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Detection of bacteraemia in critically
ill patients using 16S rDNA polymerase
chain reaction and DNA sequencing

Abstract Objective: To confirm the
sensitivity of the polymerase chain
reaction (PCR) technique (versus
blood cultures) and to gain a better
understanding of the incidence of
true- and false-positive results when
using this technique.

Design: Observational study.
Setting: Fourteen-bed, level 3 inten-
sive care unit.

Patients: Hundred twenty-six criti-
cally ill adult patients. Hundred
ninety-seven blood culture and PCR
samples taken as clinically indicated
for suspected sepsis, according to
routine ICU protocol.
Measurements and results: The PCR
product (16SrDNA: 341F-1195R)
was sequenced and compared with a
database of known species (Gene-
bank) to identify the bacterial nu-
cleic acid. The PCR or blood culture
result was classified as a true-posi-
tive if there was other microbiologi-
cal or clinical supporting evidence.

Keywords Polymerase chain
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Introduction

During the last decade there has been increasing use of
nucleic acid based techniques [mainly polymerase
chain reaction (PCR)] for the identification of infection
in septic patients. In ICU patients the likely causative
bacterium is often not known — necessitating amplifica-
tion of a section of bacterial DNA that is common to
all bacteria (the so-called “universal” sequences).
There has been a significant amount of work demon-
strating that amplification of sections of the 16S

rDNA gene has been found to be both sensitive and
specific for the detection of bacterial DNA from al-
most all known species of bacteria [1, 2, 3, 4, 5, 6]. The
16S rDNA gene codes for the 16S ribosomal and com-
ponent is found in bacteria only — and is thus not af-
fected by contamination with mammalian DNA. In a
previous study we found that PCR techniques using
these ‘generic’ or ‘universal’ 16S sequences showed
promise as being more sensitive than conventional
blood culture (BC) techniques [7]. However, the clini-
cal interpretations of the results from the study were
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limited by the fact that we were not able to determine
the species of bacteria present.

In this present study, therefore, we have attempted
to perform nucleic acid sequencing on the PCR prod-
ucts and then compared the sequence with an electronic
database of genetic sequences (Genebank) to identify
the causative bacterial species. The aims were to (1)
confirm the sensitivity of the PCR technique (versus
BCs) and (2) gain a better understanding of the inci-
dence of true- and false-positive results when using this
technique.

Methods

Clinical methods

We report on an observational study in which we have reviewed
the results from blood samples that were taken, in a sterile manner,
from adult ICU patients and then sent for PCR and BC. The study
was approved by the regional ethics committee. The samples were
taken as clinically indicated for suspected sepsis according to our
routine ICU protocol. A peripheral blood sample was taken when
the patient was suspected of having a septic episode. This was de-
fined as the development of a new fever (> 38.5°C), development
of a new organ failure or significant organ functional deterioration.
If indwelling lines were suspected as a cause for the sepsis, addi-
tional samples were taken from the suspicious line.

The analysis of the PCR was carried out, at a laboratory distant
to the ICU, by one of the authors (RTC), who was blinded to the
clinical diagnosis and the results of the BCs. At the time of taking
the blood samples, the severity of sepsis of the patient was quanti-
fied using the temperature, white cell count and modified SOFA
score [8]. The SOFA score differed slightly from that published as
we excluded the bilirubin component to the score. We did this be-
cause, in a large study, Moreno et al. found that no independent
contribution could be associated with the hepatic score [9]. The
blood cultures were processed in the manner routine to the micro-
biological department of our hospital (BACTEC 9000 system,
Becton Dickinson Microbiological Systems, Sparks, Maryland).

Polymerase chain reaction technique

The possibility of residual laboratory bacterial DNA contamina-
tion in all reagents was eliminated using type Il restriction enzymes
(Alul and Rsal). This was confirmed using a negative control in all
runs. All chemicals were of molecular biology grade and the filter
sterilised (not autoclaved, which will lyse many bacteria). The lab-
oratory process was as follows.

Extraction of the bacterial DNA from leucocytes (WBC) and
removal of polymerase inhibitors

Four hundred microlitres of EDTA chelated blood was added to
900 ul of red blood cell lysis solution. The red blood cells were lys-
ed by NH,CI and the WBC (and any bacteria present in the plas-
ma) separated from the rest of the sample by centrifugation at
15 kG/5 min. Heme (a potent polymerase inhibitor) was reduced
in the residual (100 ul) WBC/bacterial pellet using 15 ul of H,O,
for 5 min at room temperature. The pellet of cells was then resus-

pended and 300 ul of lysing solution (0.1 m TRIS pH 9.0; 50 mm
EDTA; 1% sodium dodecyl sulphate (SDS); 0.1 m NaCl) added.
This solution was incubated at 75°C/15 min; frozen at -70°C/
15 min; heated at 75 °C/5 min and then at 95°C/10 min. Thereafter,
300 ul of 5 M LiCl was added to salt-out SDS and proteins, followed
by 700 wl CHCl,. The biphasic solution was emulsified and mixed
for 15 min at room temperature. The solution was then centrifuged
at 10 kG/10 min and the aqueous solution containing the DNA
mixed with an equal volume of isopropanol. DN A was precipitated
for 1 h, centrifuged at 16 kG/15 min, washed in 70 % ethanol and
finally resuspended in 100 ul of trisEDTA (TE) (10 mm TRIS;
1 mm EDTA, pH 8.0).

DNA amplification cycles

For PCR all reagents (buffers, goldtaq enzyme, primers) were pre-
digested for 2 h at 37°C with Alul/Rsal (0.2 U of each) restriction
enzymes. The restriction enzymes were then heat-killed at 65°C/
20 min, 5 pl of DNA template was added and then amplified using
94 °C/5 min to activate the polymerase enzyme. This was followed
by [94°C/20's; 55°C/20's; 72°C/45s] x 50 cycles. PCR products
were then analysed by electrophoresis using a 2% agarose gel and
trisborateEDTA (TBE) buffer followed by staining with ethidium
bromide.

Extraction and sequencing of polymerase chain reaction products

Samples containing a band at the correct position were precipitat-
ed with an equal volume of 25 % polyethylene glycol 8000/0.6 M so-
dium acetate/10 mm MgCl,, washed twice in 100 % ethanol and re-
suspended in TE to give 10 ng/ul. Of this template DNA, 1.5 ul was
then cycle sequenced using the sequencing primer. The primer se-
quences were:

1. Forward: 341F/ CCTACGGGAGGCAGCAG

2. Reverse: 1195R/ GACGTCRTCCNCDCCTTCCTC where
R =(A/G),D = (A/G/T) and N = (A/C/G/T)

3. Sequencing primer: 519F/ CAGCAGCCGCGGTAATAC

The initial primers are designed to capture the conserved sections
(crosses in Fig. 1) of the 16S gene — i.e. sections that are found in
all bacteria. This makes the initial PCR very sensitive. The se-
quencing primer is used to identify the subregion of the gene — con-
sisting of both variable and conserved sections of the gene. This is
then input into the sequencer for maximum specificity. Positive
(beta-microglobulin) controls were included to detect the presence
of PCR inhibition.

Comparison of the sequenced polmerase chain reaction product
with the database to determine the species of bacterium

The PCR product was then sequenced and the product compared
with the Genebank database to determine the bacterial species
(http://www.ncbi.nlm.nih.gov/Entrez/). In almost all cases the num-
ber of agreements in base-pairs exceeded 400 (and > 98 % agree-
ment). However, because of the limited length of the variable re-
gion in the 16S gene that is available for amplification and se-
quencing, in about a quarter of the sequences more than one close-
ly related species had identical base-pair agreement.
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Fig.1 A diagram of the 16S
rDNA gene. (line segments (-)
are divergent sections, and
crosses (X) are conserved sec-
tions)
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Table 1 Comparison of blood culture (BC) and polymerase chain
reaction (PCR) results. The numbers considered to be true-posi-
tives are shown in brackets (+ve positive, —ve negative)

Table 2 Comparison of clinical parameters [mean(SD)] for the
blood culture (BC) and polymerase chain reaction (PCR) groups
(WBC white blood cells, +ve positive, —ve negative)

PCR BC PCR
-ve +ve TOTAL -ve +ve -ve +ve
Blood culture -ve 121 48 (25) 169 Temperature 384 (1.3) 38.7(1.2) 38.6(1.3) 38.1(1.4)
+ve 13 (8) 15 (13) 28(21)  WBC 140 (8.1) 13.6(64) 14.5(85) 12.2(7.0)
Analysis 2 as Meningococci and 14 were not sequenced. The re-

The positive and negative rates between the BC and PCR were
compared using a two-way contingency table. We then classified
the positive (BC or PCR) results as true-positives if there clearly
existed other supporting clinical or microbiological evidence that
the isolated organism was causative of the disease. This evidence
could be either: (1) multiple positive blood results (either PCR
and/or BC) from several different samples taken over a period in
time (making sampling contamination unlikely), (2) other (non-
blood) confirmatory microbiological specimens (e.g. meningococ-
cus obtained from cerebrospinal fluid (CSF ) or (3) clear clinical
or radiological evidence (e.g. lobar consolidation would confirm
that the Streptococcus pneumoniae found in the blood culture was
a true-positive). If there was no supporting evidence as to the sig-
nificance of the isolated organism, the result was classified as inde-
terminate.

Results

The data consisted of 197 samples obtained from
126 patients over the period 3rd March, 2000, to 10th
July, 2000. The comparison of the BC and PCR results
are shown in Table 1.

When assessing concordance of BC and PCR, of the
13 samples ‘missed’ by the PCR (PCR negative and BC
positive) — 11 grew coagulase negative Staphylococci
and two grew Staphylococcus aureus. Of the 48 samples
“missed” by the BC (PCR positive and BC negative),
17 were sequenced as Staphylococci, 10 as Streptococci,

mainder were identified as various gram-negative bacte-
riaciae (Escherichia coli (2), Stenotrophomonas malto-
philia, Yersinia enterocolitica, Burkholderia cepacia).
Of all 28 BC positive results, 21 (75 % ) were classified
as true-positives. Most of the rest could be attributed to
probable sampling contamination or colonisation (e.g.
samples taken from old central venous lines). Of all 63
PCR positive results, 38 (60 % ) were classified as true-
positives. Of the remaining 25 indeterminate positives,
17 were not successfully sequenced due to the presence
of multiple organisms (causing multiple concurrent
nucleotide sequences) or insufficient PCR product
(< 15 ng). Of those classified as indeterminate that were
successfully sequenced, the bacteria identified were not
known to be pathogenic (e.g. Aquaspirillium, Planococ-
cus, Flavobacterium) or were coagulase negative Staphy-
lococci from indwelling lines with concomitant negative
results from true peripheral blood samples. Of the 38
PCR results classified as true-positives of this template
DNA, 10 were classified using the ‘multiple positive
specimens’ criterion alone, 5 using the ‘other microbio-
logical specimens’ criterion alone and 6 using the ‘clinical
or radiological evidence’ criterion alone. Seventeen in-
volved a combination of more than one criterion group.
When comparing the SOFA score, WBC and temper-
ature between the BC positive and negative groups or
the PCR positive and negative groups, there was no sig-
nificant difference (Mann-Whitney U test, Table 2)
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Table 3 Polymerase chain reaction (true) positive patients with
corresponding negative blood culture post-antibiotics (B Burkhol-
deria, S Staphylococcus, E Escherichia, Str Streptococcus, Y Yersi-

nia, N Neisseria, CNS coagulase negative Staphylococcus, P Pseu-
domonas, Time: refers to the time between the institution of anti-
biotics and the PCR sample was taken)

Patient Diagnosis Outcome  Other evidence Antibiotics Time PCR result
1 Pyelonephritis /septic Died Urine and pre-antibiotic =~ Augmentin/gentamicin 13h E. coli
shock BC: E. coli
2 Post abortion/ARDS Lived Clinical: foul lochia at Cefotetan/gentamicin 6h  Str. mitis
operation
3 Chronic renal failure/ Died Endotracheal P, aerugi- Meropenem >24h  B. cepacia
septic shock nosa
4 Meningitis/septic shock  Lived CSF: N. meningitidis Penicillin 7h  N. meningitidis
5 Multiple trauma Lived Next day BC and PCR Flucloxacillin >24h CNS
+ve
6 Fractured jaw and Lived Str. anginosus from jaw Cefuroxime/metronida- >24h  Str. anginosus
abscess wound zole
7 Streptococcal shock Died Pre-antibiotic BC: Str Ceftriaxone/gentamicin 12h St pyogenes
pyogenes
8 Staphylococcal shock Died Pre-antibiotic BC: S. au-  Cefuroxime/gentamicin 8h S. aureus
reus
9 Multiple trauma Lived Clinical: cellulitis and Flucloxacillin/gentamicin  >24h  S. aureus
abscess
10 Pancreatitis and sepsis Died Pre-antibiotic BC: E. coli Meropenem 18h  E. coli
11 Guillane-Barre Lived Multiple +ve BC later Vancomycin >24h CNS
syndrome (CNS)
12 Cellulitis, abscess and Lived Pre-antibiotic BC: S. au-  Cefuroxime/meropenem 6h S aureus
septic shock reus
13 Multiple trauma and Lived Pyrexia/shock: blood Augmentin 4h Y enterocolitica
blood reaction transfusion
14 Meningococcal shock Lived Pre-antibiotic BC: Ceftriaxone 6h  N. meningitidis

N. meningitidis

Because our hospital is the tertiary referral unit for
a large district, many of our patients had BCs taken at
outlying hospitals or in our emergency department,
immediately followed by intravenous administration
of broad spectrum antibiotics. Often these initial
(pre-antibiotic) BCs were positive, but the repeat
BCs taken some time later on admission to our ICU
were negative — whereas the concomitant PCR speci-
men at this time was positive. The clinical details of
this group of patients are shown in Table3. These
were patients who were felt to be true PCR positives,
but had negative BCs due to antibiotic activity in the
sample.

Discussion

The main results of our study were that generic PCR,
followed by identification of the bacteria through nucle-
ic acid sequencing, is able to detect the presence of bac-
terial DNA in many BC-negative samples. When corre-
lated with other clinical and microbiological informa-
tion, about two thirds of these PCR-positive results

probably identify the true causative pathogenic bacteria
(Tables 1 and 3).

About one third of the PCR results were classified as
indeterminate and probably were, indeed, false-posi-
tives. There are at least four explanations for these obser-
vations. (1) We intentionally erred on the side of caution
— being over-conservative in classifying true-positives.
For example, correctly or incorrectly, we completely ex-
cluded Planococcus as a cause of sepsis a priori. (2) The
extreme sensitivity of PCR makes the technique very sus-
ceptible to environmental contamination during the pro-
cess of blood collection. Although we were able to control
adequately for laboratory contamination by strict use of
negative controls, it is not possible fully to prevent/detect
contamination by any bacterial DNA in the process be-
fore this point. (3) It is conceivable that ‘asymptomatic’
bacteraemias, which result in phagocytosis of bacterial
DNA by leucocytes, are not uncommon in intensive care
patients who have many invasive monitoring devices
[10]. (4) Infection with more than one organism is difficult
to sequence. If the PCR product consists of DNA ampli-
fied from more than one species of bacterium, the se-
quencer detects more than one type of nucleotide base at
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many sites and thus cannot produce areliable sequence to
enableidentification of the species. In contrast,ifthe PCR
product was derived from a single species there was usual-
ly very high agreement (> 98 % ) with the Genebank. In
the future it may be possible to use alternative methods
of species identification to overcome this problem —such
as by multiplexing species-specific probes or utilising the
different melting points of different PCR products. It is
likely that PCR techniques could be significantly faster
than conventional BC[11].

The choice and length of the amplified region influ-
ences the ability to differentiate between closely related
micro-organisms. Using the 16S sequences some bacte-
ria are indistinguishable (e.g. Burkolderia cepacia and
Pseudomonas aeruginosa in patient 3, in Table 3). The
use of the, more variable 16S-23S intergenic region
may prove to be better in this regard, and deserves fur-
ther investigation.

As has been observed in many studies, the develop-
ment of organ failure (as quantified by the SOFA score)
does not correlate well either with positive blood cul-
tures or a positive PCR [12, 13, 14]. Our data support
the idea that much of the pathology of the sepsis syn-
drome may be due to host responses.

Because there is no gold standard with which to com-
pare the results of our PCR technique, there is inevitably
an element of subjective clinical judgement in our false-
positive/false-negative classification. Information about

the presence of bacteria forms only one part of the overall
clinical picture. We have attempted to accumulate data
and applied clinical common sense in its interpretation.
This was the basis of our classification — which is, in es-
sence, the same as that commonly used to establish the
false-positive rate for conventional BCs. In the future we
believe it will be necessary to include information about
the host response —such as cytokine mRNA expression.

The cases shown in Table 3 highlight the utility of the
PCR in detecting the presence of bacterial nucleic acid in
the leucocytes; in situations where the growth of bacteria
in conventional processing hasbeen inhibited by antibiot-
ics. Our results are very similar to those described in a re-
cently published experimental study [15]. In this study
mice were inoculated with Streptoccocus pneumoniae
and then treated with antibiotics. S. pneumoniae DNA
was detected in the leucocytes of most of the animals for
atleast 48 h after the start of antibiotic treatment.

This study demonstrates that: (1) the universal 16S
rDNA PCR is about twice as sensitive as BC in detecting
bacteraemiasin ICU patients—and may be especially use-
ful in patients who have received prior antibiotics. (2)
Thereisstill asizeable proportion of patients who are clin-
ically septic, but without detectable bacterial DNA in
their blood. (3) There is probably a significant false-posi-
tive rate when using PCR techniques, although the status
of many bacterial speciesthat have hithertobeenbelieved
to be non-pathogenic is open to question.
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