease it causes and is essential for identifying the 
cause of death. It helps identify or con fi rm the etiology of an outbreak caused by a 
novel pathogen, especially from severe or fatal cases. It is crucial for management 
of clinical patient with unknown etiology of infection, control and prevention for 
emerging disease outbreak, epidemiologic surveillance, and study of pathogenesis. 
Tissue samples, especially postmortem specimens, should be collected adequately 
and promptly. They should be preserved in proper media and processed in a timely 
fashion. The histopathologic features identi fi ed in the tissue specimens in conjunc-
tion with relevant clinical and epidemiologic information should determine perfor-
mance of speci fi c IHC, ultrastructural, molecular, or other assays. 

 There are limitations of using pathologic techniques despite the advantages. 
Because immune mechanisms can greatly amplify the host response, the actual 
numbers of pathogens present in tissues can be relatively small. This means that 
many sections may need to be examined before a pathogen is identi fi ed. Topographic 
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issues related to tissue sampling can also affect the outcome of tests. If the tissue 
specimens are not obtained from relevant lesions or areas with histopathologic 
changes, the subsequent tests performed on such specimens can all result in false-
negative outcomes. Timing of tissue sampling, as mentioned earlier, is another cru-
cial element that can affect test results. Delayed autopsy procedure increases the 
chance of tissue autolysis and postmortem contamination, which can signi fi cantly 
interfere with histopathologic evaluation and all related pathologic tests. Technical 
issues, such as sensitivity and speci fi city, are universally present for each IHC, ISH, 
or PCR testing. A negative result cannot exclude the possibility of an infection 
caused by certain organisms because duration of illness, modalities of treatment, 
tissue sampling and  fi xation may affect the outcome of these assays. Therefore, a 
correlation of the test results with clinical history, epidemiological information, and 
other laboratory assays is highly recommended for a more accurate interpretation 
involving in patient care and public health management.      
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         Introduction 

 Biomarkers are continuously being sought in the  fi eld of diagnostic microbiology 
for the laboratory diagnosis and assessment of microbial infections. A set of clinical 
and laboratory criteria necessary for an ideal diagnostic marker of infection have 
previously been proposed by Ng and his colleagues  [  1  ] . According these criteria, an 
ideal biomarker should possess at a minimum the following characteristics: (a) bio-
chemically, a biomarker should be stable and remain signi fi cantly deregulated in the 
body  fl uid compartment for at least 12–24 h even after commencement of appropri-
ate treatment that may allow an adequate time window for specimen collection or 
storage without signi fi cant decomposition of the active compound until laboratory 
processing; (b) its concentration should be determined quantitatively and the method 
of measurement should be automatic, rapid, easy, and inexpensive; (c) the collection 
of a specimen should be minimally invasive and require a small volume (e.g., 
<0.5 mL blood). Numerous biomarkers have been found and tested in clinical prac-
tice. Currently, microRNA (miRNA) molecules are without a doubt the biomarkers 
with the greatest potential capacities in the diagnostic microbiology  fi eld. 

 The  fi rst miRNA, lin-4, was inadvertently discovered in  Caenorhabditis elegans  
in 1993 by Lee and colleagues  [  2  ] . However, recognition of the miRNA let-7 and 
its ability to regulate lin-14 by Ruvkun and colleagues  [  3  ]  in 2000 resulted in the 
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establishment of this new class of regulatory nucleic acids and their potential value 
in diagnostic microbiology. 

 The majority of the characterized miRNA is intergenic and is located in introns. 
Primary miRNA transcripts, i.e., pri-miRNAs, are transcribed by RNA polymera-
seII or III. In the nucleus, ribonuclease Drosha cleaves pri-miRNAs and releases 
60–80-nt stem-loop intermediate structures named pre-miRNAs. The pre-miRNAs 
are transported to cytoplasm by exportin-5 protein, and then are cleaved by Dicer 
RNase III to form a mature double-stranded miRNA. One strand of the miRNA 
duplex is subsequently unwound and then incorporated into an effector protein 
complex termed RNA-induced silencing complex (RISC), which is responsible for 
the gene silencing in a posttranscriptional manner  [  4–  6  ] . Mature miRNAs are sin-
gle-stranded RNA molecules of about 19–25 nucleotides in length. Through partial 
homology to the 3 ¢ -untranscribed region (UTR) in target mRNAs, miRNAs con-
trol of gene expression via repression of translation as well as reducing mRNA 
levels directly. 

 A large number of miRNAs have been found in various animal and plant tissues. 
According to miRBase 18.0 (  http://microrna.sanger.org/    ), which is a collective reg-
istry of currently known miRNA sequences and targets hosted by the Sanger 
Institute, there are currently 1,527 recognized miRNA sequences in the  Homo sapi-
ens  genome; this number is constantly growing as new miRNA sequences are dis-
covered. Recently, virus-encoded miRNAs have been discovered; these miRNAs 
may function as controls for viral replication and thus limit antiviral responses, 
inhibit apoptosis, and stimulate cellular growth  [  7  ] . Moreover, unique host cell 
miRNAs expression pro fi les have been revealed in response to various microbial 
infections  [  8,   9  ] . Host miRNA appears to play a role in viral replication and may be 
used by host cells to control viral infection. 

 Beginning in 2008, miRNAs have been found circulating in serum and plasma as 
well as other body  fl uids such as saliva, tears, and urine. Some of these miRNAs 
appear to be enriched in speci fi c  fl uids  [  10,   11  ] . These circulating miRNAs subse-
quently have become the focus of ongoing research. The properties, origin, func-
tion, and relationship with disease of circulating miRNAs have been intensively 
explored. A number of important observations have been noted. Circulating miR-
NAs are present in a stable form that is protected from endogenous RNase activity 
 [  12,   13  ] . Some groups also reported a higher stability of miRNAs compared to 
mRNA in samples obtained from formalin- fi xed paraf fi n-embedded tissues  [  14–  16  ] . 
The expression level of miRNAs has been noted as consistent among individuals of 
the same species  [  12  ] . Expression alteration of circulating miRNAs has been 
reported to be associated with pathophysiological states including various cancers, 
heart disease, pregnancy, and diabetes  [  17,   18  ] . Needless to say, serum, plasma, and 
other body  fl uid specimens are generally available for clinical testing. Pro fi ling hun-
dreds of miRNA requires only 200  m L sera  [  13  ] . Thus, these unique and stable 
characteristics of circulating miRNAs potentially make them extremely useful bio-
markers for disease diagnosis and prognosis.  

http://microrna.sanger.org/
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   Virus-Encoded miRNAs 

 The  fi rst virus-encoded miRNA was described by Pfeffer and his colleagues in 2004 
when they identi fi ed  fi ve Epstein–Barr virus (EBV)-encoded pre-miRNAs  [  19  ] . 
Since then, hundreds of virus-encoded miRNAs have been described in humans, 
animals, and plants. Examples of human virus-encoded miRNA are shown in 
Table  46.1 . Bewilderingly, more than 95 % of the virus-encoded miRNAs known 
today are of herpesvirus origin. Moreover, almost all virus-encoded miRNAs are 
encoded by DNA viruses except those encoded by retroviruses (HIV-1), which 
reverse-transcribe and integrate their genetic material into host DNA. Aberrantly 
expressed circulating miRNAs have been explored for the diagnosis and prognosis 
of several infectious diseases, including sepsis  [  20,   21  ] , HBV  [  22  ] , and HCV  [  23  ] .  

 Viral miRNAs target perfectly complementary viral mRNAs as well as imperfectly 
complementary viral and/or cellular mRNAs. Viral miRNAs modulate expression of 
host gene involved in cell proliferation and survival, stress responses, and antiviral 
defense pathways, which are pivotal for viral replication. Another primary function 
of virus miRNAs is to regulate the latent-lytic switch. During latency, the host cell 

   Table 46.1    Virus-encoded miRNAs related to human infection (Adapted with permission from 
miRBase 18.0 (  http://microrna.sanger.org/    ))   

 Virus family  Virus 
 No. of 
pre-miRNA  Names 

  a -Herpesviruses  HSV-1  16  hsv1-mir-H1 to hsv1-mir-H8, 
hsv1-mir-H11 to hsv1-mir-H18 

 HSV-2  18  hsv2-mir-H2 to hsv2-mir-H7, 
hsv2-mir-H9 to hsv2-mir-H13, 
hsv2-mir-H19 to hsv2-mir-H25 

  b -Herpesviruses  hCMV  11  hcmv-mir-UL22A, hcmv-mir-UL36, 
hcmv-mir-UL70, hcmv-mir-UL112, 
hcmv-mir-UL148D, hcmv-mir-US4, 
hcmv-mir-US5-1, hcmv-mir-US5-2, 
hcmv-mir-US25-1, hcmv-mir-
US25-2, hcmv-mir-US33 

  g -Herpesviruses  EBV  25  ebv-mir-BART1 to ebv-mir-BART22, 
ebv-mir-BHRF1-1 to ebv-mir-
BHRF1-3 

 KSHV  13  kshv-mir-K12-1 to kshv-mir-K12-9, 
kshv-mir-K12-10a, kshv-mir-K12-
10b, kshv-mir-K12-11, kshv-
mir-K12-12 

 Polyomaviruses  Simian virus 40  1  sv40-mir-S1 
 JC polyomavirus  1  jcv-mir-J1 
 BK polyomavirus  1  bkv-mir-B1 
 Merkel cell 

polyomavirus 
 1  mcv-mir-M1 

 Retroviridae  HIV-1  3  hiv1-mir-H1, hiv1-mir-N367, 
hiv1-mir-TAR 

http://microrna.sanger.org/
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maintains the viral genome and only a limited portion of virus genome is expressed. 
Viral gene expression is restricted, but virus miRNAs and their precursors are regularly 
detected  [  24  ] . There is an accumulating amount of evidence that has demonstrated 
that virus-encoded miRNAs mediate evolutionarily conserved functions (e.g., immune 
evasion, cell cycle control, and promotion of latency, etc.). The miRNAs themselves 
show poorly primary sequence conservation  [  25  ] . These phenomena raise an impor-
tant question: can viral miRNAs be used as the detection maker for virus infection 
during the latent infection phase despite the fact that little or no viral protein is being 
produced? Further studies are needed to evaluate this hypothesis.  

   Host miRNA Response in Relation to Microbial Infection 

 Microbial infections are known to downmodulate at least some cellular mRNAs and 
thereby exert physiological effects. Microbial infections induce changes in the host 
miRNA expression pro fi le, which may also have a profound effect on the outcome 
of infection. Host miRNA may directly or indirectly affect virus replication and 
pathogenesis. For example, liver-speci fi c miR-122 is required for HCV replication 
 [  26,   27  ] . Moreover, miR-28, miR-125b, miR-150, miR-223, and miR-382 are over-
expressed in resting CD4+ T lymphocytes compared to their activated counterparts. 
These miRNAs are able to target sequences near the 3 ¢  portion of HIV-1 mRNA. 
This  fi nding suggests that miRNAs may contribute to viral latency  [  28  ] . However, it 
is unclear whether these miRNAs are actively inhibited by viral factors or whether 
their deregulation is due to host responses. Host miRNA expression pro fi les have 
been noted to represent speci fi c pathophysiological states  [  17,   18  ] . Theoretically, a 
characteristic pro fi le should be potential biomarkers for disease diagnosis and prog-
nosis. A number of studies have been conducted to demonstrate this theory and 
promising results have been seen in a number of altered physiological states includ-
ing various cancers, heart disease, pregnancy, diabetes, injury, and infection. The 
use of these miRNA pro fi les in infection diseases is discussed in next section. 

   HIV-1 and Other Human Retroviruses 

 Houzet and colleagues have pro fi led miRNAs in peripheral blood mononuclear 
cells (PBMCs) from HIV-1 infected patients. They found the T cell abundant miR-
NAs (miR-223, miR-150, miR-146, miR-16, and miR-191) were downregulated 
three- to ninefold compared to cells from uninfected controls, depending on the 
disease stage of the patient  [  29  ] . Triloubet et al. reported increased expression of 11 
miRNAs including miR-122, miR-370, miR-373*, and miR-297 in HIV-1 infected 
Jurkat cells, whereas expression of the polycistronic miRNA cluster miR17/92 
(comprises miR-17-(5p/3p), miR-18, miR-19a, miR-20a, miR-19b-1, and miR-92-
1) was strongly decreased  [  30  ] . Like HIV-1, human T cell leukemia virus type 1 
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(HTLV-1) also infects CD4+ T cells. Two miRNA-pro fi ling studies have been 
 performed in infected cell lines and ATL (adult T-cell leukemia) cells  [  31,   32  ] . 
The studies  fi nd two common miRNAs that are consistently downregulated in the 
context of HTLV-1 infection.  

   Respiratory Viruses 

 The miRNA expression pro fi le in bronchoalveolar stem cells (BASCs) infected 
with SARS coronavirus (CoV) has been determined using miRNA microarray  [  33  ] . 
A total of 116 miRNAs were found differentially expressed. Upregulated BASC 
miRNAs-17*, -574-5p, and -214 are co-opted by SARS-CoV to suppress its own 
replication and evade immune elimination until successful transmission takes place. 
In contrast, viral nucleocapsid and spike protein targets seem to co-opt downregu-
lated miR-223 and miR-98 respectively. Differentially expressed miRNAs in 
chicken lung and trachea infected with a low pathogenic strain of H5N3 avian 
in fl uenza virus were analyzed by a deep sequencing approach  [  34  ] . A total of 73 and 
36 miRNAs are differentially expressed in lungs and trachea upon virus infection, 
respectively. Lung cellular “microRNAome” of mice infected by reconstructed 
1918 in fl uenza virus was compared with that of mice infected by a nonlethal sea-
sonal in fl uenza virus, A/Texas/36/91. A group of microRNAs, including miR-200a 
and miR-223, was differentially expressed in response to in fl uenza virus infection 
and infection by these two in fl uenza viruses induced distinct microRNA expression 
pro fi les  [  35  ] .  

   Adenovirus 

 We have previously analyzed the miRNA expression pro fi les from adenovirus type 
3 (AD3) infected human laryngeal epithelial (Hep2) cells using a SOLiD deep 
sequencing. A total of 44 miRNAs demonstrated high expression and 36 miRNAs 
showed lower expression in the AD3 infected cells than in control cells  [  36  ] .  

   Human Herpesviruses 

 Wang et al. monitored the time course of cellular miRNA expression in human cyto-
megalovirus (CMV) infected cells using miRNA microarrays. Forty-nine miRNAs 
signi fi cantly changed on at least one time point  [  37  ] . There were no global unidirec-
tional changes, with changes for these miRNAs sometimes being transient. The 
miR-199a/214 cluster (miR-199a-5p, miR-199a-3p, and miR-214) has recently 
been found to be downregulated in CMV-infected cells  [  38  ] .  
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   Herpes Simplex Viruses 

 Infection of human primary neural cells with a high phenotypic reactivator herpes 
simplex viruses-1 (HSV-1) (17syn+) can induce upregulation of a brain-enriched 
microRNA (miRNA)-146a  [  39  ] . Both miR-101 and miR-132 are also found to be 
highly upregulated after HSV-1  [  40,   41  ] . Kaposi’s sarcoma (KS) associated herpes-
virus (KSHV) is the etiological agent of KS. The M type K15 protein of KSHV 
induces the expression of microRNAs miR-21 and miR-31 via this conserved motif 
 [  42  ] , while K13 strongly stimulated upregulation of miR-146a  [  43  ] .  

   Epstein–Barr Virus 

 EBV is an oncogenic herpes virus that is endemic in humans and also can be found 
in about 15 % of patients with diffuse large B-cell lymphoma (DLBCL). EBV 
de novo infection of primary cultured human B-cells results in a dramatic down-
regulation of cellular miRNA expression, with 99.5 % of the miRNAs detected 
being downregulated, with an average downregulation of 19.92-fold  [  44  ] . Imig 
et al. found that expression of hsa-miR-424, -223, -199a-3p, -199a-5p, -27b, -378, 
-26b, -23a, -23b were upregulated and those of hsa-miR-155, -20b, -221, -151-3p, 
-222, -29b/c, -106a were downregulated more than twofold due to EBV-infection of 
DLBCL  [  45  ] . Cameron et al. demonstrated differential expression of cellular 
miRNAs in type III versus type I EBV latency including elevated expression of 
miR-21, miR-23a, miR-24, miR-27a, miR-34a, miR-146a and b, and miR-155. 
In contrast, miR-28 expression was found to be lower in type III latency  [  46  ] .  

   Bacterial Infections 

 In vitro infection assays have revealed that  Helicobacter pylori  infection can affect 
miRNA expression pro fi les: speci fi cally, miRNAs such as miRNA-155, miRNA-16, 
and miRNA-146a are signi fi cantly upregulated in human gastric epithelial cells dur-
ing infection  [  47  ] . More recently, expression patterns of miRNA in gastric mucosa 
infected with  H. pylori  using endoscopic biopsy specimens have been determined 
by microarray. There were 31 differentially expressed miRNAs between the 
 H. pylori -infected and -uninfected mucosa (more than twofold) and miRNA expres-
sion pro fi ling could distinguish  H. pylori  status, with the eight miRNAs yielding 
acceptable sensitivity and speci fi city  [  48  ] . Muscle-speci fi c miRNAs miR-1 and 
miR-133 were signi fi cantly downregulated in the stomachs after long-term infec-
tion with  H. pylori  in mouse model  [  49  ] . 

 Schulte et al. identi fi ed differentially regulated miRNAs by comparative deep 
sequencing of a total of 14 cDNA libraries prepared from the small RNA population 
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of host cells before or after  Salmonella  infection, or in mock-treated cells. In murine 
RAW 264.7 cells, upregulation of miR-21, miR-146a/b, and miR-155 was observed 
after infection, they also observed signi fi cant downregulation of several let-7 family 
members, namely, let-7a/c/d/f/g/i, and miR-98. In HeLa cells, a signi fi cant upregu-
lation of miRNAs by  Salmonella  was limited to miR-1308. In contrast, miR-21, 
miR-146a/b, or miR-155 remained unaffected. Intriguingly, downregulation of let-7 
miRNAs also occurred in HeLa cells  [  50  ] .  

   Other Microbial Agents 

 Sharbati et al. performed miRNA as well as mRNA expression analysis of human 
monocyte-derived macrophages infected with several  Mycobacterium avium homi-
nissuis  strains using microarrays as well as qRT-PCR. They found that the expres-
sion of let-7e, miR-29a, and miR-886-5p were increased in response to mycobacterial 
infection at 48 h  [  51  ] . Expression of miR-23b, miR-34a, and miR-218 are 
signi fi cantly reduced by human papillomavirus (HPV) E6 infection, while HPV E7 
infection downregulates expression of miR-15a/miR-16-1 and miR-203  [  52  ] .   

   Methods of miRNA Detection 

 Accurate determination of miRNAs expression levels in a speci fi c cell, tissue, or 
 fl uids is prerequisite to assess their biological, pathological, and clinical roles in 
health and disease. Theoretically, all mRNA detection methods should be useful for 
miRNA analysis. However, the following characteristics of miRNA sequences make 
quanti fi cation of miRNAs expression a technical challenge. First, mature miRNA 
are short (only 19–25 nucleotides; nts) and miRNAs within the same family may 
differ by a single nucleotide, which makes it dif fi cult to design speci fi c primers and 
probes and to reliably amplify or label each miRNA without introducing signal bias. 
Second, miRNAs are heterogeneous in their GC content, which results in melting 
temperatures (Tm) of these nucleic acid duplexes that vary widely. Finally, the tar-
get sequence is present in the primary miRNA transcript (pri-miRNA), the precur-
sor miRNA (pre-miRNA), and the mature miRNA. It is therefore important to 
ensure that the nonactive pri-miRNA and pre-miRNA precursor species do not con-
tribute to the detection signal  [  53  ] . Several standard methods for quanti fi cation of 
mRNA levels have been successfully adapted to miRNA including northern blot-
ting, cloning, in situ hybridization, RT-PCR, and microarrays. In addition, emerging 
techniques based on colorimetric,  fl uorescence, bioluminescence, enzyme, and 
electrochemical, hold immense promise for the future of miRNA detection. However, 
technical issues must be addressed before they are accepted among the current stan-
dard methods  [  54  ] . 
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   Northern Blotting 

 Northern blotting was the  fi rst technique used to detect miRNAs and is considered 
the “gold standard” for characterizing miRNA expression. The basic procedures of 
miRNA northern blotting are similar to traditional blotting and are done as follows: 
(a) the small RNA molecules are separated by using high percentage denaturing 
urea–acrylamide gels rather than the usual agarose electrophoresis gels; (b) the 
small RNA molecules are transferred from the gel onto a membrane; (c) the miRNA 
molecules are  fi xed on the membrane through various cross-linking procedures; 
(d) the membrane is hybridized with radiolabeled oligonucleotide probes. Northern 
blotting methods are able to determine the absolute amount of miRNA in a sample 
by blotting a dilution series of synthetic oligo miRNA molecules of known concen-
trations in parallel with the sample. The concentration of miRNA in the sample can 
be calculated by a standard curve obtained from the dilution series. However, short 
length as well as low prevalence of mature miRNA molecules can lead to poor sen-
sitivity of such routine northern analysis. It requires a large amount of total RNA for 
each sample (generally, more than 5  m g). Other disadvantages of this method include 
low throughput and potential environment hazards of radiolabeling. Several techni-
cal modi fi cations have been used to improve detection sensitivity. LNA (locked 
nucleic acid)-modi fi ed oligonucleotide probes increases the af fi nity between LNA 
probes and target miRNA which results at least tenfold increase of sensitivity  [  55  ] . 
Using soluble carbodiimide cross-linking method increases the ef fi ciency of miRNA 
that are  fi xed on the membrane, which can increase by 25–50-fold miRNA detection 
sensitivity compared to the traditional UV cross-linking method  [  56  ] .  

   qRT-PCR 

 The most widely used method for detection and quali fi cation of miRNA appears 
to be real-time quantitative RT-PCR (qRT-PCR). The small size of the mature miRNA 
sequences as well as sequence homology between the mature and precursor 
miRNA forms limits the direct application of conventional RT-PCR protocols to miRNA 
detection. To solve these problems, innovative solutions have been applied for each 
step of qRT-PCR used for the quantitative analysis of miRNAs. The  fi rst step in 
qRT-PCR of miRNAs is the accurate and complete conversion of miRNA into cDNA. 
Two different approaches for reverse transcription of miRNAs have been reported. 
In the  fi rst approach, miRNAs are reverse transcribed individually by using 
miRNAs-speci fi c reverse transcription primers. Both stem-loop (Applied Biosystems 
Co, Fig.  46.1a ) and a linear primer (Exiqon, Fig.  46.1b ) containing partial comple-
mentary sequence of 3 ¢ -end of miRNA can be annealed to miRNA in order to prime 
the reverse transcription. The double stranded structure of the stem-loop primer prevents 
its nonspeci fi c binding to pre- and pri-miRNAs, thereby increasing the speci fi city of 
the assay. Unlike stem-loop primer, the design of the linear primer is simpler. But the 
linear primer cannot discriminate mature miRNA from their precursors.  
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 Another approach is done as follows: miRNAs are  fi rst tailed with adenosine 
nucleotides at 3 ¢ -end of miRNA with Poly(A) Polymerase (Fig.  46.1c ) or linker 
adaptor with T4 RNA Ligase 1 (Fig.  46.1d ). Then, a primer consisting of an 
oligo(dT) sequence with a universal primer-binding sequence at its 5 ¢ -end or a uni-
versal primer complementary to the 3 ¢ -end of the linker is used to prime reverse 
transcription  [  53  ] . The universal reverse primer sequence is introduced into the 
cDNA during reverse transcription. The design of the miRNA speci fi c forward 
primer is critical for the speci fi city and sensitivity of the qRT-PCR assay. LNA 
modi fi cation is a widely used method for increasing the Tm and the speci fi city of 
primer. Each incorporated LNA monomer increases the Tm up to 2–8 °C, depend-
ing upon the position of the LNA moiety in the oligonucleotide primer  [  57  ] . 

 There are two approaches available for detection of qRT-PCR products. One 
approach uses SYBR Green dye whose  fl uorescence increases approximately 100-
times upon intercalating into dsDNA chain; this property is used to monitor real 
time ampli fi cation products as they accumulate during the PCR reaction. One limi-
tation of the SYBR Green-based method is that target PCR products and nonspeci fi c 
products cannot be discriminated. Therefore, a melting point analysis usually 
required following the PCR ampli fi cation, which can be reached by using a dual-
labeled hydrolysis TaqMan probe. The basis for this type of TaqMan probe detec-
tion has been reviewed by Benes and Castoldi  [  53  ] . The characteristics of TaqMan 
miRNA assays make them ideally suited for detection of mature miRNAs. Moreover, 
these TaqMan miRNA assays can discriminate related miRNAs that differ in only 

  Fig. 46.1    Schematic representation of reverse transcription methods used to generate cDNA. 
Reverse transcription of individual mature miRNAs is done using stem-loop ( a ) or linear 
( b ) primer. miRNAs are  fi rst tailed with adenosine nucleotides at 3 ¢ -end of miRNA with Poly(A) 
Polymerase ( c ) or linker adaptor with T4 RNA Ligase 1 ( d ). Then, a primer consisting of an 
oligo(dT) sequence with a universal primer-binding sequence at its 5 ¢ -end ( c ) or a universal primer 
complementary to the 3 ¢ -end of the linker ( d ) was used to prime reverse transcription       
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one nucleotide. However, the cost of the TaqMan probes is higher than the SYBR 
Green method, which limits its routine use in most laboratories. 

 The qRT-PCR method has demonstrated a high sensitivity and speci fi city with 
ability to accurately detect miRNAs in a single stem cell  [  58,   59  ] . Only low amounts 
of starting material (in the range of nanograms of total RNA) are needed and quan-
titative results can be acquired within 3 h. This method also has a considerably 
larger dynamic range compared to microarray analysis. Recently, the qRT-PCR 
technique has been adapted for increased throughput by developing a miRNA PCR 
array that can detect hundreds of miRNAs at one reaction tube. Examples include 
the TaqMan Low density microRNA Array (TLDA, Applied Biosystems) and the 
RT² miRNA PCR Arrays (SABioscience, a Qiagen Company).  

   Microarrays 

 Another widely used high-throughput technique for analysis of the expression level 
of miRNA molecules is microarray technology. The microarray technology was 
 fi rstly applied to miRNA studies in 2003  [  60  ] . Since then, numerous approaches 
based on different microarray platforms have been developed for miRNA 
quanti fi cation. The basic procedures of miRNA quanti fi cation using a microArray 
platform including (a) miRNA probe design and array preparation, (b) isolation of 
miRNA and labeling, (c) hybridization and signal detection. A schematic  fl ow chart 
of the miRNA pro fi ling microarray is shown in Fig.  46.2 . The design of the 
microRNA probes, isolation of microRNA from samples and the labeling of 
miRNAs are the most critical procedures in the miRNA microarray assay.  

  Fig. 46.2    Schematic  fl owchart of the microRNA pro fi ling microarray. A miRNA microArray pre-
pared by amine-modi fi ed microRNA probes that consist of “linker” sequences ( yellow ) and cap-
ture sequences ( blue ) spotting to amine-reactive glass slides. After miRNAs are isolated from 
samples and labeled with  fl uorescence dye, they are hybridized with microArray and then the 
expression signal can be detected by  fl uorescence detector       
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 The short length of miRNAs makes design of the probes more dif fi cult because 
the design of the probe is almost exclusively determined by sequence of the miRNA 
itself. Sequence of the miRNA determines the wider Tm distribution of the probes. 
Therefore, Tm normalization of the full set of probes is absolutely required since 
the hybridization is usually carried out at one temperature. To solve this problem, 
two techniques, LNA utilization or adjusting the lengths of the probes, have been 
successfully used to normalize Tm value  [  61,   62  ] . Quantity of miRNA is also very 
important for miRNA microarray assay, since the abundance of miRNAs in total 
RNA is very low and a relatively large amount of miRNA is needed in comparison 
to a RT-PCR assay. Conventional denaturing urea–acrylamide gel electrophoresis 
combined with a commercialized kit (e.g., the mirVana™ microRNA isolation kit 
of Ambion, Inc. and the PureLink™ microRNA isolation kit of Invitrogen Co) have 
demonstrated excellent ef fi ciency in isolating miRNA. 

 Labeling of miRNA is an absolutely key step for the overall sensitivity of the 
microarray. Many methods have been developed to label miRNA, and these can be 
classi fi ed into two main categories: direct labeling and indirect labeling. Direct 
labeling with  fl uorescent dye can be accomplished enzymatically. Currently used 
methods including labeling through poly(A) polymerase, labeling though T4 RNA 
ligase, guanine labeling, and labeling microRNA through a RNA-primed array-
based Klenow enzyme assay (RAKE). Fluorescent dye also can conjugate with 
adjacent 3 ¢ -OH of mature miRNAs using a chemical reagent  [  63,   64  ] . Indirect label-
ing methods including labeling through miRNA reverse transcript, the RT-PCR 
product of miRNA or the in vitro transcript of miRNA. The advantages of indirect 
labeling are obvious, since the reverse transcription product of miRNAs are more 
stable and easy to preserve. In addition, miRNA can be ampli fi ed and labeled syn-
chronously through PCR or in vitro transcription, which is very useful for low-
abundance miRNAs. Although direct labeling is simple, this method has inherent 
problems including the fact that guanine labeling is not suitable for miRNAs lack-
ing G residues, that T4 ligase labeling can introduce base bias, and that the proce-
dure of chemical labeling is somewhat complicated. Though indirect labeling is 
more sensitive, this method may introduce arti fi cial errors during the ligation and 
PCR ampli fi cation procedures. 

 Another microarray technique, which uses biotin labeled miRNAs to hybridize 
with LAN probes, has been coupled to xMAP suspension microspheres (Luminex 
Co) to offer more rapid and reproducible results than does solid planar array due to 
its favorable reaction kinetics in liquid phase. Using this technique, a single nt dif-
ference can be discriminated  [  65  ] . Microarray technology has proven to be standard 
technique for pro fi ling miRNA expression.  

   Next-Generation Sequencing 

 Next-generation sequencing (NGS) is also called massively parallel or deep sequenc-
ing and is becoming the most effective method for miRNA analysis. Sequence 
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throughput of NGS is unapproachable by other miRNA analysis techniques, since 
they lay DNA fragments on a single chip and simultaneous sequencing up to mil-
lions of these fragments in parallel. The principle of NGS has been described in 
other chapter of this book and elsewhere  [  66,   67  ] . Currently, three main platforms 
are in widespread use for miRNA pro fi ling and discovery: the Roche (454) GS FLX 
sequencer, the Illumina Genome Analyzer and the Applied Biosystems SOLiD 
sequencer. The methodologies of the NGS for miRNA analysis are similar and 
include sRNA isolation, library preparation, sequencing, and data analysis. In addi-
tion to increased throughput, NGS technique signi fi cantly reduce cloning biases 
observed with traditional capillary sequencing since sequence reads are generated 
from fragment libraries that do not need to be cloned and ampli fi ed. 

 Another key advantage of NGS over microArrays in miRNA study is that it can 
pro fi le unknown genes since no sequence speci fi c probes are needed for detection. 
Currently, most novel miRNAs have been discovered and characterized through 
NGS. NGS can also gauge miRNA expression level by counting clone frequencies, 
which has demonstrated more sensitivity than microArrays  [  66  ] . One disadvantage 
of NGS to comprehensively pro fi le mRNA expression is that this technique is rather 
expensive compared to microArray though its cost has signi fi cantly decreased with 
the development of commercial platforms. Another limitation of NGS is that the 
read length is relatively short (35–500 bp) compared to traditional capillary sequenc-
ing (1,000–1,200 bp). This limits their use for de novo assembly of complete 
genomes but makes them become the ideal instruments for miRNA pro fi ling since 
the length of miRNAs (21–35 nucleotides) is shorter than the read length of NGS. 

 As described above, each technique for miRNA detection has its advantages and 
disadvantages. The method used should best  fi t the research goal and experimental 
conditions. For example, for new miRNA discovery and identi fi cation, in addition 
to sequencing technique, cloning of miRNA may be the simplest method. In situ 
hybridization is more suitable for location of miRNA in tissue. Northern blotting is 
very sensitive, but it is very time-consuming and not practical in large clinical stud-
ies for routine detection of the expression of hundreds of miRNAs. qRT-PCR is able 
to detect low copy numbers with high sensitivity and speci fi city. When studying the 
expression levels of multi-miRNAs simultaneously, microarray and sequencing 
may be the best choice. Another important problem is that although each platform 
is relatively stable in terms of its own microRNA pro fi ling intrareproducibility, the 
interplatform reproducibility among different platforms is low  [  68  ] . An “industry 
standard” for analysis of miRNA expression awaits further advances in both tech-
nology and computation  [  69  ] .   

   Application of Circulating miRNAs for Diagnosis 
and Prognosis of Microbial Infection 

 Although altered miRNA expression pro fi les have been detected in various tissues or 
cells following microbial infection, these pro fi les have not yet been used as biomark-
ers in clinical practice because obtaining infected tissues and cells is dif fi cult without 
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invasive procedures. As described above, circulating miRNAs in serum/plasma seem 
more suitable for biomarkers that can be easily used for the diagnosis or prognosis 
of these infections. Some potential uses are discussed in the next section. 

   Sepsis 

 Diagnosis and monitoring of sepsis can be dif fi cult because many of its signs and 
symptoms can be caused by other noninfectious disorders. The current gold stan-
dard for diagnosing septicemia is the blood culture, which generally takes several 
days or longer. Other early biomarkers of sepsis are being investigated; these include 
acute phase proteins (C-reactive protein), cytokines (IL-1, -6, -10 and TNF-a), 
chemokines (IL-8, MCP-1, and G-CSF), procalcitonin, and metabonomic. To date, 
these biomarkers have not demonstrated suf fi cient sensitivity and/or speci fi city to 
guide clinical management. Host miRNA expression pro fi les have been intensively 
studied using both in vitro or in vivo models of in fl ammation that are triggered by 
 Escherichia coli  lipopolysaccharide (LPS) stimulation. For example, expression of 
miR-146, miR-155, and miR-132 increased in human acute monocytic leukemia 
cell line THP-1 in response to LPS stimulation  [  70  ] . Upregulation of miR-155, 
miR-223, miR-146a and downregulation of miR-125b, miR-144, and miR-142-5p 
have been observed in human monocyte-derived dendritic cells by Ceppi et al.  [  71  ] . 
Schmidt et al. screened for differentially expressed miRNAs in circulating leuko-
cytes using an in vivo model of acute in fl ammation also triggered by LPS  [  72  ] . They 
found four miRNAs were downregulated (miR-146b, miR-150, miR-342, and 
let-7g) and one was upregulated (miR-143). 

 Vasilescu et al. pro fi led genome-wide miRNAs by microarray in peripheral blood 
leukocytes of sepsis patients and found that miR-150, miR-182, miR-342-5p, and 
miR-486 expression pro fi les differentiated sepsis patients from healthy controls 
 [  20  ] . Moreover, miR-150 levels were signi fi cantly reduced in plasma samples of 
sepsis patients and correlated with the level of disease severity. Finally, these inves-
tigators noted that the plasma levels ratio for miR-150/interleukin-18 can be used 
for assessing the severity of the sepsis. More recently, Wang et al. have analyzed 
seven miRNAs expression levels in patients diagnosed with sepsis, systemic 
in fl ammatory response syndrome (SIRS), and healthy controls using a qRT-PCR 
assay  [  21  ] . They determined serum miR-146a and miR-223 were signi fi cantly 
reduced in septic patients compared with SIRS patients and healthy controls. The 
areas under the receiver operating characteristic curve of miR-146a, miR-223, and 
IL-6 were 0.858, 0.804, and 0.785, respectively.  

   Viral Hepatitis B 

 HBV infection is also known to modulate the expression of host cellular miRNAs, 
which then participate in development of HBV-related liver diseases. The miRNA 
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pro fi les in chronic hepatitis B patient tissues or in HBV-expressing cells are reviewed 
by Liu et al.  [  73  ] . Li et al. pro fi led serum miRNAs of healthy controls, HBV-, HCV-, 
and HBV-positive hepatocellular carcinoma (HCC)-affected individuals by Solexa 
sequencing followed by validation with quantitative RT-PCR assay  [  21  ] . These 
investigators successfully identi fi ed 13 miRNAs that are differentially expressed in 
HBV serum. This 13-miRNA-based biomarker accurately discriminated not only 
HBV cases from controls and HCV cases, but also HBV-positive HCC cases from 
control and HBV cases. For example, when using four markers (miR-375, miR-10a, 
miR-223, and miR-423) to separate the control and HBV groups, the AUC was 
99.9 ± 0.1 % (sensitivity: 99.3 %; speci fi city: 98.8 %). Similarly, two markers (miR-
92a and miR-423) could separate the control and HCV groups with a high speci fi city 
and sensitivity (AUC: 99.6 ± 0.4 %; sensitivity: 97.9 %; speci fi city: 99.4 %). The 
control and HBV-positive HCC group could be clearly separated by 5 markers 
(miR-23b, miR-423, miR-375, miR-23a, and miR-342-3p; AUC: 99.9 ± 0.1 %; sen-
sitivity: 96.9 %; speci fi city: 99.4 %). Similarly, the HBV and the HBV-positive 
HCC group could be separated by two markers (miR-10a and miR-125b; AUC: 
99.2 ± 0.6 %; sensitivity: 98.5 %; speci fi city: 98.5 %). 

 Another study pro fi led miRNA expression on pooled sera obtained from identi fi ed 
groups of chronic asymptomatic carriers (ASC), patients with chronic hepatitis B 
(CHB) and HBV-associated acute-on-chronic liver failure (ACLF), as well as 
healthy controls (HC) using Applied Biosystems TaqmanArray assay  [  74  ] . A total 
of 37 miRNAs were ampli fi ed from HC, whereas 77, 101, and 135 were ampli fi ed 
from ASC, CHB, and ACLF, respectively. The expression levels of most miRNAs 
were also upregulated in HBV-infected patients when compared to HC. Furthermore, 
the level of miRNAs in the CHB serum was upregulated most in hepatitis B e anti-
gen-positive patients. The expression of MiR-122, the most abundant miRNA in 
liver tissue, was signi fi cantly higher in HBV infected groups than in HC. The 
expression of miR-223 was similar between HC and ASC, but increased signi fi cantly 
in CHB and ACLF. The expression levels of miR-122 and miR-194 correlated nega-
tively with the age of patients with CHB or ACLF.  

   Viral Hepatitis C 

 In an in vitro acute HCV infection model, 108 human miRNAs were identi fi ed whose 
expression levels changed for more than 2.0-fold in response to HCV infection  [  75  ] . 
Marquez et al. measured miR-122 and miR-21 levels in HCV-infected human liver 
biopsies relative to uninfected human livers and correlated these with clinical patient 
data  [  76  ] . They found that miR-21 expression correlated with viral load,  fi brosis and 
serum liver transaminase levels. miR-122 expression inversely correlated with 
 fi brosis, liver transaminase levels and patient age. While Morita et al. described 
hepatic miR-122 expression was weakly and positively correlated with the serum 
HCV load but was not correlated with HCV load in the human liver  [  77  ] . 

 Bihrer et al. found sera from patients with chronic HCV infection contained 
higher levels of miR-122 than sera from healthy controls  [  23  ] . Serum miR-122 levels 
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correlated well with markers of liver in fl ammatory activity, that is, the serum levels 
of alanine leucine transaminase (ALT) and aspartate transaminase, and the histo-
logic activity index (HAI) score. In patients with persistently normal ALT levels, 
serum miR-122 levels did not differ from healthy controls. There was no correlation 
of serum miR-122 levels with serum albumin, international normalized ratio, liver 
 fi brosis, or serum HCV RNA. Thus, serum miR-122 appears to act as a biomarker 
of necroin fl ammation in patients with chronic Hepatitis C infection.  

   Enteroviral Infections 

 We previously performed a comprehensive miRNA pro fi ling in EV71-infected 
Hep2 cells using deep sequencing. A total of 64 miRNAs were found whose expres-
sion levels changed for more than twofold in response to EV71 infection  [  78  ] . 
Ho et al. found upregulation of miR-141 upon enterovirus infection can facilitate 
viral propagation by expediting the translational switch  [  79  ] . We recently compared 
host serum miRNA levels in patients with hand-foot-and-mouth disease caused by 
enterovirus 71 (EV71) and coxsackievirus 16 (CVA16) as well as in other microbial 
infections and in healthy individuals. Among 664 different miRNAs analyzed using 
a miRNA array, 102 were upregulated and 26 were downregulated in sera of patients 
with enteroviral infections. Expression levels of ten candidate miRNAs were further 
evaluated by quantitative real-time PCR assays. A receiver operating characteristic 
(ROC) curve analysis revealed that six miRNAs (miR-148a, miR-143, miR-324-3p, 
miR-628-3p, miR-140-5p, and miR-362-3p) were able to discriminate patients with 
enterovirus infections from healthy controls with area under curve (AUC) values 
ranged from 0.828 to 0.934. The combined six miRNA using multiple logistic 
regression analysis provided not only a sensitivity of 97.1 % and a speci fi city of 
92.7 % but also a unique pro fi le that differentiated enteroviral infections from other 
microbial infections. Expression levels of  fi ve miRNAs (miR-148a, miR-143, miR-
324-3p, miR-545, and miR-140-5p) were signi fi cantly increased in patients with 
CVA16 versus those with EV71 ( p  < 0.05). Combination of miR-545, miR-324-3p, 
and miR-143 possessed a moderate ability to discrimination between CVA16 and 
EV71 with an AUC value of 0.761. These data indicate that sera from patients with 
different subtypes of enteroviral infection express unique miRNA pro fi les. Serum 
miRNA expression pro fi les may provide supplemental biomarkers for diagnosing 
and subtyping enteroviral hand-foot-and-mouth disease infections  [  80  ] .   

   Concluding Remarks 

 Circulating miRNAs have been investigated as the diagnosis or prognosis marker 
for microbial infections. Studies on host miRNA pro fi les upon microbial infections 
are underway. There have a considerable way to go before being used in clinical 
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practice. Several issues should be re fi ned in this  fi eld. (a) Source material should be 
 fi xed. Plasma, serum, whole blood, and isolated exosomes or microvesicles have 
been used as the source for miRNA pro fi ling. Advantages and disadvantages of each 
approach should be considered ahead. (b) Though differences in circulating miR-
NAs between males and females have not been found with the exception of differ-
ences associated with pregnancy  [  81,   82  ] , miRNA levels in plasma and serum from 
a large number of normal individuals of both genders and various ages, even same 
individual over time should be extensively studied. (c) No acknowledged reference 
genes have been found in serum/plasma. Frequently used endogenous controls, such 
as miR-16, dysregulated in some diseases and RNU6B degraded in serum. Spiking 
into RNA isolation process with synthetic exogenous miRNA only act as normal-
izers for differences in recovery between samples. (d) The methods of miRNA 
quanti fi cation including RNA isolation should be standardized, since interplatform 
reproducibility among different platforms is low. (e) There seems to be a lack of 
speci fi city when using single miRNA as biomarker, since the miRNA is commonly 
regulated in various diseases. A panel of miRNAs should be a best choice.      
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         Introduction 

 Advanced techniques in the  fi eld of diagnostic microbiology have made amazing 
progress over the past two decades due largely to a technological revolution in the 
molecular aspects of microbiology  [  1,   2  ] . In particular, rapid molecular methods for 
nucleic acid ampli fi cation and characterization combined with automation and user-
friendly software have signi fi cantly broadened the diagnostic capabilities of modern 
clinical microbiology laboratories. Molecular methods such as nucleic acid 
ampli fi cation tests (NAATs) rapidly are being developed and introduced in the clini-
cal laboratory setting. Indeed, every section of the clinical microbiology laboratory, 
including bacteriology, mycology, mycobacteriology, parasitology, and virology, 
have bene fi ted from these advanced techniques. Because of the rapid development 
and adaptation of these molecular techniques, the interpretation and relevance of the 
results produced by such molecular methods has lagged somewhat behind. The pur-
pose of this chapter is to review and discuss the interpretation and relevance of 
results produced by these advanced molecular techniques. Moreover, this chapter 
will address the “myths” of NAATs, as these myths can markedly in fl uence the 
interpretation and relevance of these results.  
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   Myths of Nucleic Acid Ampli fi cation Tests 

   Myth 1: NAATs Are Extremely Sensitive 

 There are two aspects on sensitivity: analytical, which is determined by the limit of 
detection in a given specimen, and diagnostic/clinical, which is determined by the 
percentage of target in a patient (true positive) population. Most of NAATs possess 
excellent analytical sensitivity reaching ten copies of target genomes per reaction. 
This has made the NAATs essential for the detection of microbial pathogens from 
specimens such as cerebrospinal  fl uid (CSF) where there may be extremely low 
microbial loads  [  3–  6  ] . However, in certain situations, the sensitivities of NAATs are 
inferior to conventional culture techniques in which a large volume of a specimen 
easily can be evaluated. Examples include blood cultures and sputum cultures for 
 Mycobacterium tuberculosis   [  7–  10  ] . Current NAATs are usually performed using 
very small volumes; until the processing of such specimens is greatly improved, the 
sensitivity of these NAATs will remain lower than conventional culture techniques. 

 Currently, most NAATs are designed in a monoplex format, i.e., one primer set 
for one speci fi c microbial pathogen. Although the use of multiplex PCR ampli fi cation 
techniques is increasing in the clinical diagnostic  fi eld, these multiplex methods 
account for the minority of molecular testing. In conventional microbial culture 
techniques, a chocolate agar plate or a mixed cell line would allow the recovery of 
many different pathogens and/or multiple pathogens if they were present in a tested 
specimen. From this perspective, the diagnostic sensitivity of a monoplex NAAT 
may not be suf fi ciently high since it only detects the one pathogen that is being 
tested for rather than many different pathogens and/or multiple pathogens.  

   Myth 2: Real-Time PCR Is Extremely Sensitive as well as Objective 

 The term “real-time PCR” indicates a PCR procedure in which nucleic acid 
ampli fi cation and ampli fi cation product detection happen simultaneously. Real-time 
PCR methods often incorporate a FRET procedure, which allows the amplicon 
detection and identi fi cation to occur in real time in relation to the nucleic acid 
ampli fi cation. This avoids carryover amplicon contamination since the reaction is 
occurring in closed system. Moreover, real-time PCR allows accurate quanti fi cation 
of the nucleic acid. However, NAATs based on real-time PCR methods are not nec-
essarily more sensitive than other NAATs  [  11  ] . In contrast, due to the nonspeci fi c 
spontaneous FRET procedure, real-time PCR assays may be less sensitive due to the 
raised cutoff values. The arithmetic, spontaneous increase in  fl uorescent background 
emissions interferes with the exponential, speci fi c energy emissions during the 
simultaneous detection procedure, producing potentially false-positive results. To 
overcome this nonspeci fi c issue, the system has to either increase the cycle thresh-
old (Ct) cutoff value or decrease the cycle numbers during the ampli fi cation, which 
results in decreased sensitivity. 
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 Real-time PCR does provide a nice quali fi cation procedure with a wide range 
covered; however, it is not ideal for qualitative assay measurements as there are no 
objective criteria for determining the cutoff point. This can be problematic when the 
microbial load in the tested specimen is extremely low. For example, HSV and 
 Chlamydia pneumoniae  detection in CSF specimens by real-time PCR is not as 
objective and sensitive in comparison to end detection PCR procedures  [  4,   12  ] . In 
the later procedures, a separate detection and identi fi cation is used after ampli fi cation 
in which additional signal ampli fi cation (e.g., antigen–antibody linking) can be 
incorporated to further enhance the test sensitivity  [  12,   13  ] .  

   Myth 3: NAATs Are Useful Tests for Assessing 
Therapeutic Ef fi cacy 

 NAATs are often considered to be useful tests for assessing therapeutic ef fi cacy. 
However, this is not true. NAATs detect microbial organism-speci fi c nucleic acids; 
therefore, a positive NAAT result can occur with both alive and dead microorganisms, 
which is particularly true for those pathogens that have protective cell wall. The best 
example of this is the detection of  M. tuberculosis  DNA in sputum where the dead 
microbial pathogen DNA can remain un-degraded due to the fatty acid-rich cell walls 
 [  14,   15  ] . Unlike the results of a function-based testing method, such as mycobacterial 
cultures, in the clinical setting, a positive PCR result after anti-tuberculosis therapy 
does not necessarily mean treatment failure. Therefore, DNA-targeted NAATs are 
usually not considered to be tests of cure. This is also true for sexually transmitted 
pathogens such as  Chlamydia trachomatis  and  Neisseria gonorrhea   [  16  ] . 

 Although DNA-targeted NAATs are not useful for therapeutic monitoring, mRNA-
targeted NAATs may be used for assessment of antimicrobial treatment therapy. For 
example, the application of mRNA-targeted NAATs has been demonstrated for mon-
itoring of tuberculosis therapy. Anti-TB therapy regimen selection is largely empiric. 
Treatment may not be modi fi ed until weeks or months later as results of antimicro-
bial susceptibility tests become available. Because the half-life of bacterial mRNA is 
extremely short compared to rRNA or genomic DNA, molecular assays that target 
mycobacterial mRNA better re fl ect mycobacterial viability. The ability of mRNA-
based assays to distinguish viable from nonviable organisms have demonstrated that 
such assays are useful in monitoring the ef fi cacy of anti-TB therapy  [  14,   15  ] .  

   Myth 4: NAAT Results Allow Direct and Objective Interpretation 

 Conventional microbiology methods are generally direct and objective in terms of 
interpretation of the results. A blood culture that is positive for  Staphylococcus 
aureus  strongly suggests that the patient has a staphylococcal bacteremia. A posi-
tive hepatitis A IgM antibody detected in serum implies a recent infection caused by 
this virus.    However, positive NAAT results can be somewhat indirect and subjective 
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since the exact meaning of a positive NAAT result is only that the microbe-speci fi c 
nucleic acid exists in the tested specimen. This can be caused by contamination, 
colonization and/or infection. Even when an infection is established, it can be either 
an acute or chronic infection. 

 Higher sensitivity may not always be clinically relevant. One good example is 
seen with the varicella-zoster virus (VZV). Previously, a positive VZV result, by 
either DFA or culture, would be interpreted as VZV being the causative pathogen 
and would be considered clinically relevant. PCR-based NAATs have increased 
VZV detection several hundred-fold such that a positive NAAT result for VZV from 
a skin or mucosal lesion specimen may be unclear as to the exact causative relation-
ship of this virus to infection  [  17  ] .   

   Clinical Relevance and Interpretation of Molecular Tests 

   The Use of Molecular Assays for Diagnosing 
Bloodstream Infections 

 Bloodstream infections have long been recognized as among the most severe mani-
festations of bacterial disease and were  fi rst described in 1940 by Keefer in his 
sentinel paper “The Clinical Signi fi cance of Bacteremia”  [  18  ] . The importance of 
the rapid diagnosis of bloodstream infections is not argued and serves to illustrate 
many of the issues involved in the interpretation and relevance of advanced tech-
niques in diagnostic microbiology. 

 By 1940 when Keefer pointed out the clinical relevance of bacteremia, blood 
cultures were well established for the evaluation of febrile patients  [  19  ] . Since then, 
the techniques and pitfalls for blood cultures as well as the clinical implications of 
positive blood cultures have been well documented  [  20–  23  ] . Not surprisingly, 
molecular and other non-culture-based methods for the rapid diagnosis of blood-
stream infections have been widely evaluated  [  8,   10  ] . These studies along with 
earlier studies of blood cultures have illustrated some important points regarding 
the limitations of molecular assays for diagnosing bloodstream infections, which 
are described below:  

   Limitations of Molecular Assays for Diagnosing 
Bloodstream Infections 

   Interpretation of DNAemia 

 The detection of circulating microbial DNA (i.e., DNAemia) is, per se, a new diag-
nostic parameter that may or may not represent the presence of viable microorganisms 
in blood  [  10,   24  ] . For example, interpretation of DNAemia with coagulase-negative 
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staphylococci is problematic due to a false-positive rate that ranges from 60 to 80 % 
 [  22,   25  ] . In contrast, interpretation of DNAemia with  Ehrlichia  species is not a 
problem due to a true-positive rate of 100 %  [  26  ] . Interpretation of DNAemia has 
also been a problem in some studies where DNAemia is detected by PCR but not by 
blood cultures  [  24  ] . A number of these “false-positive” PCR results have been con-
sidered clinically signi fi cant, based on either retrospective chart review or subse-
quent isolation of the pathogen from other relevant clinical specimens  [  10,   27–  32  ] . 
Clearly, the continued clinical investigation of microbial DNAemia during sepsis 
and other critical illnesses is needed and will provide a better understanding of the 
biology of the microbial circulating DNA that underpins such molecular diagnostic 
techniques  [  10,   24,   33  ] .  

   Molecular Detection of Resistance Determinants 

 Another important issue for molecular diagnostic techniques is the need for molecular 
detection of resistance determinants  [  10,   24  ] . Antimicrobial susceptibility testing is 
recognized as important for con fi rming susceptibility to chosen empirical antimi-
crobial agents as well as for detecting resistance in individual microbial isolates 
 [  34  ] . Current methods for antimicrobial susceptibility testing continue to be based 
for the most part on the detection of microbial growth or lack of growth in the 
presence of the antimicrobial agent being tested  [  34,   35  ] . The direct detection of 
resistance genes by molecular methods such as PCR to date has limitations due to 
the fact that relatively few resistance genes are  fi rmly associated with phenotypic 
resistance  [  34–  36  ] . For example, resistance genes associated with phenotypic resis-
tance that can be found in Gram-positive cocci include  mecA ,  vanA , and  vanB . In 
contrast, the lack of consensus sequences among acetyltransferases and adenyl-
transferase genes from Gram-negative bacilli makes the molecular detection of 
aminoglycoside resistance dif fi cult. Although molecular methods for antimicrobial 
susceptibility testing are ascending, phenotypic methods for determining the level 
of susceptibility of bacterial isolates to antimicrobial agents are likely to remain 
clinically relevant for many years.  

   Volume of Blood Tested 

 The volume of blood cultured is known to be an important variable in blood cultures 
because the number of microorganisms in blood may small  [  37–  41  ] . Typically in adults, 
there are fewer than 10 CFU/ml, and there may be less than 1 CFU/ml. In septic 
neonates, there is a sizeable subset with less than 4 CFU/ml  [  40  ] . Clearly the volume 
of blood tested by molecular methods will also be important. Moreover, the Poisson 
distribution of these microorganisms is such that they are not evenly distributed  [  37, 
  42  ] . This increases the likelihood that sampling a small volume of blood will miss a 
microorganism that is causing sepsis. Volume-related issues may explain the lower 
sensitivity seen with a molecular method (66.7 %) than seen with conventional 
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blood cultures in a study of neonatal sepsis  [  31  ] . The Poisson distribution may 
explain the moderate concordance between blood cultures and a molecular method 
reported in a study of post-surgical sepsis in adults  [  27  ] .  

   Contamination of Blood Samples 

 The sample of blood collected to assess bacteremia and/or fungemia, whether this 
analysis is done by blood culture or by a molecular method, can be contaminated 
with microorganisms from the skin during venipuncture and/or from indwelling 
vascular devices if the blood is obtained from such a device  [  23  ] . False-positive 
blood cultures have been recognized as a troublesome issue for decades, and such 
contamination will be no less important for molecular methods.   

   The Use of Molecular Assays for Diagnosing Tuberculosis 

 Tuberculosis remains one of the most important public health issues in the world. 
Tuberculosis results in approximately 1.7 million deaths each year, and the number 
of new cases worldwide is estimated at more than nine million; this is higher than 
at any other time in history  [  43  ] . Yet control of this treatable infection has been 
handicapped until recently by the lack of new diagnostic tests for the detection of 
 M. tuberculosis  and drug resistance  [  44  ] . The development of molecular assays for 
the detection of  M. tuberculosis  as well as simultaneous detection of resistance to 
isoniazid and/or rifampin promises to greatly assist TB control efforts although 
there are important limitations of these molecular methods that must be understood 
when interpreting the results and considering the relevance of such molecular tech-
niques  [  44–  46  ] . Indeed, none of these molecular methods eliminates the need for 
mycobacterial cultures, and all require a laboratory infrastructure that can accom-
modate molecular testing. Speci fi c limitations of these molecular methods in both 
interpretation and relevance will be described below.  

   The Limitations of Molecular Assays 
for Diagnosing Tuberculosis 

   Limited Sensitivities 

 There currently are a number of different molecular assays for detecting the pres-
ence of  M. tuberculosis  in sputum. These include PCR, transcription-mediated 
ampli fi cation, loop-mediated isothermal ampli fi cation  [  47  ] , and Xpert MTB/RIF 
 [  47  ] . In comparison to mycobacterial culture, these molecular assays possess sensi-
tivities approaching 90 %. In general, these molecular methods work better with 
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smear-positive than with smear-negative sputum specimens; none are more sensitive 
than mycobacterial cultures. The sensitivity for patients with smear-negative spu-
tum can be increased by the use of bronchial aspirates  [  48  ]  or bronchial lavage  fl uid 
 [  49  ] , but is still not as sensitive as mycobacterial cultures.  

   Molecular Detection of Resistance Determinants 

 There currently are a number of different molecular assays for detecting gene muta-
tions associated with resistance to a particular antituberculosis drug  [  50–  54  ] . There 
are always gaps between basic research and clinical application as some of the 
drug-resistance mechanisms remain unknown while new resistance-related muta-
tions are emerging. In addition, all molecular assays basically include a DNA 
ampli fi cation step and are categorized by the manner in which the ampli fi ed DNA 
is detected except for sequencing, which has some distinct advantages over the 
other methods. None of these methods, including sequencing, are able to detect all 
resistant strains although sequencing comes the closest to doing so. The major limi-
tation of these molecular methods, except sequencing, is that they detect only known 
mutations in a de fi ned site or region, as their design is dependent upon known muta-
tions. The advantage of sequencing for molecular detection of mutations of drug 
resistance can be seen by a recent report from the Centers for Disease Control and 
Prevention  [  45  ] . This study used DNA sequencing to detect resistance to the  fi rst-
line antituberculosis drugs isoniazid, rifampin, pyrazinamide, and ethambutol and 
to the second-line drugs amikacin, capreomycin, kanamycin, cipro fl oxacin, and 
o fl oxacin. The molecular data were compared to phenotypic data. Sensitivity and 
speci fi city values for the  fi rst-line and second-line drug loci were, in general, excel-
lent and supported the use of DNA sequencing to detect drug resistance in the 
 M. tuberculosis  complex.  

   Misidenti fi cation 

 Although uncommon, misidenti fi cation has been reported with molecular assays 
for tuberculosis  [  55,   56  ] . In one of these reported cases  [  55  ] , a patient presented 
with inguinal lymphadenopathy as well as erythema nodosum-like lesions on his 
legs and forearms. A biopsy of an enlarged inguinal lymph node demonstrated 
caseating granulomata and numerous acid-fast bacilli on Ziehl-Neelsen staining; a 
portion of this node was sent for mycobacterial culture and molecular analysis. In 
addition, a skin biopsy of a forearm nodule was done; this revealed acid-fast bacilli 
that were morphologically typical of  Mycobacterium leprae . A diagnosis of leprosy 
was made based on the clinical presentation and the skin biopsy results. However, 
the lymph node sent for mycobacterial culture and molecular analysis was positive 
by the Gen-Probe Ampli fi ed  M. tuberculosis  Direct (MTD) test (BBL). Although 
leprosy was still considered to be a correct diagnosis due to the clinical presentation 
and the skin biopsy  fi ndings, the possibility of this patient also having tuberculosis 
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could not be ruled out until the culture results were known. Therefore, the patient 
was treated for both leprosy and tuberculosis until cultures at 7 weeks as well as 
additional PCR testing of lymph node material for  M. tuberculosis  were reported to 
be negative. A root cause analysis was done in order to investigate this 
misidenti fi cation.  M. leprae  culture material was obtained from the National 
Hansen’s Disease Programs at Louisiana State University; these mycobacterial 
organisms were tested with the Gen-Probe MTD test and were positive at a concen-
tration of 5 × 10  [  5  ]  organisms per ml, but were indeterminate at a concentration of 
5 × 10  [  4  ]  organisms per ml. The investigators concluded that a high concentration 
of  M. leprae  in a clinical specimen could lead to a false-positive result with the 
Gen-Probe MTD test  [  55  ] .   

   The Use of Molecular Assays for Diagnosing 
Respiratory Tract Infections 

 There is no doubt that respiratory tract infection other than those caused by  M. tuber-
culosis  also are of considerable clinical importance. Lower respiratory tract infec-
tions continue to be a leading cause of death due to infectious diseases in the United 
States as well as worldwide  [  57  ] . Hospital-acquired pneumonia is considered to be 
one of the most dif fi cult treatment challenges in infectious diseases in part because 
results of culture and antimicrobial susceptibility testing can take 48 h or longer 
 [  58  ] . Viral respiratory tract infections caused by pathogens such as the severe acute 
respiratory syndrome coronavirus (SARS-CoV)  [  59  ]  and novel A/H1N1 in fl uenza 
virus  [  60  ]  can cause epidemic viral pneumonia in which some patients have respira-
tory failure with a signi fi cant risk of mortality  [  61  ] . Respiratory tract infections are 
also important in the ambulatory setting because of the documented overuse of 
antimicrobial agents in this patient population  [  62  ] . 

 Despite the obvious clinical importance of respiratory tract infections, the diag-
nosis of lower respiratory tract infections has always been problematic due, in large 
part, to issues related to the optimal collection and evaluation of sputum. The diag-
nostic value of detecting  M. tuberculosis  in the sputum was recognized as early as 
1884  [  63  ] , and evaluation of sputum became the cornerstone for the diagnosis of 
tuberculosis  [  43,   44  ] . Post-mortem studies in the late 1890s and early 1900s then 
established the role of other microorganisms such as  Streptococcus pneumoniae , 
 Haemophilus in fl uenzae ,  S. aureus , and  Klebsiella pneumoniae  in non-tuberculous 
infections of the respiratory tract  [  64–  66  ] . In 1902, the use of the Gram’s stain was 
described  [  67  ] . The microscopic examination of sputum was followed by the intro-
duction of sputum cultures for the diagnosis of bacterial pneumonia  [  68–  70  ] . Of 
note in these early reports describing sputum cultures was the recognition that 
collection of the sputum was important. For example, Hastings and Niles in a 1911 
publication  [  69  ]  point out that, “Exudates formed in portions of the respiratory tract 
that are normally sterile may be collected and treated in a way that will prevent 
contamination.” These investigators further de fi ne a “ clean sputum , i.e., one containing 
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only two or three types of bacteria and free from buccal squamous cells, and a  dirty 
sputum , i.e., one containing a varied bacterial and fungoid  fl ora and buccal squamous 
cells, are readily recognized on microscopic examination.” They also state that, 
“A dirty sputum is not suitable for bacterial examination and should be discarded 
for a second or third clean specimen from the same patient.” Luetscher opines in his 
paper  [  70  ]  that, “The patient should be instructed to expectorate into the bottle or 
dish only what he is certain comes from his ‘boots,’ and also be made to understand 
that very little is wanted, but that that little must be choice.” These astute observa-
tions remain relevant a century later. 

 Clearly, the pitfalls of collecting expectorated sputum specimens suitable for 
microscopic examination and cultures were recognized early in the twentieth cen-
tury. In the 1960s, these pitfalls were again being articulated and addressed  [  71–  76  ] . 
In particular, contamination by microorganisms present in the upper respiratory 
tract (i.e., nasal-oral-pharyngeal regions) was considered to be a major issue with 
expectorated sputum  [  77,   78  ] . Because of these pitfalls, a number of alternative 
methods have been used to obtain better sputum specimens. Bronchoscopy, although 
introduced early in the twentieth century and used on occasion for aspirating pus 
from larger airways  [  79  ] , was not widely used for obtaining sputum for microscopy 
and culture until the 1970s when  fi beroptic bronchoscopy became available  [  80  ] . 
Fiberoptic bronchoscopy also resulted in the use of bronchoalveolar lavage for diag-
nosing acute bacterial pneumonias  [  81  ] . Other methods adopted for obtaining 
uncontaminated sputum included transtracheal aspiration  [  72  ] , percutaneous needle 
biopsy  [  76  ] , and open-lung biopsy  [  71  ] . 

 Despite these continued attempts to obtain appropriate sputum specimens that 
are more clinically relevant, the usefulness of sputum cultures has continued to be 
questioned in numerous reports  [  82–  88  ] . Indeed, the Infectious Diseases Society of 
America/American Thoracic Society consensus guidelines on the management of 
community-acquired pneumonia in adults recommend that pretreatment Gram stain 
and culture should be performed only if a good quality sputum sample can be 
obtained and quality performance measures for collection, transport, and processing 
of this sputum sample can be assured  [  89  ] . It must be remembered that sputum col-
lection is the “weakest link” in the “chain” of evidence that provides the etiologic 
diagnosis of pneumonia. 

 Assuming that sputum collection is done correctly, the next issue is making sure 
that any microbial pathogen present in the sputum can be identi fi ed. It is not surpris-
ing that molecular assays for the detection and characterization of microorganisms 
rapidly emerged in the clinical microbiology laboratory as an important adjunct to 
traditional culture methods  [  90,   91  ] . It was quickly realized that molecular assays 
such as NAATs offered signi fi cant advantages over conventional methods for the 
detection of  Mycoplasma pneumoniae   [  92,   93  ] ,  Legionella  species  [  94  ] , and 
 Chlamydia  species  [  95  ] ; moreover, these three respiratory pathogens did not require 
concomitant susceptibility testing results from clinical isolates. Similarly, the advan-
tage of NAATs for the laboratory diagnosis of pertussis was recognized very early 
 [  96,   97  ] ; PCR testing is now considered by the CDC to be an important tool for 
diagnosis of pertussis especially in the setting of the current resurgence of pertussis 
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disease as it can provide timely results with improved sensitivity over culture  [  98  ] . 
The inherent problems associated with the detection and identi fi cation of respiratory 
viruses by culture and/or serologic methods also resulted in the early application of 
molecular assays for rapid detection and characterization of respiratory viruses 
 [  99  ] . Both user-developed and commercial molecular methods have quickly evolved 
and now allow rapid identi fi cation of multiple common viral pathogens causing 
respiratory tract infections  [  100–  102  ] . In addition to identi fi cation of viral respira-
tory pathogens, it was appreciated that rapid molecular assays would also offer 
signi fi cant advantages for diagnosing recognized bacterial pulmonary pathogens 
causing community-acquired pneumonia  [  57,   93,   103,   104  ] . Indeed, initial studies 
in which rapid molecular assays were combined with conventional diagnostic 
methods have demonstrated that this approach increased the etiological diagnosis 
of lower respiratory tract infections considerably  [  105,   106  ] . This was especially 
true for patients with adequate collection of sputum  [  105  ] . Of interest was the 
observation that NAATs increased both the diagnostic and treatment costs  [  106  ] . 
Finally, the diagnosis of hospital-acquired pneumonia is another potential area 
where the use of rapid molecular assays for respiratory pathogens may prove useful 
 [  58  ] . Currently clinical trials are needed to provide evidence for which molecular 
assays are best as well as how this molecular information should be applied in the 
clinical setting.  

   The Limitations of Molecular Assays for Diagnosing 
Respiratory Tract Infections 

   Sputum/Specimen Collection 

 Clearly the same limitations of conventional sputum culture methods for diagnosing 
respiratory tract infections are also limitations for molecular methods. In particular, 
the collection of sputum continues to be the most important aspect for the diagnosis 
of lower respiratory tract infections even when molecular assays are used  [  58  ] . 
These new molecular methods will not guarantee that the microbiology laboratory 
will receive the optimal sputum sample to analyze.  

   Complexity of Pulmonary Microbiome 

 Another important aspect of molecular assays for the diagnosis of respiratory 
infections is that these methods are clearly going to reveal the complexities of the 
pulmonary microbiome. Indeed, recent applications of molecular assays have 
revealed a more diverse microbiota than previously recognized in the airways of 
patients with chronic pulmonary disease  [  107,   108  ] . For example, comprehensive 
pro fi ling of the airway bacterial communities was accomplished using a culture-
independent microarray, the 16S rRNA PhyloChip, of a cohort of COPD patients 
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requiring ventilatory support and antimicrobial therapy for exacerbation-related 
respiratory failure  [  109  ] . PhyloChip analysis demonstrated the presence of over 
1,200 bacterial taxa representing 140 distinct families, including many that were 
not previously detected in airway diseases. A core community of 75 bacterial taxa 
was noted in all patients; many of these microorganisms were known pathogens in 
airway diseases.  

   Colonization Versus Infection 

 Given the fact that the pulmonary microbiome is more complex that previously 
appreciated, the obvious question then becomes which microorganisms are coloniz-
ing and which are causing infection. One might also ask if there is any real differ-
ence between colonization versus infection in the airways. Molecular identi fi cation 
of bacteria in the lower airways of preterm infants has revealed that early bacterial 
colonization of the airways with diverse species occurs within the  fi rst 3 days of life 
of intubated preterm infants  [  110  ] . Such neonatal airway colonization with Gram-
negative bacilli is associated with a cytokine response as well as with severe bron-
chopulmonary dysplasia  [  111,   112  ] . The etiologic role of neonatal colonization in 
children with non-cystic  fi brosis bronchiectasis is unclear at this time  [  113–  115  ] , 
but molecular methods may provide further insight into the pathogenesis of this 
disorder. Similarly, the etiologic role of bacterial colonization in the pathogenesis of 
chronic obstructive pulmonary disease  [  107–  109,   116,   117  ]  is currently being elu-
cidated with the assistance of molecular methods.  

   Simultaneous Detection of Multiple Pathogens 

 The extreme sensitivity of molecular methods such as NAATs may result in simul-
taneous detection of multiple pathogens from sputum specimens. Detection of mul-
tiple pathogens in sputum by molecular methods has already been reported in 
community-acquired pneumonia  [  105  ]  where mixed infections were frequently 
seen: these most commonly were  S. pneumoniae  together with a respiratory virus. 
These  fi ndings are not unexpected; a number of studies have reported an association 
between viral respiratory tract infections and invasive pneumococcal disease  [  118–
  120  ] . Molecular diagnostic methods employed in other studies of respiratory tract 
infections have con fi rmed the etiologic role viral respiratory tract infections and 
bacterial pneumonia  [  121–  123  ] .  

   Accuracy of Assay Development 

 An important issue for NAATs is whether the ampli fi cation products truly represent 
the target microorganism  [  104  ] . Molecular methods that employ DNA sequencing 
are often considered completely accurate with 100 % sensitivity and speci fi city. 
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This, unfortunately, is not the case. There are a variety of technical factors such as 
the in fl uence of contaminating DNA from other sources on the sequencing template, 
the selection of the primers used for the ampli fi cation, the quality of the base-calling 
software, and the method used for compiling the “consensus sequence” from mul-
tiple forward and reverse reactions  [  104,   124–  127  ] . Inappropriately chosen gene 
targets and regions will result in false-positives and negatives. The insertion 
sequence element IS 481 , found in several hundred copies in the  Bordetella pertus-
sis  genome, is frequently used as a target for  B. pertussis  detection and has a much 
greater analytical sensitivity than assays with single-copy target sequences, such as 
that of the pertussis toxin promoter  [  128  ] . However, false-positive results have been 
reported due to the smaller copy numbers of IS481 existing in non-pertussis 
 Bordetella  species  [  129,   130  ] . The accuracy of assay development is often not 
appreciated by the non-molecular microbiologist or the clinician.   

   The Use of Molecular Assays for Diagnosing Enteric Infections 

 Most acute diarrheal illnesses are self-limited or viral  [  131  ] . For afebrile patients 
who present with watery non-bloody diarrhea of less than 24 h duration, microbio-
logic investigation is usually unnecessary  [  131,   132  ] . In contrast, patients with a 
diarrheal illness lasting for more than one day, especially when the illness is accom-
panied by fever, bloody stools, recent antimicrobial use, hospitalization, or systemic 
illness, should have a microbiologic evaluation of their diarrheal stool  [  131–  134  ] . 
The microbiologic stool evaluation for such enteric infections has for many decades 
relied upon the analysis of bacterial cultures and/or microscopy to detect ova and 
parasites  [  134  ] . For nosocomial diarrhea or patients with a history of recent use of 
antimicrobial agents prior to the onset of diarrhea, the microbiologic stool evaluation 
should focus on the diagnosis of toxigenic  Clostridium dif fi cile   [  135  ] . For persistent 
diarrhea in patients with a history of international travel, the microbiologic stool 
evaluation may require special selective and differential agar such as thiosulfate cit-
rate bile salts sucrose (TSCB) agar for  Vibrio  species  [  136  ] . Finally, the noroviruses 
are the most common cause of non-bacterial enteritis worldwide: the laboratory 
diagnosis of noroviruses depends on the detection of virus particles by EM, detection 
of viral antigens by EIA, or detection of viral RNA by real-time PCR  [  137  ] . 

 Given the complexity of conventional methods for the microbiologic evaluation 
of a stool specimen from a patient with a diarrheal illness, it is not surprising that 
determining the microbiologic etiology of an enteric infection remains an elusive 
goal  [  138  ] . It is no wonder that molecular methods have been applied to the diagno-
sis of acute infectious diarrhea  [  138,   139  ] . Enteric infections due to the broad range 
of potential pathogens such as viruses, bacteria, protozoa, and helminths are well 
suited for multiplex molecular assays. Indeed, monoplex and multiplex molecular 
assays for many of these enteric pathogens have already been described  [  140–  146  ] . 
Therefore, it will be important for both clinicians and microbiologists to appreciate 
the limitations of these molecular assays.  
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   The Limitations of Molecular Assays for Diagnosing 
Enteric Infections 

   Lack of a Gold Standard for the Microbiologic Cause of Enteric Infections 

 The absence of a gold standard for the microbiologic cause of enteric infections 
means that the clinical signi fi cance of a detected pathogen may not always be clear 
 [  138  ] . Although conventional wisdom suggests that there should be one main patho-
gen causing an enteric infection in a patient, the detection of multiple pathogens in 
some patients will challenge this thinking  [  138  ] . This is apt to be particularly true 
for parasitic enteric infections. Moreover, the detection of RNA or DNA in a stool 
specimen does not necessarily mean a viable or an infectious pathogen.  

   Complexity of the Human Gut Microbiome 

 Molecular assays including high-throughput sequencing techniques have begun to 
identify the vast communities of bacteria that inhabit the skin and gut in humans 
 [  147  ] . Despite these methods, the human gut remains relatively unexplored  [  147, 
  148  ] . This complexity is likely to be a factor in the use of NAATs for diagnosing 
enteric infections if for no other reason than the in fl uence of contaminating DNA 
from these gut microbes on the sequencing template.  

   Issues with Nucleic Acid Extraction 

 The molecular diagnosis of an enteric infection will usually begin with extraction of 
nucleic acid from the specimen. Because this specimen is generally a diarrheal stool 
sample, the extraction step becomes a critical step in this molecular diagnostic pro-
cess. This is because stool is a complex mixture with multiple and diverse nucleic 
acids and ampli fi cation inhibitors. Investigators have noted that detection of a given 
target will be reduced several logs when the target is placed in a stool mixture  [  138  ] . 
This may result in enteric pathogens present in low numbers being missed. This is 
the reason that some investigators have used molecular methods following isolation 
of potential enteric bacterial pathogens from stool  [  149  ] . In addition, extraction of 
DNA from ova and parasites may be more dif fi cult than extracting DNA from bac-
teria  [  140  ] . Concentration of ova and parasites that may be present in low numbers 
may be required, as it is for microscopic evaluation.  

   Requirement for Multiplex PCR 

 Over 50 pathogens currently are recognized a potential causes of enteric infections 
 [  138  ] . This means that a multiplex PCR such as the Luminex bead method must be 
used. Even a multiplex approach will likely require the use of a diagnostic algorithm 
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or the use of several multiplex assays. The use of multiplex assays will create several 
technical problems that include dif fi culty with discrimination of multiple targets in 
a single reaction and reduced sensitivity. Multiplex assays also will cause some 
problems with interpretation due to detection of multiple pathogens. For example, 
one study that reexamined stool samples using PCR found that the detection rate 
increased for both viral and bacterial pathogens, but the detection rate for multiple 
pathogens also increased  [  150  ] .  

   Requirement for Quantitative PCR 

 Molecular assays due to their high sensitivity may detect low levels of enteric patho-
gens with unclear clinical signi fi cance. For example,  Giardia  species are known to 
occur in stool at high rates in persons without diarrhea  [  151  ] . Therefore, the use of 
quantitative PCR methods may be needed in order to provide information that will 
be useful for interpreting the clinical signi fi cance; the assumption being that a higher 
burden is more likely to be associated with disease  [  138  ] . Ultimately, this relation-
ship of higher burden and symptoms of disease will need to be veri fi ed for many 
enteric pathogens for which this relationship has not yet been determined.  

   Molecular Detection of Resistant Determinants 

 Antimicrobial resistance is increasing for many bacterial pathogens and is likely to hap-
pen with enteric pathogens such as  Shigella ,  Salmonella , and  Campylobacter . Detection 
of resistance determinants may be necessary in the future and is likely to be dif fi cult 
from stool samples due to the diversity of microorganisms present in stool  [  138  ] .   

   The Use of Molecular Assays for Diagnosing Tissue Infections 

 The use of molecular assays for diagnosing tissue infections is another area that is 
rapidly evolving. For example, molecular assays have proven quite successful in the 
diagnosis of infectious endocarditis  [  151–  160  ] . Indeed, a number of fastidious 
microorganisms causing endocarditis have been identi fi ed using molecular assays; 
these include  Tropheryma whippelii   [  151  ] ,  Bartonella quintana   [  153,   158,   160  ] , 
 Bartonella henselae   [  158  ] , and  Coxiella burnetii   [  158  ] . This success has resulted in 
molecular assays being included in the best practices and guidelines for identi fi cation 
of dif fi cult-to-culture pathogens in infective endocarditis  [  161  ] . Molecular assays of 
tissue have been useful for diagnosing necrotizing fasciitis caused by group A strep-
tococci when cultures were negative or not available  [  162,   163  ] . 

 Finally, molecular assays for fungal pathogens also have been widely studied and 
have the potential to be useful in the diagnosis of fungal tissue infections  [  164–  174  ] . 
Fungal pathogens identi fi ed from tissue by molecular assays include  Paracoccidioides 
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brasiliensis   [  165  ] ,  Histoplasma capsulatum   [  164  ] ,  Coccidioides immitis   [  174  ] , 
 Blastomyces dermatitidis   [  174  ] ,  Aspergillus fumigatus   [  166  ] ,  Absidia corymbifera  
 [  166  ] ,  Rhisopus arrhizus   [  166  ] , and  Candida  species  [  171  ] . NNATs have been used 
to detect a variety of DNA and RNA viral pathogens in formalin- fi xed, paraf fi n-
embedded (FFPE) tissue specimens  [  175–  180  ] . The use of molecular assays for 
diagnosing tissue infections will only increase over time; therefore, the limitations 
of these molecular assays should be appreciated.  

   Limitations in the Use of Molecular Assays 
for Diagnosing Tissue Infections 

   Fresh/Frozen Tissue Versus Formalin-Fixed, Paraf fi n-Embedded Tissue 

 Fresh/frozen tissue is best for molecular testing and should be available if molecular 
testing is considered at the time of biopsy  [  181,   182  ] .    In contrast, FFPE tissue often 
is the only tissue available when molecular testing is considered as an afterthought. 
Accordingly, one of the most important limitations in the use of molecular assays 
for diagnosing tissue infections is considering these assays at the time of biopsy so 
that fresh tissue can be used or frozen for use later. The difference in sensitivity for 
PCR testing can be seen by a study in which fresh nonembedded tissues were found 
to have sensitivities for PCR detection of fungi of 97 % versus only 68 % for FFPE 
tissue  [  181  ] . The reason for this decreased sensitivity is that nucleic acids obtained 
from FFPE tissue are frequently damaged (i.e., cross-linked) and may contain PCR 
inhibitors  [  183,   184  ] . If FFPE tissue must be used, a housekeeping human gene 
must be ampli fi ed as a control  [  179,   184  ] .  

   Wide Diversity of Potential Microbial Pathogens 

 The wide diversity of potential microbial pathogens that could potentially be 
detected in tissue is readily apparent. These pathogens could be viral, bacterial, 
fungal, or parasitic. This diversity will greatly in fl uence the DNA targets and the 
PCR primers used as well as whether monoplex or multiplex PCR methods will be 
used. For example, species-speci fi c identi fi cation of a wide range of clinically rel-
evant fungal pathogens using Luminex technology required up to three different 
probes for each fungal pathogen using the internal transcribed spacer (ITS2) region, 
which is highly variable among genomes of individual fungal species  [  185  ] .  

   Choice of DNA Target, PCR Primers, and Ampli fi cation Method 

 The choice of the DNA target is important  [  167  ] . In general, molecular assays that 
target multicopy genes provide the greatest sensitivity. Ampli fi cation methods 
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should provide objective endpoint assessments for the PDR test used. PCR primers 
are important. For example, there is insuf fi cient variation in the internal transcribed 
spacer (ITS1) region to differentiate certain species of fungal pathogens  [  186  ] ; 
therefore, analysis of other regions such as ITS2 should be considered. False-
positive results have been described with certain primer for  H. capsulatum   [  164  ] . 
False-negative results have been found for  C. immitis  from FFPE tissue (73 % 
sensitivity) versus fresh tissue (93 % sensitivity) suggesting a primer problem, deg-
radation, or inhibitors  [  164  ] . Finally, it is estimated that approximately 10–20 % of 
the sequences in GenBank are misidenti fi ed  [  187  ] . Currently there are relatively few 
commercial kits available for molecular testing using tissue specimens. If laboratory-
developed PCR assays for tissues are used, they must be evaluated, veri fi ed, and 
validated by the laboratory before the results can be used for clinical diagnosis 
and patient care  [  186,   188  ] .  

   Issues with Nucleic Acid Extraction 

 DNA extraction from FFPE tissues is dif fi cult and requires special protocols  [  187  ] . 
The amount of DNA extracted is usually quite small; reported methods show an 
ampli fi cation success rate between 60 % and 80 %. Commercial DNA extraction kits 
have been evaluated  [  187  ] ; one method (TaKaRa) was noted to extract DNA for 69 
of the 74 FFPE tissue samples from which a housekeeping gene could be ampli fi ed. 
Moreover, this method was cost-effective and had a non-laborious protocol. 
Successful extraction of RNA from FFPE specimens depends on the prompt original 
tissue processing and a well-developed extraction protocol  [  175,   179,   180,   184  ] .  

   Low Number of Pathogens and/or Random Distribution in Tissue 

 When the number of pathogens is scant in tissues, the amount of DNA obtained may 
be insuf fi cient to perform a PCR assay. Moreover, these pathogens are often ran-
domly distributed in the tissue  [  37,   42  ] . When FFPE tissue is used, a punch biopsy 
can be used to take a sample from an area noted to have in fl ammation and/or micro-
organisms by a stained slide from the same tissue block. The stained slide can be 
marked and then used to direct the location for the punch biopsy sample from the 
tissue block. Use of fresh or frozen tissue is more problematic as the selection of 
tissue will be random and may not contain microorganisms.  

   Simultaneous Detection of Multiple Pathogens 

 As would be expected, molecular assays already have been noted to detect mixed 
infections. This may present dif fi culty in interpretation of the results. In particular, 
microbial diversity in endocarditis has been noted with cultivation-independent 
molecular techniques  [  188  ] . Multiple pathogens detected by molecular assays have 
also been reported in fungal infections  [  166  ] .    
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   Concluding Remarks 

 Outcomes from infectious diseases are directly related to the length of time required 
for identi fi cation of the microbial pathogen. Until recently, clinical microbiology 
laboratories have been handicapped by conventional, slow multistep culture-based 
techniques that require prolonged incubation times for many pathogens and are not 
able to isolate others. Clinicians unable by clinical judgment or diagnostic results to 
quickly and accurately identify a pathogen causing infection must adopt a conserva-
tive approach involving empiric therapy with broad-spectrum antimicrobial agents. 
Fortunately, this cumbersome approach is rapidly changing because of the introduc-
tion of molecular diagnostic techniques. Indeed, molecular assays such as NAATs 
have initiated a revolution in the  fi eld of diagnostic microbiology due to their high 
sensitivity, speci fi city, rapid test turnaround time as well as potential high through-
put and automation. Molecular assays have been heralded as the “diagnostic tool for 
the millennium”  [  189,   190  ] . However, molecular assays also bring some uncertainty 
such as that caused by false-positive results due to background contamination from 
exogenous sources of DNA  [  190,   191  ] . For example, one study using a universal 
16S rRNA PCR assays detected eubacterial DNA in blood samples from healthy 
subjects  [  192  ] . NAATs also may give false-negative results due to two principle 
reasons: (1) the relatively small sample required for PCR reactions and (2) technical 
problems associated with PCR processing  [  193  ] . Moreover, the results of molecular 
assays may be dif fi cult to interpret and apply in the clinical setting. As NAATs are 
increasingly used in routine clinical microbiology laboratories, interpretation is 
expected to be more dif fi cult as new tests are developed and more complicated mul-
tiplex assays emerge. For example, clinical relevance of positive NAATs in paraf fi n 
block specimens and multiple microbial organisms found in any specimen will need 
careful interpretation. As the usefulness of these molecular assays is determined by 
usage over time, communication between the clinician and the microbiology labora-
tory is always suggested whenever an interpretation is needed. Finally, both the 
clinical microbiologist and the clinician must acquire a working knowledge of the 
principles, diagnostic value, and limitations of these molecular assays  [  194,   195  ] .      
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  ABPA.    See  allergic bronchopulmonary 

aspergillosis (ABPA)  
  AccuProbe assay , 230   
  acetate utilization , 111   
   Acinetobacter baumanii  , 455   
   Acinetobacter  spp. 

 microarray , 403  
 PCR/ESI-MS clone types , 456  
 PNA FISH , 858  
 polymorphism , 496   

  ACME.    See  arginine catabolic mobile 
element (ACME)  

   Actinomyces , 16S rDNA , 486   
  acute-on-chronic liver failure (ACLF) , 904   
  adenoviruses (AdV) 

 genome , 721  
 infection , 720–721  
 multiplexed bead assay , 67  
 rapid antigen tests , 43  
 RNA splicing , 721–723   

  advanced antibody detection 
 automation , 68–69  
 clinical applications , 63–64, 66–68  
 ideal characteristics , 68  
 immunoblotting methods , 57, 64, 66  
 principles , 54–61  
 technique characteristics , 54–61  
 techniques compared , 61–63   

  AdvanDx PNA FISH assays , 234   
   Aerococcus  , 102   
   Aeromonas  , 113   
   Aeromonas salmonicida  , 374   
  Af fi rm DNA assay , 232   
  AFLP.    See  ampli fi ed fragment-length 

polymorphism (AFLP)  

  agarose gel electrophoresis 
 amplicon fragment patterns , 247  
 megabase-size restriction fragments , 242  
 PCR detection format , 278  
 separation and semiquantitation, 

DNA and RNA , 653   
  agar proportion method , 573   
  agglutination methods 

 IF and latex , 47  
 prozone reaction , 33  
 rheumatoid factor antibodies , 33  
 semiquantitative , 32  
 technique characteristics , 33   

  alanine leucine transaminase (ALT) , 905   
  alkaline phosphatase (AP) , 55   
  allele-speci fi c PCR (AS-PCR) , 278   
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  alpha-1 antitrypsin , 137   
  alternative RNA splicing , 696–697   
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 biotin , 374  
 enzyme-substrate systems , 376  
 hybridization conditions , 375  
 probe-coating concentration , 377  
 streptavidin , 375  

 principle of 
 avidin , 372  

        Index 
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 amplicon detection, CMPS (cont.)
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  fl uorescein-labeled probes , 373  
 hybrid capture , 373  
 nucleic acid ampli fi cation assays , 371  
 oligonucleotide probe , 372  
 sandwich hybridization , 372   

  amplicon rescued multiplex PCR (arm-PCR) , 
634–636   

  ampli fi cation product inactivation 
 dead air boxes , 470–471  
 enzymatic methods 

 dsDNase , 474, 476  
 photolinkers , 476  
 UNG , 472–475  

 false positive ampli fi cation reactions , 
468–469  

 hydroxylamine hydrochloride post-
ampli fi cation , 476  

 pre and post-ampli fi cation area , 469, 470  
 primer hydrolysis , 476  
 root cause analysis , 477  
 ultraviolet light , 472   

  ampli fi cation–production–detection techniques 
 advanced detection methods 

 capillary electrophoresis and direct 
sequencing , 361  

 DNA microarray , 362  
 PCR-mass spectrometry , 363  
 pyrosequencing , 361–362  
 real-time PCR , 359–360  

 comparison of , 357  
 molecular-based assays , 355  
 real-time detection 

 adjacent probes , 424–425  
 complementary probes , 426–427  
 duplex primer , 431  
 DzyNA-PCR , 431–432  
 energy transfer , 432  
  fl uorescein-labeled oligonucleotides , 

428  
 FRET , 432  
 internally cleavable  fl uorescence 

probe , 429  
 invader chemistry , 429–430  
 Light-up and FIT probes , 427–428  
 melting experiment , 422  
 molecular beacon probe , 425–426  
 nucleic acid dyes , 421  
 nucleotides , 421  
 oligonucleotides , 423  
 single-stranded dual label hybridization 

probes , 427  
 stem-loop structure , 430–431  

 target speci fi city , 423  
 5’-to-3’ exonuclease activity , 424  
 unnatural DNA bases , 432  

 traditional detection methods 
 gel electrophoresis , 356  
 PCR-ELISA , 357–358  
 southern blot , 356–357   

  ampli fi ed fragment-length polymorphism 
(AFLP) , 244, 286   

  AMV.    See  avian myeloblastosis virus (AMV)  
  anaerobic bacteria , 179, 483   
  anal intraepithelial neoplasia (AIN) , 841   
  analyte-speci fi c reagents (ASRs) , 358   
  angiopoietins (Angs) , 133–134   
  antimicrobial susceptibility testing (AST) 

 anti-TB therapy regimen selection , 913  
 cultured isolates , 209  
 phenotypic methods , 915   

  antiretroviral resistance assays , 794   
  antiretroviral susceptibility testing 

 genotypic 
 drug resistance , 792–793  
 mutant detection , 793, 795  
 resistance assays , 794  

 phenotypic , 795   
  anti-St. Louis encephalitis , 67   
  AP.    See  alkaline phosphatase (AP)  
  API identi fi cation system , 115–116   
  arbitrarily primed-PCR (AP-PCR) , 286   
   Arcanobacterium haemolyticum  , 104   
  arginine catabolic mobile element 

(ACME) , 243   
   Aspergillus  spp. 

  A. fumigatus  , 14  
 allergic aspergillosis , 14  
 breath test , 23  
 detection , 16–17  
 invasive aspergillosis , 15  
  Saprophytic aspergillosis  , 14   

  astrovirus , 43   
  atypical squamous cells of undetermined 

signi fi cance (ASCUS) , 337   
  avian myeloblastosis virus (AMV) , 281    
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   Babesia microti  , 529   
   Bacillus anthracis  

 endemic disease , 453  
 MLVA strain typing , 249  
 multiplexed bead assay , 67  
 PhyloChip , 404   

   Bacillus stearothermophilus  , 299   
  bacitracin inhibition test , 103   
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  bacteria , 38, 45–46   
  bacterial analytical manual (BAM) , 605   
  bacterial identi fi cation 

 gene targets , 496–498  
 PCR and DNA sequencing , 484  
 16S rDNA gene 

 automation of , 492–496  
 catalase-negative gram-positive 

cocci , 486  
 conventional phenotypic tests , 485  
 diagnostic microbiology , 484  
 gram-negative bacteria , 487  
  Haemophilus  species , 487  
 interpretation guidelines , 490–491  
 Lance fi eld group G beta-hemolytic 

streptococci , 487  
 living organisms , 485  
 MicroSeq systems , 485  
 novel bacterial species , 484  
 rare bacteria and bacteria , 487–488  
 slow-growing and uncultivable bacteria , 

489–490  
 species identi fi cation , 486–487   

  bacterial infections , 896–897   
  BAL.    See  bronchoalveolar lavages (BAL)  
  BAM.    See  bacterial analytical manual (BAM)  
   Bartonella quintana  , 373, 374, 474   
  basic local alignment search tool 

(BLAST) , 755   
  BBL systems , 116–117   
  bDNA.    See  branched DNA technology  
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  (1,3)-beta- d -glucan (BG) , 17   
  bile esculin agar slant , 105   
  bile solubility test , 90   
  Biolog System , 120   
  biomarkers 

 alpha-1 antitrypsin , 137  
 angiopoietins , 133–134  
 CD64 , 135  
 coagulation markers , 133  
 C-reactive protein , 131–132  
 cytokines , 136–137  
 gelsolin , 137  
 hepatitis biomarkers , 137  
 HLA-DR , 136  
 interferon-gamma-inducible protein-10 , 

137–138  
 lipopolysaccharide-binding protein , 133  
 measurement , 139  
 neopterin , 134  
 neutrophil distribution width , 138  
 presepsin , 136  
 proadrenomedullin , 137  

 procalcitonin , 124–130  
 regulatory T lymphocytes , 138  
 serum amyloid A , 132–133  
 soluble receptor for advanced glycation 

end products , 135  
 toll-like receptor-2 , 134  
 triggering receptor expressed on myeloid 

cells-1 , 134–135  
 urokinase-type plasminogen activator 

receptor , 135   
  BioNumerics , 252   
  BLAST.    See  basic local alignment search tool 

(BLAST)  
  blood cultures.    See also  blood product 

screening; continuously monitoring 
blood culturing systems 

 additives , 7  
 anaerobic bottle , 4  
 anaerobic culture media , 8  
 antibiotics , 6  
 blood-draw timing , 4  
 endocarditis , 4  
 frequency , 4  
 incubation lengths , 4–5  
 indwelling devices , 6  
 initial host defense , 3  
 lytic agents with , 7  
 mycobacteria , 8–9  
 persistent fever , 4  
 recovery yields , 4  
 sepsis   ( see  sepsis) 
 volumes drawn , 4    
See also  blood product screening; 

continuously monitoring blood 
culturing systems  

  blood product screening 
 blood safety 

 advanced molecular techniques , 518  
 limitations , 518  

 donated blood, infectious agents , 520  
 FDA , 511  
 hypothetical risk , 530  
 infectious agents 

 con fi rmatory tests , 520–521  
 donated blood , 520  
 licensed/approved clinical assays , 

511–518  
 NAT   ( see  nucleic acid testing (NAT)) 

 nucleic acid detection techniques 
 microarrays , 520  
 PCR , 519–520  
 southern blot hybridization , 519  

 representational difference analysis 
(RDA) , 530   
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  bloodstream infections 
 blood samples contamination , 916  
 blood tested, volume of , 915–916  
 DNAemia interpretation , 914–915  
 molecular detection, resistance 

determinants , 915  
 sepsis   ( see  sepsis) 
 use of , 914   

  bone marrow cultures , 8   
   Bordetella pertussis  , 266, 373, 374   
  branched DNA technology 

 alkaline phosphatase-conjugated 
oligonucleotides , 328  

 diagnostic microbiology , 334–336  
 preampli fi er probes , 329  
 principles and characteristics , 328–330  
 Watson–Crick base pairing , 329   

  breath test 
  Aspergillus  spp. , 23  
  H. pylori    ( see Helicobacter pylori ) 
 sample collection , 17–18   

  bronchoalveolar lavages (BAL) , 827   
  bronchoalveolar stem cells (BASCs) , 895   
   Brucella  , 5, 249   
   Burkholderia mallei  , 180    

  C 
  calcitonin-carboxyl-peptide-I (CCP-I) , 127   
  CAMP tests , 104–105   
   Campylobacteraceae  , 404   
   Campylobacter jejuni  , 93, 392   
   Candida  

 Af fi rm VPIII Microbial Identi fi cation 
Test , 232  

 bacterial antibiotic resistance 
elements , 453  

 blood cultures , 5  
 PNA-FISH , 855–856, 858   

   Cardiobacterium valvarum  , 5   
  catalase test , 88   
  cell culture cytotoxicity assay (CCCA) , 774   
  cellular fatty acid (CFA) analysis 

 advantages and disadvantages , 183–184  
 bacterial identi fi cation , 179  
 bioterrorism , 180–181  
 fatty acid polymorphisms , 179–180  
 HPLC and susceptibility testing , 182–183  
 library expansion , 179–180  
 mycolic acid analysis , 181–182  
 principles and methods , 178   

  Centers for Disease Control and Prevention 
(CDC) , 535   

  cephalosporin , 487   

  Cervista® HPV HR test , 340   
  cetrimide agar , 110   
  CFS.    See  chronic fatigue syndrome (CFS)  
  chemiluminescence (CLIA) 

 direct , 58–59  
 enhanced , 59  
 indirect , 58  
 rapid antigen tests , 36–37   

   Chlamydia pneumoniae  , 216, 374   
   Chlamydia trachomatis  

 APTIMA GC assay (AGC) , 540  
 CDC , 540  
 FDA-approved commercial detection kits , 

536  
 nucleic acid hybridization , 536–537  
 PCR , 537–539  
 rapid antigen tests , 40  
 SDA , 539–540  
 signal ampli fi cation , 537  
 TMA , 540   

   Chlamydophila pneumoniae  , 266   
  chromogenic media , 591   
  chronic fatigue syndrome (CFS) , 374   
  chronic hepatitis B (CHB) , 904   
  circoviruses , 714–715   
  citrate agar slant , 110   
  classical swine fever (CSF) , 665   
  Cleavase® enzyme , 331   
   Clostridium botulinum  toxin , 152   
   Clostridium dif fi cile  

 diagnosis 
 CCCA , 774  
 glutamate dehydrogenase testing , 776  
 molecular assays   ( see  molecular 

assays) 
 recommendation tests , 771–772  
 toxigenic bacterial culture , 772–773  
 toxin enzyme immunoassays , 774–775  

 epidemiology 
 infection , 770–771  
 NAP-1 strain , 771  
 wild type strain , 770  

 microbiology and pathogenesis 
 binary toxin , 770  
 characteristics , 769  
 genome , 769–770  

 rapid antigen tests , 45  
 real-time cellular analysis 

 cytotoxigenic assay and diagnosis , 157  
 diarrhea , 156  
 disease severity, correlation , 159–160  
 enzyme immunoassays , 157  
 monitoring treatment , 160  
 PCR-based toxin gene detection , 157  
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 quantitative detection , 158–159   
   Clostridium perfringens  , 404   
   Clostridium tetani  

 ELISA assays , 67  
 xMAP , 67   

  CLO test , 94–95   
  CMPS.    See  colorimetric microwell plate-based 

system (CMPS)  
  coagulase gene (coa) , 391   
  coagulase-negative staphylococcus 

(CoNS) , 857   
  coagulation markers , 133   
  Cobas Amplicor HIV-1 Monitor Assay , 791   
  colony forming units (CFU) , 9   
  colorimetric methods , 55   
  colorimetric microwell plate-based system 

(CMPS) 
 clinical application , 373–374  
 development , 374–377  
 principle of , 371–373   

  community-acquired methicillin-resistant 
 Staphylococcus aureus  
(CA-MRSA) , 587   

  community genome arrays (CGAs) , 400   
  continuously monitoring blood culturing 

systems (CMBCs) , 6–9   
  coronaviruses (CoV) , 825   
   Coryneform baccili  , 5   
   Coxiella burnetii  , 374   
  coxsackieviruses/echovirus (CVEV) , 825   
  CPE.    See  cytopathic effect (CPE)  
  CPT.    See  cycling probe technology (CPT)  
  C-reactive protein (CRP) , 131–132   
  critical care units (CCU) , 845   
   C. trachomatis  (CT) , 266, 321, 337, 373   
  cycling probe technology (CPT) , 266, 

320–321   
  cystic  fi brosis transmembrane receptor 

(CFTR) , 339   
  cytokines , 136–137   
  cytomegalovirus (CMV) , 527   
  cytopathic effect (CPE) 

 hand, foot, and mouth disease , 165  
 in fl uenza virus , 164–165  
 Louis encephalitis virus , 162–164  
 West Nile virus , 162–164   

  Cytyc PreservCyt Solution , 340    

  D 
  DBSs.    See  dried blood spots (DBSs)  
  decarboxylase , 113   

  degenerate reverse transcription (RT)-PCR , 
280   

  dengue virus (DENV) , 528–529   
  deoxynucleoside triphosphates (dNTPs) , 274   
   Dichelobacter nodosus  , 656   
  diffuse large B-cell lymphoma (DLBCL) , 896   
  Digene Corporation , 330   
  dimethyl sulfoxide (DMSO) , 279   
  dioxytane , 328   
  direct chemiluminescence , 58–59   
  direct  fl uorescent antibody assay (DFA) , 825   
  DNA hydrolysis test , 101–102   
  DNA sequencing 

 capillary electrophoresis , 384  
 methodology 

 Clipper sequencer , 386  
 coupled ampli fi cation and sequencing , 

386  
 homology search and reporting , 386  
 nucleic acid extraction , 385  
 polymerase chain reaction , 385  

 molecular diagnosis 
 HCV genotyping , 389–390  
 HIV-1 genotyping , 390  
 65-kDa heat shock protein gene 

( hsp 65) , 386–387  
  rec A gene sequence , 387–389  
 sequence-based bacterial genome 

typing , 390–391  
 next-generation sequencing , 393  
 pyrosequencing 

 mutant genes , 392  
 mycobacterium identi fi cation , 392  
 schematic diagram , 384  

 Sanger sequencing , 385   
  DNA viruses 

 adenoviruses   ( see  adenoviruses) 
 circoviruses , 714–715  
 EBV   ( see  Epstein-Barr virus (EBV)) 
 HCMV , 730–732  
 hepadnaviruses   ( see  hepadnaviruses) 
 herpes simplex viruses , 729–731  
 herpesviruses , 727–728  
 KSHV , 735–737  
 papillomaviruses , 725–727  
 parvoviruses , 718–720  
 polyomaviruses , 723–725   

  double-stranded DNase (dsDNase) , 474, 476   
  dried blood spots (DBSs) , 216   
  DruID , 252   
  dual-priming oligonucleotide (DPO) mPCR 

method , 632    
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  E 
  early goal-directed therapy (EGDT) , 851   
   Eikenella corrodens  , 5   
  electrochemiluminescence (ECL) , 59   
  electron microscopy (EM) , 875, 879   
  electrospray ionization (ESI) , 189–191   
  ELISA.    See  enzyme-linked immunosorbent 

assay (ELISA)  
  ELOSA.    See  enzyme-linked oligosorbent 

assay (ELOSA)  
  enhanced chemiluminescence , 59   
   Entamoeba histolytica  , 47   
  enteric infections 

 human gut microbiome , 923  
 microbiologic cause , 923  
 molecular detection, resistant 

determinants of , 924  
 multiplex PCR , 923–924  
 nucleic acid extraction , 923  
 quantitative pcr , 924  
 use of , 922   

   Enterobacter  
 acetoin , 108  
 MALDI-TOF mass spectrometry , 198  
 microarray , 612   

   Enterobacteriaceae  , 5, 8, 87, 107, 403, 487   
  enterobacterial repetitive intergenic consensus 

(ERIC) , 246   
   Enterococcus faecalis  

  fl ow cytometry , 81  
 PNA FISH assay , 234   

   Enterococcus faecium  , 403, 453   
   Enterococcus  spp. 

 cefotaxime , 487  
 microarray , 403  
 vancomycin , 103   

   Enteroroccus faecalis  , 856–857   
  enteroviral infections , 905   
  enzyme hybridization assay (EHA) , 372   
  enzyme immunoassay (EIA) methods 

 advantages-disadvantages , 35  
  Clostridium dif fi cile  toxins , 45  
 hook effects , 35  
 model for , 54   

  enzyme-linked immunosorbent assay (ELISA) 
 characteristics , 34  
 competitive , 35  
 general description of , 55, 57  
 qualitative detection methods , 35  
 rapid antigen tests , 34–36  
 receiver-operator curves , 35  
 sandwich-type methods , 35  
 xMAP , 67   

  enzyme-linked oligosorbent assay 
(ELOSA) , 372   

  Epstein-Barr virus (EBV) , 66, 893, 896  
 genome , 733, 734  
 infections , 732–733  
 RNA splicing , 733–735   

  ERIC.    See  enterobacterial repetitive intergenic 
consensus (ERIC)  

   Escherichia coli  
 GNR Traf fi c Light PNA FISH , 234  
 MUG test , 91–92  
 RAM assay , 312   

  ESI.    See  electrospray ionization (ESI)  
  ethidium bromide (EtBr) , 348   
  EZ-HBT Helicobacter Blood Test , 22    

  F 
   fl ow cytometry (FC) 

 comparator methods , 81–82  
 detections , 77–80  
 dyes , 76  
 green  fl uorescent protein , 81  
 lab-on-a-chip devices , 83  
 nucleic acid-based approaches , 75  
 proof-of-concept studies , 75  
 step-down and step-up approaches , 82  
 turnaround times , 81   

   fl uorescence quenching/energy transfer-based 
real-time methods 

 ampli fi cation products, detection of 
 double-stranded amplicon , 432  
 FRET , 432  
 melting experiment , 422  
 nucleic acid dyes , 421  
 nucleotides , 421  
 oligonucleotides , 423  
 primer designs, target detection and 

signal generation , 430–432  
 probe designs, target detection and 

signal generation , 424–430  
 target speci fi city , 423  

 data analysis and result reporting , 434, 436  
  fl uorescence signal modi fi cation 

 collisional quenching , 418, 421  
 FRET , 417–420  
 nucleic acid dyes , 421  
 principle of , 416–417  

 heterogeneous detection , 413  
 homogeneous methods , 414  
 instrument systems , 433–435  
 oligomers , 415  
 quantitative detection , 415  
 signal generation , 413  
 threshold cycles , 414   

   fl uorescence resonance energy transfer (FRET) 
 Cleavase® enzyme , 315  
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  fl uorescence signal modi fi cation , 417–418  
 speci fi c detection , 359   

   fl uorescent particle immunoassay (FPIA) , 34   
   fl uorescent polarization (FP) , 66   
  foodborne pathogens 

 antibody mediated , 606–607  
 bacterial foodborne disease , 605  
 bacterial genera/cell culture 

techniques. , 605  
 bacteriophage typing , 607–608  
 biosensors , 611–612  
  fl ow cytometry , 613  
 microarrays , 612–613  
 NGS technology , 614–615  
 optical mapping , 609  
 PCR , 609–610  
 PFGE , 608  
 real-time PCR , 610–611   

  formalin- fi xed, paraf fi n-embedded (FFPE) , 
880, 925   

   Francesella  , 404   
   Francisella tularensis  , 5, 63   
  functional gene arrays (FGAs) 

 antibiotic resistance or virulence , 398  
 microarrays , 399–400   

  fungi 
  Aspergillus fumigatus  , 749  
 BLAST , 755  
  Candida albicans  , 750  
 culture method , 759  
 cystic  fi brosis , 758  
 DNA-based methods , 750  
 DNA microarray , 750  
  fi lamentous fungi , 749  
 glass slides , 751–752  
 hybridization procedures , 757–758  
 IFI , 760  
 membrane array , 759  
 multiple fungal species identi fi cation , 758  
 oligonucleotide probes , 755  
 random labeling , 756  
 rDNA fungal sequencing kit , 750  
 synthetic membrane 

  Acremonium kiliense  , 753  
 anamorphic (asexual) genera , 754  
  fi ngerprinting sequences , 754  
  fl uorescent labeling , 752  
  fl uorochrome-labeled DNA , 752  
 ITS1 and ITS2 regions , 752  
 keratinophilic , 754  
 membrane array , 752–754  

 target genes , 756–757  
 yeast identi fi cation, oligonucleotide array , 

760–763    

  G 
  galactomannan , 16   
   Gardnerella vaginalis  , 93, 116   
  gas chromotography-mass spectrometry 

(GC-MS) , 23   
  gelatin test , 110   
  gel electrophoresis 

 principles and application 
 agarose and polyacrylamide gel , 368  
 charged molecules , 368  
 infection diseases , 370  
 macromolecules , 369  
 ScreenTape system , 369  
 SDS , 368–369  

 traditional detection methods , 356   
  gelsolin , 137   
   Gemella  , 102, 103   
  GeneLibrarian™ software , 390   
  Gen-Probe , 231, 265, 296   
   Giardia  , 47   
  glutamate dehydrogenase (GDH) testing 

  Clostridium dif fi cile  toxin , 776  
 EIA testing , 771   

  green  fl uorescent protein (GFP) , 76    

  H 
  HACEK organisms, blood cultures , 5   
   Haemophilus aphrophilus  , 5   
   Haemophilus ducreyi  , 542–543   
   Haemophilus in fl uenzae  , 392  

 ELISA assays , 67  
 multiplexed bead assay , 67  
 parain fl uenza , 67  
 porphyrin test , 106–107   

  hand, foot and mouth disease (HFMD) , 165   
  head and neck squamous cell carcinomas , 841   
  Helicase-dependent ampli fi cation (HDA) , 265, 

302–303, 413   
   Helicobacteraceae  , 404   
   Helicobacter pylori  

 antibody detection , 15  
 asymptomatic gastric in fl ammation , 13  
 biopsy tissue specimens , 15  
 carriers, prevalence , 13  
 CLO test , 94  
 ELISA assays , 15  
 endoscope techniques , 21  
 FDA-approved tests , 22  
 gastric adenocarcinoma , 13  
 mucosa-associated lymphoid tissue 

lymphoma , 13  
 rapid antigen tests , 45  
 serology assays , 22  
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 Helicobacter pylori (cont.)
testing-and-treating strategies , 14  
 urea breath tests , 18–22   

  hematoxylin and eosin (H&E) stain , 875, 
877–878   

  hepadnaviruses 
 characteristics , 715–716  
 RNA splicing , 716–718   

  hepatitis B core antigen (anti-HBc) , 522–523   
  hepatitis B surface antigen (HBsAg) , 34   
  hepatitis B virus (HBV) , 47, 316   
  hepatitis C virus (HCV) , 265, 523–524   
  hepatitis delta virus (HDV) , 527   
  hepatocellular carcinoma (HCC) , 904   
  herpes simplex virus (HSV) 

 BioHelix , 266  
 genome , 729  
 infection , 731  
 LAT-DNA , 729  
 polymerase chain reaction , 547–548  
 rapid antigen tests , 48  
 RNA splicing , 729–730  
 strand displacement ampli fi cation , 548   

  herpesviruses 
 diagnosis , 728  
 genome , 727  
 replication , 728  
 types , 727–728   

  high-grade squamous intraepithelial lesions 
(HSIL) , 337   

  high performance liquid chromatography 
(HPLC) , 566   

  high-performance liquid chromatography 
(HPLC) , 182–183, 361   
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 HTVL-1 and-2 , 712–714   
  hybrid capture (HC) 

 diagnostic microbiology , 336–339  
 HPV testing , 232  



945Index

 principles and characteristics , 330–331  
 signal-ampli fi cation assay , 231   

  hybridization protection assay (HPA) , 229   
  hydrogen sul fi fde detection , 111    

  I 
  Illumina BeadChip Technology , 362   
  immunoassays 

 competitive inhibition , 54  
 handheld systems , 62  
 secondary anitbodies , 55   

  immunoblot method , 57   
  immunodiagnostic methods , 571–572   
  immuno fl uorescence 

 multi-analyte pro fi le technology , 60–61  
 rapid antigen tests , 33–34   

  immunohistochemistry (IHC) , 875, 879–880   
  immunomagnetic separation (IMS) , 59   
  indirect chemiluminescence , 58   
  indole test , 105–106   
  indoxyl butyrate disk , 92–93   
  in fl uenza virus 

 genomic types , 707–708  
 RNA splicing , 708–710   
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 antibiotic-resistance genes , 403  
 application , 402  
 blood and blood products , 520  
 foodborne pathogens , 612–613  
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 Gen-Probe , 296  
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 reverse transcriptase (RT) enzyme , 294  
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 amplicons , 301  
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 RNA splicing , 698, 699   
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 real-time PCR , 912–913  
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 direct hybridization , 819–821  
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 comparing methods 
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  parasites , 46–47   
  parvoviruses 

 genome , 718  
 RNA splicing , 718–720   

  pathologic techniques 
 diagnosis , 883  
 electron microscopy , 879  
 emerging pathogens , 874  
 guidelines 

 FFPE tissue , 884  
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  PCR.    see  polymerase chain reaction (PCR)  
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 bacteremia and fungemia diagnosis , 
622–623  

  Clostridium dif fi cile  , 621  
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 detection and analysis 
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