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1Campylobacter

Sophie J. Hedges and Frances M. Colles

1.1	 �Introduction

Campylobacter is a motile Gram-negative, curved rod-shaped bacterium and is one 
of the most common causes of human gastroenteritis (campylobacteriosis) globally 
[1]. Campylobacter has only been recognized as causing human disease relatively 
recently, aided by the development of specific and selective agar during the 1970s 
[2]. The bacterium also needs a microaerobic atmosphere containing 5% O2, 10% 
CO2 and 85% N2 to grow [3]. Despite this, it is believed the pathogen was first 
described in infant stools as a cause of ‘cholera infantum’ as early as 1880  in 
Germany by Theodor Escherich [4]. Campylobacter normally causes a self-limiting 
infection in humans, with antimicrobial therapy not usually administered unless 
more severe symptoms persist. Occasionally, serious complications such as Guillain-
Barré syndrome (GBS) can occur, which in addition to the high numbers of human 
infections, and the prominence of severe diarrhoea in developing countries [5], 
means that Campylobacter is viewed as an important public health hazard by the 
WHO and in many countries [6].

There are 40 species and subspecies of Campylobacter recognized to date [7, 8], 
of which C. jejuni accounts for 90% of campylobacteriosis in humans, with C. coli 
and occasionally C. lari and C. upsaliensis causing the majority of the remaining 
cases [9]. There is increasing evidence that C. concisus has a role in inflammatory 
bowel disease (IBD) in humans [8]. In animals, Campylobacter species are often 
identified as part of the microbiota of healthy individuals; however, C. jejuni, C. coli, 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-83217-9_1&domain=pdf
https://doi.org/10.1007/978-3-030-83217-9_1#DOI
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C. fetus subspecies fetus and C. fetus subspecies venerealis are recognized as veteri-
nary pathogens, together with sporadic incidence of other Campylobacter species 
[10]. In the UK and New Zealand, C. fetus subspecies fetus is one of the leading 
causes of abortion outbreaks in sheep, cattle and goats, although in the USA, there 
has been a switch to a particular clone of C. jejuni as the primary cause over the past 
decade [10, 11]. C. fetus subspecies venerealis, also a cause of infertility and abor-
tion in ruminants, is more closely associated with cattle. Campylobacter hepaticus 
was named as a new species in 2016 and is recognized as a cause of spotty liver 
disease in laying hens [12, 13].

A subset of Campylobacter species, including C. jejuni, C. coli, C. upsaliensis 
and C. lari, are thermophilic with an optimal growing temperature of 42 °C, the 
body temperature of birds. The thermophilic bacteria can be isolated from a range 
of sources including humans, chickens [14], ruminants [15], pigs [16] and wild 
birds [17–19] and also from environment sources such as water and sand from bath-
ing beaches [20–24]. In clinical samples, C. jejuni and C. coli are most commonly 
isolated from patient stool samples, but in addition to other species such as C. fetus 
and C. hyointestinalis [25, 26], they are occasionally isolated from blood cultures, 
particularly in immunocompromised patients [10]. Most Campylobacter infections 
are sporadic [3, 27], with outbreaks occasionally occurring in association with 
sources such as contaminated or untreated milk or water [3].

Typing of Campylobacter has traditionally been used to differentiate the species, 
as well as to cluster strains within the same species. Typing can also be used to 
attribute the primary source of infection, monitor outbreaks and associate related-
ness of different strains to understand the pathogen’s epidemiology and history. 
Within clinical laboratories, identification is often limited to genus level as treat-
ment, if deemed necessary, is not affected by species. In recent years, thanks to 
improved nucleotide sequencing technology, more can be done to investigate the 
largely sporadic nature of human disease and the increase in antibiotic resistance 
[28]. Fluoroquinolone resistance is a particular problem, primarily due to the pre-
scription of fluoroquinolones in clinical cases, as well as in animal agriculture [29]. 
Typing methods can be used to trace antibiotic resistance in the food chain and 
prove valuable in predicting antibiotic resistance in clinical disease [30]. In this 
chapter, we describe different phenotypic and genotypic methods that have been 
developed over the years in the typing of Campylobacter and discuss how they have 
been advanced to give scientists a greater understanding of Campylobacter and the 
role it plays in human disease.

1.2	 �Early Typing Methods

Early techniques before the age of nucleotide sequencing relied heavily upon visual 
cues and simple tests to differentiate between bacterial species. It was not until later 
on that different strains of Campylobacter could be reliably identified through PCR 
and sequencing techniques. Typing methods of Campylobacter may require cultur-
ing of the isolates, which, in itself, can identify between different species. The need 
for quick, cheap and accurate methods for the identification of Campylobacter spp. 
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within clinical laboratories is a necessary importance; however, it is also critical in 
assessing biosecurity of farms and abattoirs, for example. As C. jejuni and C. coli 
have been identified as the primary species causing human disease, typing methods 
have largely focused on these species.

1.3	 �Biochemical Tests

Detection of Campylobacter within samples containing low Campylobacter num-
bers and high levels of background microflora often relies on pre-enrichment fol-
lowed by selective culture. Early typing methods combined growth characteristics 
with simple biochemical tests to identify different bacterial genera and 
Campylobacter species [31]. For example, Campylobacter can be differentiated 
from phenotypically similar Arcobacter species by their inability to grow at 30 °C 
[32] and from other bacterial genera by their sensitivity to NaCl at greater than 
2%w/v [3]. Indoxyl acetate hydrolysis (IAH) tests, reliant on a colour change to 
dark blue within 5–10  min, have been developed for the differentiation of 
Campylobacter and the related Helicobacter and Wolinella genera [33]. 
Campylobacter are Gram-negative bacteria that are oxidase and catalase posi-
tive [34].

C. jejuni and C. coli can traditionally be separated by the hippurate hydrolysis 
test, which tests for the presence of the glycine, one of the products of sodium hip-
purate hydrolysis catalysed by the hippurate hydrolysis enzyme [35]. C. jejuni is 
hippurate positive, causing the ninhydrin test indicator to form a deep purple colour, 
whilst C. coli is hippurate negative, and the test indicator remains clear in colour. 
This test, however, is subjective and has relatively high levels of false-positive and 
false-negative results [36], in part due to the emergence of atypical catalase-negative 
and hippurate-negative C. jejuni [37]. IAH tests are a quick way to differentiate 
IAH-negative C. lari and C. fetus subsp. fetus from IAH-positive C. coli and 
C. jejuni [33, 38]. Resistance to nalidixic acid and cephalothin has been used to dif-
ferentiate between some Campylobacter species, e.g. C. jejuni/C. coli, C. fetus, 
C. lari and C. upsaliensis [39]. The commercially available API Campylobacter 
system (bioMérieux) consists of 11 enzyme and conventional biochemical tests and 
9 assimilation and inhibition mini-strip tests that can also be used to differentiate 
between Campylobacter species [40]. More recently, the Vitek®2 microbial identi-
fication system (bioMérieux), which uses colorimetric technology and increased 
automation, was developed to identify C. jejuni, C. coli and C. fetus using the NH 
ID card. In a study of 1906 Campylobacter organisms, the API Campylobacter sys-
tem was able to identify 94.4% of C. jejuni strains and 73.8% of C. coli strains, and 
the Vitek®2 system identified 89.6% of C. jejuni and 87.7% of C. coli strains. Both 
systems, however, showed poor sensitivity in the identification of other 
Campylobacter species and related Epsilobacteria, and confirmatory tests are rec-
ommended [41]. Further biochemical tests are rather limited for Campylobacter 
species since they are relatively biochemically inert [33]; those that are used can be 
subjective in their interpretation, and they do not allow for detailed epidemiological 
analysis.

1  Campylobacter
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1.4	 �Phenotypic Methods

Serotyping and phage typing methods are based on phenotypic properties of bacte-
ria, for example, proteins expressed by the organism as surface structures [42]. 
Serotyping was developed in the 1980s [43] and divides Campylobacter into groups 
(serotypes) based on the response with antiserum [44, 45]. Two serotyping schemes 
were developed for Campylobacter: the Penner scheme based on passive haemag-
glutination of heat-stable antigens and the Lior scheme based on direct bacterial 
agglutination of heat-labile antigens [45]. A combination of both schemes was 
found to give best discrimination, but it is still not known exactly which antigens are 
detected [46]. Phage typing for Campylobacter was developed in the 1980s and 
1990s; one study using 754 Campylobacter isolates from mixed sources identified 
46 different phage types, using 19 typing phages [47]. Both the serotyping and 
phage typing methods were found to have low discriminatory power and poor repro-
ducibility and were limited by the availability of antisera which are costly to pro-
duce. Since Campylobacter can undergo genetic recombination, it has been found 
that strains belonging to the same serotype are not necessarily of the same geno-
type [46].

Genotyping methods are more commonly used than phenotyping methods for 
Campylobacter these days, due to the advantages of increased accuracy, with fewer 
strains being untypable.

1.5	 �Enzyme-Based Methods

After the development of phenotypic methods for Campylobacter speciation and 
subtyping, methods using restriction enzymes and analysis of gel electrophoretic 
patterns shortly followed. Although widely used, one of the main drawbacks to 
these methods is the poor reproducibility and lack of portability of data between 
laboratories.

1.6	 �Pulsed-Field Gel Electrophoresis

Rapid pulsed-field gel electrophoresis (PFGE) can be used in the subtyping of 
C. jejuni and C. coli [48] and is often used as a reference typing method as the entire 
genome is analysed to create the restriction profiles [49]. The whole bacterial chro-
mosome is digested with a rare-cutting restriction enzyme to yield a moderate num-
ber of DNA fragments which are separated using special electrophoresis conditions 
and stained, and the differences in the number and size of the bands are used in 
comparison analysis. PFGE is labour intensive and takes a long time to conduct. Not 
only this, but the resultant bands give way for more subjective results than sequence-
based methods. Although widely used for tracing the source of infection, the genetic 
basis for the differing PFGE profiles is generally poorly understood, and changes in 
multiple bands may not necessarily be independent of each other [50]. Due to the 
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limited resolution of PFGE methods, the gel profiles could overestimate the rela-
tionship between the different Campylobacter isolates, or indeed, a clonal relation-
ship could exist between strains with different profiles [51–53].

1.7	 �Restriction Fragment Length Polymorphism of the flaA 
Gene (flaA-RFLP)

The flagellin subunit of Campylobacter is encoded by two highly homologous 
genes flaA and flaB, arranged in tandem [46, 54]. Having both conserved and vari-
able regions of nucleotide sequence, they are suitable targets for restriction frag-
ment length polymorphism (RFLP) typing. Similar to PFGE, this method has most 
commonly been used for the flaA gene and amplifies and restricts a region of the 
gene found to vary between strains. A fingerprint profile is created, and the level of 
discrimination between strains is dependent upon which restriction enzyme was 
used. The method has been used for a number of Campylobacter species [46] and 
has advantages in its low complexity and low operating cost [55]. One major down-
fall of this typing method, however, is the recombination that occurs within and 
between the two flagellin loci which causes limitations for global or long-term epi-
demiological studies [54]. The method is not reliable for the speciation of C. jejuni 
and C. coli which have been found to share the same flaA types using genomic stud-
ies [56].

1.8	 �Commercial ELISA Kits

Several enzyme immunoassays (EIAs) are also available for the detection of 
C. jejuni and C. coli in clinical samples. A recent study by Granato and colleagues 
compared three commercially available kits with culture-based techniques and 
found that the three immunoassays had sensitivities that ranged from 98.5 to 99.3% 
and specificities that ranged from 98.0 to 98.2%, whilst standard culture had a sen-
sitivity of 94.1% [57]. Whilst these methods can usefully avoid the need for 
pathogen-specific culture, Bojanić and colleagues [58] note that cross-reaction 
between closely related species has not been extensively tested and that sensitivity 
can vary with respect to species. In addition, results can be influenced by the consis-
tency of the faecal sample used.

1.9	 �Molecular Methods

1.9.1	 �Matrix-Assisted Laser Desorption/Ionization 
Time-of-Flight (MALDI-TOF) Mass Spectrometry

This method uses mass spectrometry to analyse whole bacterial cells for intact pro-
teins and differentiate between different species of Campylobacter using ‘species-
identifying’ biomarker ions (SIBIs) [59]. The resulting spectra can be compared 
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with the MALDI Biotyper database (Bruker) in order to identify the bacterial spe-
cies, and further discriminatory tests can be performed to confirm the results [41]. 
Advantages to the method include speed (results can be obtained within an hour), 
low running costs, minimal growth requirements and high levels of accuracy 
reported up to 100% of Campylobacter isolates tested [41]. In addition, the MALDI-
TOF method allows mixed cultures containing multiple species of Campylobacter 
to be detected more easily than previously described methods [59]. The main disad-
vantages to the method are lack of antibiotic resistance typing [41] and inability to 
perform fine typing.

1.9.2	 �PCR-Based Methods

The use of PCR- and qPCR-based methods with specific primers allows for a rapid 
and more reliable differentiation of Campylobacter species compared to observa-
tions by eye [60]. The technique is considered to be more accurate than detection by 
culture which is the gold standard, although it is worth noting that PCR methods 
allow for detection of bacteria which may be dead or non-viable for culture pur-
poses [61]. The main advantages of PCR and qPCR as a tool for bacterial typing are 
that they provide a quick and high-throughput detection of multiple genes [62] and 
different bacterial species simultaneously, with qPCR additionally giving informa-
tion on quantification. Specific binding of primers to target DNA means that detec-
tion and identification are potentially highly accurate; however, nonspecific binding 
to DNA can occur, and methods need to be optimized [60]. Care must be taken to 
ensure that DNA extracted from sample material does not contain PCR inhibitors, 
for example, the high urea content in faecal samples from birds can prove problem-
atic, and a number of different approaches may need to be tested. Accuracy of detec-
tion can be further increased by using nested primers or by using qPCR with a 
probe. A number of different gene targets have been used for the detection and 
speciation of Campylobacter, and new systems continue to be developed and evalu-
ated depending on identification requirements, Campylobacter species and sample 
type. Generic 16S primers have been used for the detection of Campylobacter spe-
cies in a range of samples; other gene targets used to differentiate between C. jejuni 
and C. coli include hipO, glyA, mapA and ceuE [61, 63].

1.9.3	 �Sequence-Based Methods

1.9.3.1	 �MLST
Multi-locus sequence typing (MLST) has been used for the characterization of 
many different bacteria including C. jejuni and C. coli [64]. The C. jejuni and C. coli 
MLST scheme targets fragments of seven housekeeping genes, each approximately 
500 bp in length and originally designed to be compatible with Sanger sequencing. 
For each of the loci, every unique nucleotide sequence is assigned an allele number 
using the PubMLST Campylobacter database (https://pubmlst.org/campylobacter) 

S. J. Hedges and F. M. Colles

https://pubmlst.org/campylobacter


9

(Fig. 1.1), therefore reducing a long sequence down into seven-digit ‘allelic profile’ 
which is then assigned to a sequence type (ST). These STs can then be clustered into 
closely related groups termed ‘clonal complexes’ (CCs) named after the central 
genotype [65]. MLST schemes exist for different Campylobacter species [64, 66], 
and additional antigen typing loci such as flaA, flaB and porA that are more variable 
than housekeeping genes have been used for fine typing, for example, in the inves-
tigation of diffuse outbreaks [67]. These original schemes still remain compatible 
with next-generation sequencing technology and whole-genome sequencing data 
today, and seven-locus MLST can readily be performed ‘in silico’.

By sequencing isolates in this way, certain CCs have been seen to be associated 
with different host sources. For example, ST-21 and ST-45 CC are widespread, 
multi-host bacterial strains, whereas ST-61 CC is strongly associated with ruminant, 
ST-257 CC with chicken and ST-682 CC with wild bird sources [68] (Fig. 1.2). 
Using this information, the source of human infection can be attributed allowing for 
estimation of how Campylobacter survives through the food chain [69]. The results 
of MLST are highly discriminative, and the method can not only differentiate 
between different Campylobacter species but also identify individual strain types. 
Since the method is reliant on the DNA extraction from pure cultures, care must be 
taken to ensure that this is the case. Mixed cultures are most readily identified by 
mixed or indeterminate peaks on chromatograms produced by Sanger sequencing 
instruments or by unusually large, poor-quality genomes with multiple allele 

Fig. 1.1  The homepage of the PubMLST Campylobacter database (https://pubmlst.org/campylo-
bacter/) giving links to sequence data and isolate metadata for both C. jejuni/coli and non-C. jejuni/
coli typing schemes. The distribution of C. jejuni/coli isolates submitted to the database by country 
is shown, together with the current number of isolates, genomes and alleles that have been defined. 
If possible I would like to swap this image for an updated screen shot of the database.
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assignments using next-generation sequencing technology. However, alleles can be 
exchanged between C. jejuni and C. coli [70], and indeed, the very commonly iso-
lated ST-61 consists of six alleles from C. jejuni and the uncA 17 allele from C. coli.

Both sequence data and metadata for Campylobacter isolates can be uploaded to 
a central, online and curated database (PubMLST https://pubmlst.org/campylo-
bacter/ [71]) which has a global user base. There are more than 100,000 
Campylobacter spp. uploaded to the Campylobacter PubMLST website (as of 
September 2021) which can be filtered by attributes such as species, source or coun-
try as well as by ST, CC or other combinations of sequence data. From this data-
base, nucleotide sequence data can be downloaded in the correct format for further 
analysis, e.g. Interactive Tree of Life (iTOL) [72], MEGA [73], GrapeTree [74] and 
other tree drawing programmes which are easily performed by using tabs on the 
database.
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Fig. 1.2  The source distribution of Campylobacter isolates on the PubMLST Campylobacter 
database), shown for selected clonal complexes. Studies have found ST-21 and ST-45 complexes 
to have broad distribution, ST-257 complex to be poultry associated, ST-61 complex to be rumi-
nant associated and ST-682 complex to be associated with wild birds
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1.9.3.2	 �rMLST
Extending the original gene-by-gene MLST approach, ribosomal MLST (rMLST) 
was designed as a potential means by which the whole bacterial domain could be 
typed, using 53 ribosomal protein subunit (rps) genes contributing to a function that 
is essential to all. Using the rMLST database (https://pubmlst.org/rmlst), new 
sequence data from an rps gene can be compared against an ever increasing num-
bers of genomes, more than 400,000 genomes, of which 43,500 are Campylobacter at 
the time of writing, in order to obtain a species identification. It should be noted that 
Campylobacter do not contain the rpmD gene, nor do they contain paralogous rps 
loci, and that identification is based on 52 of the 53 rps genes. Although species 
identification is comparable and often better than seven-locus MLST, rMLST does 
not give sufficient resolution for identifying genetic diversity within outbreaks [75]. 
An example of Campylobacter speciation based upon rMLST and visualized using 
a minimum spanning tree produced using the GrapeTree plug-in is shown in Fig. 1.3.

1.9.3.3	 �cgMLST
Core genome MLST (cgMLST) identifies loci which are present within most mem-
bers of a population, balancing the high resolution needed for typing with compara-
bility across a large number of strains [75]. Therefore, the greater the genetic 

Fig. 1.3  Minimum spanning tree showing the relationships between Campylobacter species using 
ribosomal MLST (rMLST). Those isolates submitted to the PubMLST database as Campylobacter 
sp. (shown in orange) have been assigned to species clusters based upon rMLST data, and the 
method can be used as a tool for species identification. The tree was produced using the GrapeTree 
(Zhou et al. 2018) plug-in on the rMLST database (https://pubmlst.org/rmlst)
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diversity within a selected population, the smaller the size of the core genome. The 
core genome version 1.0 scheme for C. jejuni and C. coli incorporated into the 
PubMLST database is based upon a representative collection of 2472 UK isolates 
from clinical disease and animal and environmental sources, of which 89.3% were 
C. jejuni and 10.7% C. coli [75]. Genes were identified according to the reannota-
tion of C. jejuni NCTC 11168, and a subset of 1343 loci (excluding paralogous loci) 
from a total of 1643 were selected for the core genome scheme, being present in 
more than 95% of the isolates tested. The scheme was validated using a further 1478 
isolates and proved efficient in the identification and resolution of closely related 
isolates from an outbreak situation. It should be noted that this core genome scheme 
has been developed with clinical C. jejuni and C. coli isolates in mind, and whilst it 
was able to identify C. coli from the three different clades based upon MLST, for 
example [70], further specific core genome schemes could be designed for more 
detailed investigation. Isolates can be assigned a cgMLST sequence type using the 
PubMLST Campylobacter database, and the threshold at which isolates differ from 
each other within their core genome can be set (e.g. 5, 10, and 25 different loci) in 
order to look for closely related clusters. However, it is down to the user to define 
how closely related individuals are, which therefore leads to someone analysing a 
dataset with a 25 loci difference having a much greater margin for inaccuracy than 
someone using the same dataset with a 5 loci difference. This raises similar issues 
to SNP analysis, in defining where the ‘actual’ accuracy for cg analysis lies. It 
should be remembered that by using a ‘core’ MLST scheme, there is still some 
information being lost from WGS data.

1.9.3.4	 �wgMLST
Despite the multilayered approach to using MLST as typing schemes, there can still 
be a requirement for greater resolution of multi-locus methods to identify bacterial 
species, for strain typing or for more detailed investigation of antibiotic resistance 
mechanisms, for example. Within recent years, low-cost and highly parallel next-
generation sequencing have facilitated whole-genome sequencing (WGS) of a range 
of bacterial species including Campylobacter. By increasing the number of loci 
sequenced, whole-genome MLST (wgMLST) [76] using the full complement of 
annotated loci for a given isolate can be used for single-clone investigation. 
Increasing the number of loci used in genomic comparisons between isolates allows 
for a higher level of discrimination compared to cgMLST schemes which use only 
loci that are core to a high percentage of isolates. Using the PubMLST Campylobacter 
database, any number of schemes can be created to include core or accessory 
genome loci and allow gene-by-gene comparison of different isolates, drilling down 
to single nucleotide polymorphisms (SNPs) if required. The gene-by-gene approach 
is both backwards and forwards compatible: 16S rRNA and seven-locus MLST 
information can be extracted from WGS data and compared to data derived from 
Sanger methods [77].

S. J. Hedges and F. M. Colles



13

1.9.4	 �Parallel Sequencing Methods

Parallel or ‘deep’ sequencing refers to increasing the number of times each region 
of DNA is sequenced to reduce the number of sequencing errors. By sequencing 
isolates multiple times, SNPs can be separated from errors, and rare sequence types 
can be detected. Based upon techniques used to study the microbiome, a deep 
sequencing method has recently been developed for C. jejuni and C. coli, in order to 
screen for the presence of multiple strain types within complex samples [78]. The 
method is culture independent and so removes the potential bias for preferential 
culture of particular strains in the laboratory. Briefly, DNA is extracted from sam-
ples and PCR used to amplify a short section of Campylobacter-specific nucleotide 
sequence – in this case a 405–473 bp fragment ‘porAf2’ of the porA loci, which is 
then deep sequenced in order to look for diversity. As with other sequencing meth-
ods, individual nucleotide sequences can be assigned an allele number using the 
PubMLST Campylobacter database. The porA locus was selected based upon its 
historical use for fine typing in association with MLST, but the method could simi-
larly be extended for use with other targets of interest. The parallel sequencing 
technique provides a way of testing for multiple strains of Campylobacter amongst 
a large number of samples in a cost-effective way and allows for the detection of 
rare sequence types which may be present at a thousandth frequency of other types. 
It would be practically impossible to identify such rare or poorly culturable 
Campylobacter strains using conventional methods. Although it can be assumed 
that different porAf2 alleles represent different Campylobacter strains, additional 
sequence data from other loci are required to determine whether strains with the 
same porAf2 are truly the same or different. Thus, the parallel sequencing method is 
envisaged to be a tool to determine the depth of strain diversity within a sample that 
is used alongside techniques such as cgMLST (requiring culture of isolates) that 
provide high levels of discrimination between strains.

1.10	 �Concluding Remarks

This chapter looks at the most commonly applied methods for typing Campylobacter 
spp. and how they have progressed since the organism’s discovery. Each of the 
methods described has its own strengths and weaknesses, and all would serve useful 
in different scientific settings.

With constant advances in sequencing technologies, there is an exponential 
increase in the amount of genomic data surrounding the study of Campylobacter 
throughout the food chain, from farms to retail samples to human clinical samples. 
Because of this increase in data, there is a requirement of accurately curated online 
databases to store both sequencing and isolate metadata in a user-friendly and 
appropriate way, ensuring that all of this information can be freely exchanged 
between research groups.

Unfortunately, the typing of Campylobacter is often overlooked in clinical 
research as, traditionally, methods have been difficult and expensive to perform, 
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with no current influence over the treatment of human cases. However, with the 
increase in antibiotic resistance within certain strains, the use of Campylobacter 
typing would greatly assist in understanding the global acquisition and distribution 
of resistance. Similarly, more accurate typing and widely sampled isolate collec-
tions will greatly improve source  attribution modelling of human infection and 
hopefully lead to more effective intervention strategies.

1.11	 �Summary

Campylobacter is a prolific human and veterinary pathogen, but its importance has 
only been recognized in relatively recent times, thanks to improved culture tech-
niques that accommodate its complex requirements. This chapter describes early 
methods of distinguishing some of the species and subspecies of Campylobacter 
which currently number at least 40, as well as present-day advances, including 
molecular and nucleotide sequence-based typing methods. Accurate typing of 
Campylobacter, and more specifically clusters of strains, is of particular importance 
for tracing the epidemiology of sporadic infection and for investigating the reasons 
behind a global increase in antibiotic resistance.
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2Clostridioides difficile
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2.1	 �Introduction

Initially called Bacillus difficilis, due to the difficulty in its cultivation, the species 
is currently known as Clostridioides difficile (C. difficile). It was renamed after a 
new categorization of microorganisms belonging to the genus Clostridium, based 
on 16S ribosomal RNA. Ezaki [1] proposed a regrouping of C. difficile, due to its 
94.7% similarity in the gene sequence with Clostridium mangenotii, belonging to 
the Peptostreptococcaceae family. However, this new reclassification generated 
conflict due to the various acronyms adopted over the years to refer to diseases 
associated with C. difficile. Therefore, Lawson et al. [2] proposed a new modifica-
tion in the nomenclature of both the Clostridium difficile and the Clostridium 
mangenotii, for Clostridioides, with C. difficile as the main representative of 
this genus.

C. difficile is a gram-positive, anaerobic spore-forming bacterium considered as 
the leading cause of antibiotic-associated diarrhea and pseudomembranous colitis. 
C. difficile is largely known as a nosocomial infectious agent in industrialized coun-
tries [3], but its finding in underdeveloped and developing countries is still limited. 
C. difficile was originally identified as part of the fecal flora of healthy newborn 
infants by Hall and O’Toole in 1935 [4] and described as a “thick, extremely mobile 
rod with terminal and subterminal spores.” The organism grows slowly and is dif-
ficult to isolate in pure culture. Its presence in the stool of healthy neonates sug-
gested that C. difficile was a not a pathogen, even though it produced toxins in broth 
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culture and has shown effect in animals (rabbits and guinea pigs). After its original 
description, in the 1970s, the antibiotic-associated pseudomembranous colitis 
(PMC) became more common with the introduction into clinical practice of broad-
spectrum antibiotics. Hence, with the association of clindamycin and lincomycin 
treatment with PMC, the term “clindamycin colitis” started to be used [5]. In 1978, 
C. difficile was finally recognized as a source of a cytotoxin in the stool of patients 
with PMC [6], and in 1979, George et  al. formulated a selective media, named 
cycloserine-cefoxitin-fructose agar (CCFA), allowing the isolation of C. difficile. 
During the past decades since its rediscovery, a great deal has been learned about 
the pathophysiology, epidemiology, and management of C. difficile, and the infec-
tion became known as Clostridioides difficile-associated illness/diarrhea (CDAD), 
but currently, the term Clostridioides difficile infection (CDI) is more acceptable [7].

The colonization in humans is facilitated by the establishment of dysbiosis (alter-
ation of the intestinal microbiome) specially caused by the use of antimicrobials. 
This pathogen causes enteric infections, which can range from asymptomatic colo-
nization to diarrheal episodes and to severe conditions of the disease, such as fulmi-
nant colitis, colectomy, toxic megacolon, and death [8]. The use of broad-spectrum 
antimicrobials, length of hospital stay, advanced age (> 65 years), and comorbidities 
are some of the factors that can increase the risk of individuals for the development 
of CDIs [9]. Patients transplanted and using immunosuppressive medications, indi-
viduals with inflammatory bowel disease and irritable bowel syndrome, and those 
using proton pump inhibitors may also be more likely to develop CDI [10]. It is of 
great concern the fact that the COVID-19 caused by the new coronavirus SarsCov-2 
might bring up two important risk factors for the development of CDIs, the pro-
longed stay of patients in the intensive care unit and use of corticoids and antimicro-
bials, for instance, azithromycin, to control bacterial pneumonia and other infections. 
Thus, during the COVID-19 era, the world might experience a marked increase in 
the number of acute diarrheal diseases [11, 12].

2.2	 �Virulence Factors

Several virulence factors have been identified and related to C. difficile outbreaks 
and epidemics in the world, such as sporulation rates, antimicrobial resistance pro-
file, adhesins, and biofilm production [13–18]. Although these multiple attributes 
have been associated with the severity of the CDI, including colonization, tissue 
damage, and formation of the pseudomembranous and fulminant cases of the dis-
ease, the pathogenesis of C. difficile is mainly due to the ability of some strains to 
produce two large toxins, which include toxins A (TcdA) and B (TcdB) [19]. The 
genes encoding toxins are in a pathogenic locus (PaLoc) of 19.6 kb, which encode 
toxin A (tcdA) and toxin B (tcdB) [20]. TcdA and TcdB are analogous to other large 
clostridial toxins, responsible for glycosylating small guanosine triphosphatases in 
the Rho and Ras families when endocytosed into epithelial cells, leading to cyto-
skeleton disassemble, disruption of tight junctions, and ultimately cell death [21]. In 
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this same locus are the tcdR, which encodes an alternative sigma factor that specifi-
cally directs transcription from the toxin promoters as its own promoter; the tcdC, 
which encodes an antagonist of TcdR; and the tcdE, a member of the class I family 
of holins, which includes the lambda phage S protein, necessary for toxin secretion 
[22, 23]. Outside the PaLoc is the binary toxin, known as C. difficile transferase 
(CDT), encoded by two genes, cdtA and cdtB. The CDT is adenosine diphosphate 
(ADP)-ribosyltransferase that causes actin cytoskeletal disruption, allowing the for-
mation of microtubule protrusions on the surface of host cells that are thought to 
increase C. difficile adherence. CDT is typically produced by the major hyperviru-
lent strains and has been associated with more severe disease, higher mortality, and 
elevated risk of recurrence in clinical studies [24] [25, 26]. CDT-expressing strains 
are not so rare anymore, becoming progressively common over the last 10 years, 
paralleling the overall increase in incidence and severity of CDI, and now account 
for up to 20% of isolates in the hospital units [27].

2.3	 �Epidemiology

CDI epidemiology changed dramatically after 2000 with a huge increase in the 
disease incidence and the number of severe cases of CDIs worldwide. In North 
America, for instance, the number of cases doubled from 1996 to 2003. The out-
numbered cases were attributed to the appearance of certain types, or ribotypes, of 
C. difficile, such as the epidemic strain B1/NAP1/027 [28], which rapidly migrated 
to Europe. In Latin America, CDI cases associated with the epidemic strain were 
reported in Costa Rica, México, Panama, Chile, and Colombia [29]. In Brazil, how-
ever, the epidemic ribotype 027 strain has never been reported. However, a Clade 2 
strain, phylogenetically related to the epidemic strain NAP1/027, with hyperviru-
lent feature was isolated in northeast of Brazil [30].

The clone B1/NAP1/027 is epidemic (hypervirulent) due to the production of 
high concentrations of TcdA and TcdB and binary toxins and resistance to the fluo-
roquinolone and presents a high sporulation rate, which increases the potential for 
transmission [31]. At the time, an effort was made to identify the strain responsible 
for so many outbreaks and high levels of morbidity and mortality. The terminology 
created to the epidemic strain reflects the different techniques that were used at the 
time to its characterization, like class BI, according to the restriction endonuclease 
analysis (REA); NAP1 (North American pulsotype 1), based on the profile obtained 
from pulsed-field gel electrophoresis (PFGE); and ribotype 027, using the PCR 
ribotyping technique, which is based on the amplification of sequences in the inter-
genic space of the 16S–23S ribosomal RNA [28]. With the increase in cases related 
to the RT027 strain and the appearance of outbreaks caused by NAP1/RT027 and 
other ribotypes, for instance, 078/020, isolated from community infections 
(CA-CDI), the scientific community began to consider that other hosts could be 
harboring C. difficile, such as animals and the environment. When C. difficile was 
isolated in farm animals (cattle, pigs, and chickens); pets (dogs and cats), with a 
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prevalence of 39%; and wild animals, there was a solid proof of the zoonotic poten-
tial of C. difficile, these animals being considered a reservoir for virulent ribotypes 
of this pathogen [32–34]. In recent years, community-acquired CDI (CA-CDI) has 
also been increasing, and at least 600 C. difficile ribotypes are circulating worldwide 
[4, 35].

Rapid diagnosis of CDI is desirable to allow hasty isolation and treatment of 
patients, reducing potential patient-to-patient transmission and hospital staying for 
those affected. In addition, C. difficile strain typing can identify outbreaks within a 
hospital or the wider community. Over the past 35 years, the complexity and diver-
sity of C. difficile bring a significant challenge for effective typing of clinical iso-
lates, especially with concerns to associating genotypes with virulence factors and 
clinical samples [36] [37].

2.4	 �Molecular Assays for C. difficile Detection

The detection of C. difficile cytotoxin in stools from patients with diarrhea or 
PMC by testing in cell lines (VERO, HeLa, and McCoy cells) was considered a 
gold standard assay [38]; however, due to its difficulty and long processing time, 
rapid enzyme immunoassay (EIA) kits for detecting glutamate dehydrogenase 
(GDH) or toxins became more appreciated. EIA is rapid and easy to perform and 
does not require technical training or special equipment. EIA test to detect gluta-
mate dehydrogenase (GDH), an enzyme produced specifically by C. difficile, 
remains a useful screening test, but sensitivities vary among available toxin EIA 
tests. Since this antigen is present in both toxigenic and nontoxigenic strains, 
GDH immunoassays lack specificity and must be combined with another (usu-
ally toxin) test [39]. The low specificity of GDH EIA test and low sensitivity of 
toxin EIA tests have driven the continuing search for sensitive and rapid methods 
for CDI diagnosis [40]. Hence, the molecular methods, such as the nucleic acid 
amplification tests (NAATs), started to become popular since the 1990s, because 
they were rapid and sensitive [41]. The first NAAT to become approved for 
C. difficile diagnosis, the BD Diagnostics BD Max Cdiff Assay, was only 
approved in 2009 by the American agency Food and Drug Administration (FDA). 
Although NAATs are vastly used for clinical analysis, some bias was observed: 
(i) NAATs can detect toxigenic C. difficile strains in colonized patients, but not 
necessarily the strain that is causing CDI; (ii) the heterogenicity of the strains can 
result in false-negative tests; (iii) there is TcdB variant strains; and (iv) some 
strains carry the tcdC gene base-pair deletion in the position 117 as the NAP1/
RT027 [42], resulting in a false-positive result for the epidemic strain. While 
NAATs continue to be used by some laboratories and some researchers are con-
vinced that they are necessary for CDI diagnosis, others think that two method-
ologies should be adopted in parallel or series for CDI diagnosis.
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2.5	 �C. difficile Typing Methodologies

These molecular methodologies are used to characterize and compare the circulat-
ing strains and to identify emerging strains and those responsible for outbreaks 
worldwide. There are several typing methods available for C. difficile, including 
restriction endonuclease analysis (REA) [43], pulsed-field gel electrophoresis 
(PFGE) [44], PCR ribotyping [45], multilocus sequence typing (MLST) [46], 
repetitive-element PCR typing (rep-PCR) [47], toxinotyping [48], multilocus 
variable-number tandem-repeat analysis (MLVA) [49], surface-layer protein 
A-encoding gene (slpA) typing [50], and whole-genome sequencing (WGS) [51]. 
Apart from the most used methodologies for typing C. difficile, there are other but 
very promising techniques, including the CRISPR-Cas (clustered regularly inter-
spaced short palindromic repeats (CRISPR)) [52] and the DNA microarray-based 
genotyping [53] for typing C. difficile that will also be mentioned here. A summary 
of C. difficile typing methodologies is shown in Table 2.1.

Table 2.1  Clostridioides difficile typing methods

Typing methods Technique
Discriminatory 
capacity

High 
yield References

Restriction 
endonuclease 
analysis – REA

Whole-genome DNA, which is 
frequently digested by restriction 
enzyme; detection by gel 
electrophoreses

High No Huber et al. 
(2013) [54]; 
Sambol et al. 
(2016) [43]

Pulsed field gel 
electrophoresis – 
PFGE

Resolves large fragments of DNA 
generated from whole-genome 
macro restriction with an 
infrequently cutting restriction 
enzyme; detection by gel 
electrophoresis

High No Corkill et al. 
(2000) [44]

PCR-ribotyping 
(agarose-base)

Based on the size variation of the 
16S-23S rDNA intergenic spacer 
regions (ISR); detection by gel 
electrophoresis

Moderate Yes Stubbs et al. 
(1999) [45]

Multilocus 
sequence 
typing – MLST

Involves the partial amplification 
and sequencing of usually 
housekeeping genes

Low Yes Griffiths 
et al. (2010) 
[46]

Repetitive 
sequence-based 
PCR typing – 
Rep-PCR

Based on polymorphisms of 
repetitive elements that exist in 
multiple copies in the genome

High Yes Northey et al. 
(2005) [47]

Toxinotyping Achieved by PCR amplification, 
followed by a restriction enzyme 
digestion of 10 regions of the 
PaLoc

Low No Rupnik and 
Jazenik 
(2016) [48]

(continued)
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2.5.1	 �Restriction Endonuclease Analysis (REA)

Restriction endonuclease analysis (REA) of C. difficile uses whole-genome DNA, 
which is frequently digested by restriction enzyme HindIII. In contrast to PFGE, the 
digestion fragments are separated by standard electrophoresis, either on agarose or 
polyacrylamide gels. REA has high discriminatory power and stability, but the 
method is time-consuming and difficult to interpret, and the data are difficult to 
exchange between laboratories [43, 54].

2.5.2	 �Pulsed-Field Gel Electrophoresis (PFGE)

For tracking global circulating strains, pulsed-field gel electrophoresis (PFGE) is 
the method generally preferred by the North Americans and the Centers for Disease 
Control and Prevention (CDC). PFGE resolves large fragments of DNA generated 
from whole-genome macro-restriction with an infrequently cutting restriction 
enzyme for C. difficile SmaI or SacII to cleave bacterial DNA at different restriction 
sites. The use of these infrequently cutting restriction enzymes limits the number of 
restriction fragments (to between 7 and 20) and ensures that they are relatively large 

Typing methods Technique
Discriminatory 
capacity

High 
yield References

Multilocus 
variable-number 
tandem-repeat 
analysis – 
MLVA

Reached by using a multiplex 
PCR with primers designed to 
aim different VNTR regions in the 
genome

High Yes Manzoor 
et al. (2011) 
[49]

slpAST typing Sequencing of the variable region 
of the slpA gene by using PCR 
amplification followed by 
restriction fragment length 
polymorphism (RFLP) analysis 
and DNA sequencing

High No Karjalainen 
et al. (2002) 
[50]

Whole-genome 
sequencing

Exposes the complete DNA of an 
organism at a single time 
(provides genetic variation)

High Yes Sebaihia 
et al. (2006) 
[70]

CRISPR-Cas/
CRISPR

Based on the occurrence and 
diversity of clustered regularly 
interspaced short palindromic 
repeats and associated genes

High Yes Andersen 
et al. (2016) 
[52]

DNA microarray Relies on complementary DNA 
fragments (cDNA) from a sample 
to hybridize with synthetic DNA 
sequences

High Yes Gawlik et al. 
(2015) [53]

Table 2.1  (continued)
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[44]. Generally, the frequency of cutting is inversely proportional to the number of 
nucleotides in the recognition site. This procedure separates the large fragments of 
DNA generated based on size using a pulsed-field electrophoresis gel with resulting 
electrophoresis patterns that are highly discriminatory. In the North America, strains 
are named according to the pulsotype followed by a number (e.g., North American 
pulsotype 1 (NAP1)). The CDC’s PulseNet program can be accessed in the https://
www.cdc.gov/pulsenet/pathogens/pfge.html address.

2.5.3	 �PCR Ribotyping

The C. difficile PCR ribotyping is nowadays the dominant typing method in Europe 
and Australia. Bacterial rRNA (rrn) operons are usually organized in the order 16S 
rrnA-ISR-23S rrnA-ISR-5S rrnA, and their copy numbers can range between 1 and 
15. This method is based on the size variation of the 16S–23S rDNA intergenic 
spacer regions (ISRs). The C. difficile PCR ribotyping is possible because this 
pathogen has large intraspecific diversity in the ISRs [55]. In 1999, Bidet et al. [56] 
enhanced the reading of the banding patterns by selecting a partial sequence of the 
rRNA genes (16S–23S) and the intergenic spacer region with a new set of primers 
located closer to this intergenic spacer region. Now the method can be performed 
with agarose gel-based electrophoresis.

As in the PFGE methodology, the PCR ribotyping method follows a nomencla-
ture, which was established by the Public Health Laboratory Service Anaerobe 
Reference Unit, Cardiff, in England for C. difficile. The nomenclature is designated 
by a three-digit number starting from 001 (e.g., PCR ribotype 027). Presently, the 
collection of existing PCR ribotypes and the delegation of new ones are performed 
by the Health Protection Agency-funded C. difficile Ribotyping Network (CDRN) 
in Leeds, England, which has more than 600 different PCR ribotypes in the CDRN 
database [57].

2.5.4	 �Multilocus Sequence Typing (MLST)

This method for typing C. difficile involves the partial amplification and sequencing 
of usually seven housekeeping genes (adK, atpA, dxr, glyA, recA, sodA, and tpi) 
and is the second most used method after PCR ribotyping. The internal fragments 
[58] of each gene (450–500 bp) are sequenced on both strands (forward and reverse) 
using an automated DNA sequencing equipment. For each housekeeping gene, the 
different sequences present within a bacterial species are assigned as unique alleles, 
and for each isolate, the alleles at each of the seven loci define the allelic profile or 
sequence type (ST) [59]. The data obtained are unequivocal, and the allelic profiles 
of the isolates can easily be compared to those in a large central database (University 
of Oxford: http://pubmlst.org/cdifficile) and therefore can be compared between 
laboratories. Depending on the housekeeping genes, there are two MLST databases 
[46, 60].
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2.5.5	 �Repetitive Sequence-Based PCR Typing (Rep-PCR)

This method was proposed for the first time by Northey et al. [47], and typing is 
based on polymorphisms of repetitive elements that exist in multiple copies in the 
C. difficile genome. Specific repetitive PCR primers complement these repetitive 
sequences, and the amplified DNA fragments give a genomic fingerprint that can be 
used for subspecies discrimination. The DiversiLab system (bioMérieux, Marcy-
l’Etoile, France) is an automated rep-PCR typing method that has a high discrimina-
tory power when compared to traditional PCR ribotyping, and this high resolution 
may be useful for investigating outbreaks within a hospital [61].

2.5.6	 �Toxinotyping

Toxinotyping is a polymerase chain reaction-restriction fragment length polymor-
phism (PCR-RFLP)-based method for distinguishing C. difficile strains, positive for 
the TcdA and TcdB toxins (PaLoc chromosomal region), according to changes in 
their toxin genes when compared to the reference strain VPI 10463 (ATCC® 43255) 
[62, 63]. Basically, this methodology is achieved by PCR amplification, followed by 
a restriction enzyme digestion of ten regions of the PaLoc. With that, 31 different 
toxinotypes were identified and designated by Roman numerals from I to XXXI. For 
instance, when strains present toxin genes similar to VPI 10463, they are classified 
as toxinotype 0 (e.g., C. difficile toxinotype XIV is tcdA+ and tcdB+, CDT+; B1 [7] 
and A3 [2]; tcdC [1]). Strains with changes in toxin genes are grouped into variant 
toxinotypes I to XXXI (e.g., C. difficile toxinotype XXXI tcdA− and tcdB+, CDT+; 
B1 [5] and A3 [negative]; tcdC [negative]). Although toxinotyping does not have a 
good discriminatory power when compared to PFGE and PCR ribotyping, it has 
very high reproducibility [64].

2.5.7	 �Multilocus Variable-Number Tandem-Repeat 
Analysis (MLVA)

MLVA typing method uses the variation in the number of tandem-repeat DNA, nat-
urally found in sequences in many different loci in the genome. Therefore, the 
lengths of the variable number of tandem repeat (VNTR) regions are determined to 
distinguish among the strains. The technique is reached by using a multiplex PCR 
with primers designed to aim different VNTR regions in the genome. The band 
profile is visualized by electrophoresis or automated fragment analysis on a 
sequencer; and the amplicon size is used to calculate the number of repeat units of 
each locus. The calculated numbers of repeats of the VNTR loci (alleles) are com-
bined, and this provides the MLVA profile. Each unique MLVA profile is given an 
MLVA type designation. The MLVA profile can be used for the comparison and 
clustering of the bacteria [49]. MLVA allows outbreaks to be tracked more effi-
ciently than PCR ribotyping, and it has the prospective to define phylogenetic rela-
tionships. Several MLVA schemes have been described for typing C. difficile.
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2.5.8	 �Surface-Layer Protein A-Encoding Gene Typing (slpAST) 
as a Substitute for Serotyping

Serotyping distinguishes ten major C. difficile variations (A, B, C, D, F, G, H, I, K, 
and X) based on the bacterial surface antigens, by slide agglutination or enzyme-
linked immunosorbent assay, using rabbit antisera. Strains of the serogroup A have 
a flagellar antigen in common that is responsible for cross-agglutination on slides 
but can be divided into 20 subgroups (A1–A20) by polyacrylamide gel electropho-
resis [50].

The C. difficile presents a surface-layer protein A (SlpA), an immunodominant 
protein, encoded by the slpA gene. The slpA typing of isolates is performed by the 
sequencing of the variable region of the slpA gene by using PCR amplification fol-
lowed by restriction fragment length polymorphism (RFLP) analysis and DNA 
sequencing. Apart from the serogroup A, the slpA nucleotide sequences were identi-
cal within a given serogroup and different between serogroups. S-layer-based typ-
ing may therefore have greater relevance to vaccine development than conventional 
genotyping and could also be suitable for explaining the differences in the epidemi-
ology of CDI [65–67].

2.5.9	 �Whole-Genome Sequencing (WGS)

Whole-genome sequencing (WGS) exposes the complete DNA of an organism at a 
single time and provides the most complete pool of an individual’s genetic variation 
[68, 69]. The Sanger sequencing, the same place where the first C. difficile was 
sequenced [70], and Roche 454 and Illumina next-generation sequencing technolo-
gies have been applied to study the evolutionary dynamics of C. difficile at low cost. 
Even though there is an enthusiasm for adopting WGS-based methods, it is still high 
cost and inaccessible to most laboratories [54]. Another disadvantage is the defi-
ciency of a standardized analysis scheme for WGS data, which are obstacles to the 
wide-scale adoption of this method in the world, and the complexity of analysis, 
because C. difficile has a low core genome SNP occurrence rate among clinical 
isolates [71–73].

2.5.10	 �CRISPR-Cas (Clustered Regularly Interspaced Short 
Palindromic Repeats (CRISPR))

The bacterial phylogenetic analysis, CRISPR-Cas – clustered regularly interspaced 
short palindromic repeats (CRISPR) and CRISPR-associated sequences (cas) – sys-
tem, is an appreciated genetic target for high-resolution typing and micro-evolution 
bacterial [74]. The CRISPR-Cas loci have been found in C. difficile [75], but its 
occurrence and diversity are still not well explored [69, 76]. C. difficile species carry 
prophages, which impact their behavior, and also mobile genetic elements, known 
to possibly confer antibiotic resistance [77, 78]. Andersen et al. [52] have assessed 
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the potential of CRISPR-based phylogeny and high-resolution genotyping of C. dif-
ficile strains, and it seems to be a promising future methodology. The authors high-
light that CRISPR-Cas might be a valuable methodology for genotyping of 
C. difficile isolates and also provide insights into the micro-evolutionary events that 
occur between closely related strains and the evolutionary course in their genomes.

2.5.11	 �DNA Microarray-Based Genotyping

The DNA microarray relies on complementary DNA fragments (cDNA) from a 
sample to hybridize with synthetic DNA sequences (ssDNA; specific A, G, T, C, 
combinations). The synthetic fragments (oligonucleotides) are the probes, and they 
will match, if present in the sample, with the complementary DNA target (cDNA). 
Once the cDNA and the ssDNA are bound, they form a hybrid double helix (dsDNA 
hybrid molecule). The efficacy of this methodology has been proved to be reliable 
for detecting other pathogens, such as Staphylococcus aureus MRSA, in hospi-
tals [79].

Galik et al. [80] created microarray including the following genes: the surface 
layer protein slpA gene; toxin genes (tcdA and tcdB, cdtA and cdtB); two alleles of 
the A component (cdtAR20291 and cdtA630) of the binary toxin; ubiquitous resistance 
markers (bcrA, encoding the bacitracin ATP-binding cassette transporter; lmrB, 
associated with lincomycin/clindamycin resistance; and vatA (synonym sat) encod-
ing a virginiamycin/streptogramin A acetyltransferase); genes related to antimicro-
bial resistance, e.g., cat (chloramphenicol acetyltransferase), erm(B) (RNA 
methyltransferase, conferring resistance to macrolides and clindamycin), and 
tet(M), encoding tetracycline resistance; other markers, e.g., genes vncS and vexP1 
encoding a histidine kinase and a permease; and other genes, e.g., septum formation 
initiation protein (divC), flagellin subunit C (fliC), and cell wall proteins 66 and 84. 
The authors suggest that the microarray-based assay permitted a rapid and high-
throughput genotyping of clinical C. difficile isolates (n  =  234), including toxin 
gene detection and strain assignment. The methodology employed by them could 
also correlate with MLST-derived clades. Another benefit is that the process can be 
made within half a day being more rapid than ribotyping.

2.6	 �Conclusions and Perspectives

Clostridioides difficile is an important nosocomial pathogen increasingly observed 
in the community and in different reservoirs, such as animals and the environment. 
Over the years, CDIs have become one of the most noteworthy threats to hospital-
ized and immunocompromised patients. Its significance on asymptomatic host is 
gradually recognized, not only as a cause of false-positive clinical testing but also as 
a source of new infections within hospitals and other healthcare environments. 
During decades, the transmissibility of C. difficile has been studied by using a vari-
ety of methods, although recently there is a tendency to use rapid and low-cost 
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techniques in diagnosis. However, precise molecular typing techniques have arisen 
to improve the diagnosis, treatment, and understanding of CDI epidemiology.

2.7	 �Summary

C. difficile is a gram-positive, anaerobic spore-forming bacterium considered as the 
leading cause of antibiotic-associated diarrhea and pseudomembranous colitis. 
C. difficile is a foremost problem in hospitals, where cases can be caused by 
community-acquired strains, as well as by nosocomial spread. The epidemiology of 
C. difficile has changed considerably along the years with the variety of strains 
(ribotypes) from different sources; hence, an accurate diagnosis of Clostridioides 
difficile infection (CDI) is important not only for patient care but also for epidemiol-
ogy and disease research purposes. Here we make a review of the precise molecular 
typing techniques used to better understanding of CDI epidemiology.
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3.1	 �Introduction to the Cronobacter Genus

It is important for clinical laboratories, food manufacturers and regulatory authori-
ties that robust and reliable typing schemes are readily available for the emergent 
bacterial pathogen Cronobacter. However, this chapter will initially review the vari-
ous revisions in our taxonomic understanding of the genus. This is essential in order 
to understand the accuracy and limitations of various typing methods which are 
currently available. Overall, the molecular typing of Cronobacter spp. has consider-
ably advanced our understanding of the taxonomy, ecology, epidemiology and viru-
lence of this organism. Consequently, we now have reliable and robust methods for 
accurate microbial source tracking for use both in the food production environment 
and in epidemiological analysis.

The Cronobacter genus belongs to the bacterial class Gammaproteobacteria and 
is within the family Enterobacteriaceae. The genus is composed of seven species: 
Cronobacter sakazakii, C. malonaticus, C. turicensis, C. muytjensii, C. dublinensis, 
C. universalis and C. condimenti [1–3]. A summary timeline of Cronobacter tax-
onomy reclassifications is shown in Fig. 3.1.

The first documented isolation of what would become known as Cronobacter 
spp. was from a can of dried milk in 1950 [4]. In 1980, Farmer et al. [5] proposed 
the name Enterobacter sakazakii for what had been known as ‘yellow-pigmented 
E. cloacae’, in honour of the Japanese bacteriologist Riichi Sakazaki.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-83217-9_3&domain=pdf
https://doi.org/10.1007/978-3-030-83217-9_3#DOI
mailto:marcelo.brandao@bio.fiocruz.br
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This name continued in usage until 2007 when the first description of the 
Cronobacter genus was made [1]. Unfortunately, as the strains had been identified 
using phenotyping, rather than DNA-based methods, it is uncertain which particular 
species of Cronobacter was referred to in publications prior to 2007. Some strains 
which would have been misidentified as E. sakazakii would have been from the 
closely related genera such as Enterobacter, Franconibacter and Siccibacter [7–9].

The 16S rDNA sequence analysis, also known as ‘16S rRNA gene sequence 
analysis’, is a major tool for supporting bacterial taxonomic groupings and identifi-
cation of bacterial strains. 16S rDNA sequencing has greatly contributed to our 
initial understanding of the diversity within the Cronobacter genus. It has been used 
to differentiate Cronobacter from the closely related and biochemically similar gen-
era already referred to above. However, distinguishing between members within the 
Cronobacter genus is problematic due to the high inter-species similarity of the 16S 
rRNA gene sequences, which ranges from 97.8% to 99.7%. This is why C. malo-
naticus was initially proposed as a subspecies of C. sakazakii (Fig. 3.1) [1]. The 
overlap of biochemical profiles and a poor correlation between genotypic and phe-
notypic identification also caused confusion when trying to speciate isolates using 
biotyping profiles [1, 9–11].

Fig. 3.1  Summary timeline of Cronobacter taxonomy reclassifications
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Subsequently, further revisions to the Cronobacter taxonomy have used more 
reliable techniques based on whole genome analysis along with average nucleotide 
identity (ANI), an in silico alternative to laboratory DNA-DNA hybridization deter-
mination for determining species boundary.

Unfortunately, in 2013, Brady et al. [12] used four loci (atpD, gyrB, infB and 
rpoB) to support their proposed reclassification of Enterobacter helveticus, 
Enterobacter pulveris and Enterobacter turicensis as three new Cronobacter spe-
cies (Cronobacter helveticus, Cronobacter pulveris and Cronobacter zurichensis). 
However their use of four loci was less than normally used for defining new species 
and was in error. Stephan et al. [13] undertook more detailed analysis and clarified 
that these three former Enterobacter species instead should be reclassified into two 
new genera: Franconibacter and Siccibacter. These latter genera are closely related 
but separate from Cronobacter. This differentiation is important, as Franconibacter 
and Siccibacter can be co-isolated from the same samples as Cronobacter. In 2015, 
Jackson et al. [14] described a new species Siccibacter colletis from a strain previ-
ously identified as Siccibacter turicensis (formerly Cronobacter zurichensis). The 
relatedness of Franconibacter and Siccibacter to Cronobacter species using ribo-
somal multilocus sequence typing is shown in Fig. 3.2.

Another problem is that despite the revised taxonomies being published in the 
International Journal of Systematic and Evolutionary Microbiology which normally 
equates to accepted status, the reclassification has not yet been updated in the ‘List 
of Prokaryotic Names with Standing in Nomenclature’ (LPSN bacterio.net, http://
www.bacterio.net/cronobacter.html; last access: 10/18/2019), creating confusion 
for some researchers.

The Cronobacter genus includes facultative anaerobic, Gram-negative, oxidase-
negative, catalase-positive, non-spore-forming rods which are generally motile and 
able to reduce nitrate to nitrite, show positive reaction in the Voges-Proskauer test 

Fig. 3.2  Phylogenetic analysis of the Cronobacter genus and closely related organisms using 
ribosomal multilocus sequence typing (53-loci; 21,195-nt concatenated sequence). The tree was 
drawn using MEGA 6.05 (http://www.megasoftware.net/) with 1000 bootstrap replicates [15]
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and are negative for the methyl red test [1–3]. The capability to endophytically colo-
nize maize roots was demonstrated for several Cronobacter strains, providing evi-
dence that plants may be the natural habitat of Cronobacter spp. [16]. Cronobacter 
produces capsular material that may facilitate its attachment to plant surfaces, bio-
film formation and persistence under desiccated conditions, which may explain the 
organism’s occurrence in food ingredients, and its environmental fitness which con-
tributes to its survival during food processing [17–19]. Although C. condimenti has 
not been isolated from clinical cases of infection, all Cronobacter species are con-
sidered potential bacterial pathogens [20].

3.2	 �Cronobacter Pathogenicity and Virulence

3.2.1	 �Cronobacter Infections

Cronobacter infections occur in all age groups, albeit with a greater incidence in the 
very young and elderly, who are generally more immunocompromised [21–24]. The 
majority of Cronobacter spp. infections occur in the adult population but are less 
severe and therefore have not received so much attention as the outbreaks and cases 
among neonates [22, 25, 26]. Cronobacter infections can result in severe clinical 
presentations of necrotizing enterocolitis, bacteraemia and meningitis. These can be 
fatal, and even if the infant survives meningitis, they are likely to be neurologically 
damaged for life [15, 27–30]. Friedemann [24] reported the lethality of Cronobacter 
meningitis, bacteraemia and NEC to be 41.9% (P  <  0.0001), <10% and 19.0% 
(P  <  0.05), respectively, based on 120–150 microbiologically Cronobacter-
confirmed neonatal infections between 2000 and 2008.

Contaminated powdered infant formula (PIF) has been epidemiologically linked 
with many neonatal infections by Cronobacter [21, 31–34]. Unlike commercially 
available ‘ready-to-feed’ liquid formula, PIF is not a sterile product and must con-
form to national and international microbiological criteria [35]. It should be noted, 
however, that such neonatal infections are rare and not all have been associated with 
the ingestion of reconstituted formula. Some neonatal infections have been associ-
ated with exclusively breast-fed infants [36, 37].

Most cases of infections described in the literature are from developed countries, 
while the situation seems to be considerably different in other countries [24, 27, 38]. 
This variation can be attributed to sociocultural differences in infant feeding prac-
tices, since the use of PIF in neonate feeding is less frequent in developing countries 
[38, 39]. In addition, many countries do not have a surveillance system for reporting 
cases of Cronobacter spp. infections, which leads to an underestimation of their 
actual incidence [21].

Infections in older age groups are principally bacteraemias, urosepsis and wound 
infections. Cronobacter has been isolated from different types of clinical syn-
dromes, including pulmonary infections, urinary tract infections and acute chole-
cystitis [22, 23, 40]. However, in many of these cases, the identification of 
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Cronobacter as the aetiological agent of the infection is uncertain since other micro-
organisms were also identified at the site of infection [38].

Yong et al. [41] reported the first outbreak of acute gastroenteritis strongly related 
to C. sakazakii in healthy adults. This occurred in a local senior high school in 
China in October 2016. A case-control study including 70 case-patients and 295 
controls indicated a strong association between eating supper at school canteen of 
the outbreak onset and age. The authors identified two different species of 
Cronobacter spp. (C. sakazakii and C. malonaticus) in the patients’ samples. The 
C. sakazakii strains S2 from one patient’s rectal swab sample and S4 from a poten-
tial contaminated food formed a tightly clustered group using whole genome 
sequencing and were both identified as sequence typing (ST) 73. The dish of knot-
ted thin sheets of bean curd with braised pork, from which the C. sakazakii strain S4 
was identified, was only served on 24 October and was shown to be strongly related 
to the outbreak in the case-control study.

Neonatal infections are predominantly caused by C. sakazakii, with C. malonati-
cus attributed to virtually all the remaining cases [15, 23, 25, 38, 42]. There has been 
one reported case due to C. turicensis; however, the isolate was from blood and not 
from the site of infection and therefore may not have been the causative agent as 
neonates can be colonized by more than one strain. No other species have been 
associated with neonatal or infant infections. C. malonaticus is more associated 
with adult infections than other Cronobacter species [15, 20, 43].

According to Forsythe [15], Cronobacter species can be grouped according to 
their clinical relevance as group 1, comprising C. sakazakii and C. malonaticus, 
which form the majority of clinical isolates in all age groups, and group 2, compris-
ing C. turicensis and C. universalis, which have been rarely reported, and the other 
three species (C. dublinensis, C. muytjensii and C. condimenti) are primarily 
environmental commensals and are probably of little or no clinical significance 
(Fig. 3.3).

Fig. 3.3  Grouping of Cronobacter species according to their clinical relevance. The number of 
strains deposited in the PubMLST Cronobacter database is indicated (last accessed: 09/27/2019)
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A number of outbreaks of Cronobacter spp. have been reported in neonatal 
intensive care units [6, 24, 31, 32, 44]. Many of these cases have been directly 
linked to reconstituted PIF, which may have been contaminated intrinsically or dur-
ing preparation and administration [32, 44]. A common feature in some of these 
outbreaks is the opportunity for temperature abuse of the prepared feed, which 
would permit bacterial growth [6].

Asymptomatic humans (infants and adults) can carry Cronobacter [23, 45, 46]. 
The bacterium has been isolated from mouths of stroke patients [45] and faeces 
[46]. Also, it has been recovered from the feeding tubes of neonates fed breast milk 
or ready-to-feed formula, and not PIF [47]. Holy et al. [23] evaluated the data on the 
incidence of Cronobacter spp. from hospital records for the records for 2005-2011 
and observed that the majority of Cronobacter spp. isolates (n = 91) were from 
throat swabs (61), followed by urine (5), tracheal aspirates (5), bronchoalveolar 
lavage (4), cannulae (4) and sputum (3) samples. It reveals a high recovery (63.7% 
of strains, n = 91) of the organism from children, 1–14 years of age.

Given the human carriage and environmental occurrence of Cronobacter, a wide 
range of plausible sources of the organism need to be investigated during an out-
break and not just the use of PIF. Bowen et al. [36] reported a case of C. sakazakii 
infection caused by the consumption of extrinsically contaminated expressed human 
milk that led to meningitis, brain necrosis and marked developmental delays in a 
female infant. Similarly, McMullan et al. [37] described a C. sakazakii infection 
case resulting from the consumption of contaminated expressed breast milk con-
firmed by WGS, highlighting the potential risks associated with storage and acquisi-
tion of expressed breast milk.

It should be noted that infants can be colonized by more than one strain of 
Cronobacter, and therefore, multiple isolates need to be characterized in epidemio-
logical investigations [6, 48]. Recovery of different Cronobacter species and strains 
from the same food sample has also been reported [49–52]. These facts together 
show the importance of picking multiple colonies from primary isolation plates 
from food, clinical and environmental samples, especially in cases of outbreak 
investigations. These findings reinforce the importance of robust and reliable typing 
schemes readily available for Cronobacter spp.

3.2.2	 �Virulence Traits in Cronobacter spp.

The sequencing of Cronobacter genomes has revealed an array of plausible viru-
lence traits including adhesins, outer membrane proteins (OMPs), sialic acid utiliza-
tion (nanAKT), proteolytic enzymes (zpx), efflux systems (ibeB), iron uptake 
mechanisms, haemolysins (hly), plasminogen activator (cpa), siderophore-
interacting protein (sip) and type VI secretion systems (T6SS) [53–57]. Other pos-
sible virulence determinants include superoxide dismutase (sodA) for macrophage 
survival [58], flagella [59] and enterotoxin production [60]. The bacterium can 
attach to intestinal cells and survive in macrophages [58]. OmpA and OmpX pos-
sibly have a role in the organism penetrating the blood-brain barrier, though the 
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mechanism leading to the destruction of the brain cells is unknown and could, in 
part, be a host response [61]. As will be considered later (Sect. 7.2), the composition 
of the capsule layer may relate to the clinical symptoms, with neonatal meningitis 
being associated with strains carrying the K2:CA2:Cell+ capsule profile.

Based on virulence factors already described in the literature, Singh et al. [62] 
proposed a possible model for Cronobacter sakazakii infection and pathogenesis 
(Fig. 3.4).

Fig. 3.4  Proposed model for Cronobacter sakazakii infection and pathogenesis. The pathogen 
encodes several pathogenicity-associated factors engaged in imperative processes including adhere 
to host surfaces, transmigration across, invasion into and disrupt the intestinal barrier within intes-
tinal epithelial cells. Adapted from Singh et al. [62]
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3.3	 �Cronobacter in Food Industry

A summary timeline of Cronobacter events important for the preventions and con-
trol in powdered infant formulae industries is presented in Fig. 3.5.

Before 2002, various outbreaks in neonatal intensive care units and sporadic 
cases had been reported, and PIF had been identified as a vehicle of contamination 
in some cases [5, 31, 32]. Consequently, in 2002, the International Commission on 
Microbiological Specifications for Foods [63] ranked Cronobacter spp. (then known 
as E. sakazakii) as a ‘severe hazard for restricted populations, life threatening or 
substantial chronic sequelae or long duration’.

Following the outbreak at the University of Tennessee [32], the Food and 
Agriculture Organization of the United Nations and the World Health Organization 
(FAO/WHO) started its three risk assessment evaluations of Cronobacter spp. in 
PIF, powdered follow-up infant formula (FUF) and other infant foods [21, 33, 34]. 
Their summary recommendations were:

•	 The use of internationally validated detection and molecular typing methods for 
Cronobacter spp. and other relevant microorganisms should be promoted.

•	 Investigation and reporting of sources and vehicles, including PIF, and of infec-
tion by Cronobacter spp. and other relevant microorganisms should be promoted.

•	 Research should be promoted to gain a better understanding of the ecology, tax-
onomy, virulence and other characteristics of Cronobacter spp. and on ways to 
reduce its levels in reconstituted PIF.

In 2008, the microbiological criteria applying to PIF were revised by Codex 
Alimentarius Commission [35], and new criteria were defined for PIF, formula for 
special medical purposes and human milk fortifiers (Table 3.1).

These criteria are not applied for formula commonly known as ‘follow-on for-
mula’ or ‘follow-up formula’ which are used at the weaning stage (>6 months of 
age). Although there is microbiological evidence of the frequent isolation of 

Fig. 3.5  Summary timeline of Cronobacter events important for the preventions and control in 
powdered infant formulae industries
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Cronobacter spp. from such formula and weaning foods, there has been insufficient 
epidemiological evidence to support the need for additional microbiological testing 
by manufacturers [34].

After the publication of the Codex Alimentarius Commission [35], the preva-
lence of Cronobacter in PIF and FUF has been determined in samples from many 
countries, and the reported values vary between 0–12.0% and 0–12.8%, respec-
tively [38, 64–69].

3.4	 �Cronobacter Isolation Methods in PIF and Other Foods

As Cronobacter has only been reported at low numbers (<1  cfu/g) in PIF, large 
volumes need to be tested such that any cells present will be recovered from the 
desiccated stressed state [21, 33]. Subsequently a resuscitation stage is used as a 
first stage in isolation. The procedure is primarily for presence/absence testing of 
Cronobacter spp. in PIF, though it can be modified for enumeration by taking mul-
tiple samples of different sizes [70].

The two most common international standard methods used for isolation of 
Cronobacter spp. in PIF, FUF and other food products are:

	1.	 The US Food and Drug Administration (USFDA) method for isolation and enu-
meration of Cronobacter from formula samples and confirmation of Cronobacter 
using PCR screening and selective media [70]. A flowchart of the complete pro-
cedure is illustrated in Fig. 3.6.

	2.	 The International Organization for Standardization method ISO 22964:2017 – 
microbiology of the food chain, horizontal method for the detection of 
Cronobacter spp. This method is applicable to (a) food products and ingredients 
intended for human consumption and the feeding of animals and (b) and envi-
ronmental samples in the area of food production and food handling. A flowchart 
of the complete procedure is illustrated in Fig. 3.7.

3.5	 �Cronobacter Identification Methods

Biochemical tests which distinguish Cronobacter from closely related organisms, 
especially those that may be isolated from similar materials, have been described 
[14]. However, phenotyping is prone to subjectivity and operator bias, and although 
centralized databases are available with standardized kits, common commercial kits 

Table 3.1  Codex Alimentarius Commission microbiological criteria for powdered infant for-
mula, formula for special medical purposes and human milk fortifiers (Annex I – CAC, 2008)

Microorganisms n c m Class plan
Enterobacter sakazakii (Cronobacter species) 30 0 0/10 g 2
Salmonella 60 0 0/25 g 2
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Fig. 3.6  Flowchart of the complete procedure for Cronobacter isolation method [70]

Fig. 3.7  Flowchart of the complete procedure for Cronobacter isolation method [71]
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for Enterobacteriaceae have a poor reliability for Cronobacter. Jackson and 
Forsythe [72] reported that in their study of over 250 strains, the databases support-
ing the commercial API20E and ID32E kits were only 82.3% and 43.2% reliable, 
respectively. In addition, false-positive results using Vitek 2.0 have previously been 
reported due to the misidentification of strains of Franconibacter helveticus and 
Franconibacter pulveris as Cronobacter [72]. The revised ISO method [71] does 
not advocate the use of any particular kits but instead recommends specific indi-
vidual biochemical tests.

Due to the limitations described above, PCR probe-based identification methods 
were developed and used for the identification and speciation of Cronobacter iso-
lates. However, although PCR probes are useful for small-scale studies, their appli-
cation is limited, as they often have not been validated against a robust Cronobacter 
strain collection of the seven species that represent the diversity of the organism. 
Since many PCR probe methods were developed prior to the Cronobacter taxo-
nomic revisions, they were not necessarily validated using closely related strains 
from the Franconibacter and Siccibacter genera [72, 73]. Consequently false-posi-
tive and false-negative results occur. One reported Cronobacter outbreak originally 
based on phenotyping and rpoB PCR probe was reinvestigated using DNA sequence-
based methods (MLST and whole genome sequencing) and was found to be E. hor-
maechei and E. cloacae [14]. A summary of these methods and their limitations are 
presented in Table 3.2.

3.6	 �Molecular Typing of Cronobacter Isolates

3.6.1	 �Pulsed-Field Gel Electrophoresis (PFGE) Analysis 
of Cronobacter Strains

Brengi et al. [86] proposed a PFGE protocol with XbaI as the first choice restriction 
enzyme and SpeI being used for confirmation if deemed appropriate. This protocol 
was adopted by the CDC PulseNet and has been used for outbreak investigations 
and source tracking in food production facilities. Mullane et al. [87] used PFGE 
analysis to show the long-term colonization of a milk protein manufacturing plant, 
recovering three different pulsotypes of Cronobacter over a period of 10 months. 
PFGE has been also used to profile Cronobacter strains isolated from the environ-
ment of milk powder and infant formula processing plnts, including air filters [88]. 
The method has also been applied to Cronobacter isolates from various food sam-
ples, such as raw dried pasta [89], spices [90], cereal kernels, flour and flour-based 
products [91].

PFGE has been regarded for many years as an essential tool for microbial source 
tracking. However, PulseNet lists a number of limitations:

Time-consuming.
Requires a high level of skill.
Does not work for everything (i.e. clonal patterns).
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Table 3.2  Comparison of the most common PCR probe-based profiling methods used for Cronobacter 
identification in genus and species loci

Gene 
targets Comments References

Genus 
loci

Ribosomal DNA 
(rDNA)

16S 
rRNA

– Iversen et al. [9]
Real-time PCR method Malorny and 

Wagner [74]
23S 
rRNA

– Derzelle et al. 
[75]

tRNAGlu – Hassan et al. [76]
16S–23S 
rRNA

Liu et al. [77]

FISH – Iversen et al. [1]
1,6-a-glucosidase gluA Cawthorn et al. [78] reported 

false-positive results using EsAgf/
EsAgf primers (1.680 bp fragment)

Iversen et al. [79]

MMS operon dnaG Real-time PCR included in BAM/
FDA method [70] applied to the 
presumptive Cronobacter isolates. 
Brandao et al. [51] reported a 
false-negative result for a C. 
malonaticus strain, and Vasconcellos 
et al. [52] reported a false-positive 
result for an Enterobacter spp. strain

Chen et al. [70]

Zinc-containing 
metalloprotease

Zpx – Jaradat et al. [80]

Outer membrane 
protein A

ompA Jackson and Forsythe [72] evaluated 
in silico PCR targeting ompA which 
predicted that amplification would 
only occur with Cronobacter 
species, and this method may be a 
feasible alternative to biochemical 
phenotyping

Nair and 
Venkitanarayanan 
[81]

Species 
loci

β-Subunit of RNA rpoB Silva et al. [82] reported that the 
PCR was unable to identify 
Cronobacter isolates to the species 
level, due to non-amplification and 
discordant results to fusA allele 
sequences

Stoop et al. [83], 
Lehner et al. [84]

Diguanylate 
cyclase-encoding

cgcA Multiplex PCR for identifying 
Cronobacter species. However, 
Jackson et al. [73] reported that the 
cgcA target cannot be sufficient for 
identification of all Cronobacter 
spp., since whole genome sequence 
studies show that the gene is absent 
from C. condimenti and a wide range 
of C. sakazakii sequence types
Vasconcellos et al. [52] and Silva 
et al. [82] reported that the multiplex 
PCR was unable to identify 
Cronobacter isolates to the species 
level, due to non-amplification, 
unspecific amplifications or 
discordant results to fusA allele 
sequences

Carter et al. [85]
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Pattern results vary from person to person.
Cannot optimize separation in every part of the gel at the same time.
Bands are bands, not sequences.
Do not really know if bands of the same size are the same pieces of DNA.
Bands are not independent.
Change in one restriction site can mean more than one band change.
‘Relatedness’ should be used as a guide, not true phylogenetic measure.
Some strains are untypable by PFGE.

For these reasons, PulseNet is transitioning towards using whole genome 
sequence-based analysis and core-genome MLST [92].

The issue referred to by PulseNet of not distinguishing strains with clonal pat-
terns is very pertinent to Cronobacter isolates, though often overlooked. Brandao 
et al. [93] used PFGE for typing three C. malonaticus strains isolated from blood 
culture from an outbreak with only restriction enzyme SpeI. The strains were clus-
tered in the same clonal group and could not be differentiated. Further studies using 
MLST revealed they were ST394 (n = 1) and ST440 (n = 2) [18]. Similarly, Caubilla-
Barron et al. [6] reported C. sakazakii strains from neonates with necrotizing entero-
colitis were not distinguishable by PFGE, but were later shown by whole genome 
analysis to differ due to latent phage [6].

In summary, the PFGE method has been invaluable for many years. However, it 
has limitations and is being replaced by DNA sequence-based methods. With 
respect to Cronobacter, PFGE neither speciates isolates nor determines the related-
ness of strains. In addition, due to intrinsic DNase activity, some strains do not give 
profiles and are therefore non-typable [25, 88]. Finally, PFGE may not differentiate 
between unrelated Cronobacter strains from different countries and different years. 
This is because of the high level of clonality, particularly within C. sakazakii and 
C. malonaticus [1, 25].

3.6.2	 �PCR-Based Serotyping of Cronobacter spp.

The Cronobacter capsule is composed of up to five compounds: O-antigen, 
K-antigen, colanic acid, cellulose and the Enterobacteriaceae common antigen [94, 
95]. The compositions of these vary and are therefore plausible sites for typing 
schemes.

The O-antigen, also known as lipopolysaccharide (LPS), is anchored in the outer 
membrane and elicits an immunological response. The O-antigen (somatic antigen) 
is a very important component of the cell walls of Gram-negative bacteria, with its 
variations being responsible for the various serotypes in bacterial species. The 
chemical structure of the LPS for a number of Cronobacter strains has been deter-
mined [8, 96, 97].

PCR-based O-serotyping schemes have been designed for Cronobacter spp. 
[98–101]. The serotyping method uses long-range PCR, to generate a PCR 
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product (size range 9.8–14.8 kbp) which is then restricted using MboII followed 
by separation by gel electrophoresis. The restriction fragment length polymor-
phism (RFLP) banding patterns can be further analysed to generate gene clusters. 
Unfortunately, the method has been marred due to initial species misidentifica-
tions and discrepancies between the initial protocols [98, 99]. Subsequently, Yan 
et al. [101] proposed a harmonized scheme describing 14 serotypes which cov-
ered 6 Cronobacter species, but not C. condimenti. Afterwards, using modified 
primers, Blažková et al. [102] identified further serotypes according to their band-
ing patterns.

To date, the Cronobacter serotyping scheme has C. sakazakii O1–O4, O6 and 
O7, C. malonaticus O1–O5, C. muytjensii O1–O3, C. turicensis O1–O4, C. dub-
linensis O1–O4, C. universalis O1 and C. condimenti O1 (Table 3.3). The major-
ity of serotypes (60% of the genus) are C. sakazakii O:1 and O:2, and therefore, 
serotyping does not offer discrimination between a significant portion of isolates. 
The typing scheme is not complete with 5–20% of strains not giving any PCR 
products using the current PCR probes [99, 101]. In addition, the same serotype 
occurs in different Cronobacter species and other Enterobacteriaceae such as 
Citrobacter koseri, Franconibacter pulveris and E. coli [103]. This is shown in 
Table  3.3 where serotypes are ascribed to non-target organisms, for example, 
C. universalis having Csak O:7 and Cmal O1 serotypes. While the method has 
revealed the considerable diversity of the lipopolysaccharide in Cronobacter 
spp., there are practical issues that have yet to be reduced to a manageable step-
wise analysis of Cronobacter strains. Currently the method requires a prior 
knowledge of the Cronobacter species in order to select the appropriate PCR 
primer pairs. In total 15 primer pairs are required to cover 6 of the 7 Cronobacter 
species. Another major limitation is that a large number of strains (up to 20%) 
cannot be serotyped yet using the current primers described in the literature 
[97, 99, 101].

3.6.3	 �Capsular Profiling

Characterization of the capsule composition of Gram-negative bacterial pathogens 
can be important in developing profiling schemes and has a role in virulence of the 
organism, for example, E. coli K1 and neonatal meningitis, where ‘K’ refers to the 
capsular antigen. Whole genome sequencing has revealed the variation in the 
K-antigen, colanic acid and cellulose synthesis genes for the capsule, abbreviated to 
K, CA and Cell, respectively. There are essentially two variants of the K-antigen 
(K1 and K2) and two variants of the colanic acid synthesis gene cluster differing in 
the presence/absence of galE (CA1 and CA2), and some strains do not encode for 
cellulose synthesis (Cell+/−). It is notable that capsular profiling of Cronobacter 
has revealed the only trait which associates a specific profile (K2:CA2:Cell+) with 
clinical symptoms [94, 95]. In fact, this profile is the primary ‘virulence trait’ for 
neonatal meningitis which has been identified. Cronobacter cases of neonatal 
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Table 3.3  Summary of Cronobacter and non-Cronobacter serotype isolates in the PubMLST 
Cronobacter database (last accessed 05/02/19)

Species Serotype
Number of strains with both 
serotype and ST

Number of 
STs

C. sakazakii Csak O:1 233 41
Csak O:2 363 50
Csak O:3 47 18
Csak O:4 67 12
Csak O:6 3 3
Csak O:7 21 11
Not found 10 6

C. malonaticus Cmal O:1 22 15
Cmal O:2 80 21
Cmal O:3 3 3
Cmal O:4 0
Cmal O:5 5 4
Ctur O:2 1 1
Not found 6 4

C. muytjensii Cmuyt O:1 4 4
Cmuyt O:2 3 2
Cmuyt O:3 1 1

C. turicensis Ctur O:1 16 9
Ctur O:2 1 1
Ctur O:3 13 11
Ctur O:4 2 1
Csak O:5 1 1
Not found 4 4

C. dublinensis Cdub O:1 33 27
Cdub O:2 26 20
Cdub O:3 0
Cdub O:4 0
Not found 11 10

C. universalis Cuni O:1 6 4
Cmal O:1, Csak 
O:7

1 1

C. condimenti Ccon O:1 [1]a 1
Citrobacter koseri Cmal O:1 1 1

Cmal O:1, Csak 
O:4

3 1

Franconibacter pulveris Csak O:4 1 1
aSerotype defined based on gnd and galF loci analysis, not PCR serotyping

meningitis are primarily associated with C. sakazakii CC4 which differs from most 
other C. sakazakii STs in encoding for K2:CA2:Cell+. This profile is also found 
from rare cases of neonatal meningitis caused by C. malonaticus, and therefore the 
capsule profile is not clonally linked, but virulence linked.
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3.6.4	 �Standardized Seven-Loci Multilocus Sequence 
Typing (MLST)

Typing schemes are required for both epidemiological and environmental investiga-
tions of Cronobacter and inevitably require the direct comparison of isolates 
between laboratories around the world. Consequently, standardized DNA sequence-
based methods supported by a centralized database are more suitable, as they enable 
direct unambiguous comparison between isolates being typed in different loca-
tions [104].

Suitable DNA sequence typing-based methods for Cronobacter started with 
seven-loci multilocus sequence typing (MLST) [105]. This can be laboratory or 
whole genome based. More refined typing using whole genome sequences include 
ribosomal MLST (53 loci), core-genome MLST (1836 loci) and clustered regularly 
interspersed short palindromic repeat (CRISPR)-cas gene array profiling. These 
methods are supported by a curated, open-access database (http://pubmlst.org/
cronobacter), enabling international collaboration and surveillance. The single-
nucleotide polymorphism (SNP) analysis can also be applied when whole genome 
of the strains is available.

The standardized seven-loci PubMLST Cronobacter scheme is based on the 
housekeeping genes for ATP synthase b chain (atpD), elongation factor G (fusA), 
glutaminyl-tRNA synthetase (glnS), glutamate synthase large subunit (gltB), DNA 
gyrase subunit B (gyrB), translation initiation factor IF-2 (infB) and phosphoenol-
pyruvate synthase A (ppsA). The protocols and database for >2800 strains of 
Cronobacter and closely related genera are curated and have open access (www.
pubMLST.org/cronobacter). The scheme has the potential to distinguish >7 × 1010 
different genotypes, therefore making it highly unlikely to obtain identical STs by 
chance [105]. Within the MLST scheme, none of the fusA profiles are shared 
between two or more species. Consequently, sequencing this locus (438 nt in length) 
can be used to define the species of Cronobacter isolates [43]. When concatenated 
together, the seven sequences provided 3036 nucleotides for phylogenetic analysis 
(MLSA). This has shown concordance with our current understanding in the taxo-
nomic groups within the Cronobacter genera and closely related organisms and 
agrees with whole genome sequence analysis [55].

The PubMLST Cronobacter site (www.pubMLST.org/cronobacter) is essen-
tially in two sections: protocols and databases. The main protocols repeat the proce-
dures as given in Baldwin et  al. [105]; plus there are alternative primer pairs if 
difficulties are experienced which were designed more recently following whole 
genome sequence analysis (Jackson, pers. comm.). Essentially the protocols give 
the initial PCR primer sets and inner sequencing primers for each allele. These nor-
mally work across the seven Cronobacter species and related organisms: 
Franconibacter, Siccibacter, Citrobacter and Enterobacter. Occasionally a primer 
may fail, and it is recommended to use the alternative primer sets.

The sequence information are submitted to the database curator (Prof Steve 
Forsythe) and stored on a central database (http://www.pubMLST/cronobacter). 
These can either be laboratory-generated sequences for each locus or whole genome 
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sequence (FASTA file format) from which the seven loci are automatically extracted 
from by the curator, therefore making the technique electronically portable and 
reproducible in a laboratory in any part of the world. Currently the database con-
tains the sequences for over 2272 Cronobacter strains, including >600 whole 
genomes. There are >600 defined STs (Table 3.4), considerably more than the 26 of 
the PCR-based serotyping scheme (Table 3.3).

The majority of strains was isolated from environmental, food and clinical 
sources are C. sakazakii, which has been the main species of study to date (Table 3.4). 
The PubMLST Cronobacter profile database enables searches for single and mul-
tiple loci queries, BLAST, similarity searches and download options, for the profiles 
of all the identified sequence types in the scheme, as well as tools for comparative 
genomic analysis. The database hosts a plethora of information on the isolates that 
have been typed, including sequence data and background information of the strains. 
All this data is stored with open access, enabling convenient downloading and anal-
ysis for researchers working on the organism across the world. The portal also has 
provided links for analysing the sequences with tools to compare alleles and 
sequence types (STs), detect the presence of linkage and recombination in the popu-
lation dataset, establish relationships between related STs or isolates by construct-
ing phylogenetic trees or minimum spanning trees, etc. [19].

The frequency of each ST varies with many STs being present at low frequency, 
and others are more prevalent (e.g. C. sakazakii ST4 strains). According to the ori-
gins of the analysed strain, the prevalent STs are usually isolated over multiple years 
and diverse geographical locations. A major advantage of MLST is the further anal-
ysis that can be undertaken, unlike most other typing methods. For example, 
SplitsTree [106], minimum spanning tree [107] and eBURST [108] analysis can be 
used to show the relatedness of STs and distribution according to country and isola-
tion site. The genetic relationships among all strains deposited in PubMLST 
Cronobacter database (www.pubMLST.org/cronobacter) (last accessed 09.26.2019) 
are illustrated with a minimum spanning tree constructed using GrapeTree using a 
categorical coefficient and graphing [107] analysis of 53 clonal complexes (CCs) 
(Fig. 3.8). The CC4 of C. sakazakii is the central genotype, and it was identified as 
a stable clonal lineage associated with neonatal meningitis [20, 43, 109, 110]. 
Similarly, C. sakazakii ST12 is associated with necrotizing enterocolitis and C. mal-
onaticus CC7 with adult infection.

Researchers can compare their MLST profiles with those already in the database. 
For example, the eBURST algorithm is used to characterize the clonality in the 
MLST dataset of a bacterial population, by using only the allelic profiles and ST and 
not the nucleotide sequences. It identifies the most frequent and persistent ST in the 
population (the one associated with the maximum number of isolates) which is then 
identified as the ‘founder clone’. This founder is then linked to its nearest possible 
neighbour which is the ST with one allele difference, therefore known as a single-
locus variant (SLV). These links result in the formation of clusters of closely linked 
STs within the population, known as CC. The SLV can also then be further linked 
to its closest neighbours identified as double-locus variants (DLVs) (differing at two 
alleles compared to the founder ST) or triple-locus variants or TLVs (differing at 
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three alleles compared to the founder ST). As a result, the overall population snap-
shot of the dataset in a graphical output represents a forest composed of a number 
of unrooted trees as well as isolated STs. Each ST in the eBURST algorithm output 
is denoted by a circle, where the diameter of the circle is proportional to the fre-
quency of the ST [108]. The definition of a ‘clonal complex’ (CC) depends on the 
threshold value that is decided upon. The PubMLST Cronobacter database by 
default uses the founder SLV and DLV cluster to define a CC.

Taking into account the stability and portable nature of the MLST scheme, this 
database has played an important role in our understanding of Cronobacter and is 
expandable due to the WGS repository for future purposes.

3.6.5	 �Ribosomal MLST (53 Loci)

As an increasing number of bacterial genomes are sequenced, it is plausible that the 
optimal loci profile will vary in the coming years. Consequently, published 
Cronobacter genomes are now centrally accessible from the Cronobacter MLST 
database, and the BIGSdb facility has been integrated in the ‘Genome Comparator’ 
such that users can select loci from over 500 sequenced genomes for population 
analysis [104].

The whole genomes of Cronobacter strains are accessible from the PubMLST 
Cronobacter database which is linked to the ribosomal MLST (rMLST) database as 
described by Jolley et  al. [111]. This can be used to automatically generate the 

Fig. 3.8  Genetic relationships among all strains deposited in PubMLST Cronobacter database 
(www.pubMLST.org/cronobacter) (last accessed 09.26.2019). A minimum spanning tree was con-
structed using GrapeTree analysis of 53 clonal complexes (CC) and 2797 strains. The size of the 
circle is proportional to the number of the strains. Strains are distributed according to the CC with 
different colours identified in the figure
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rMLST profile of the Cronobacter isolate according to the 53 rps genes [42] through 
the comparative genomic analysis facility within the database. The corresponding 
DNA sequences can be concatenated together to generate a phylogenetic tree for the 
Cronobacter genus (Fig. 3.4).

3.6.6	 �Core-Genome MLST (1836 Loci)

Similar to generating a genotype from a WGS, it is also possible to generate a geno-
type profile using a core-genome approach. Forsythe et al. [42] demonstrated its 
application across the Cronobacter genus for 1865 loci to profile Cronobacter 
genomes in the database and also generate a phylogenetic analysis across the 
genome. This was achieved using the comparative genomic analysis facility within 
the PubMLST Cronobacter database. The cg-MLST analysis used C. sakazakii 
ES15 as the reference genome since it is well annotated, but the user can choose 
their own genome for comparative analysis if they wish. The user can either profile 
all annotated genes or choose their own interest area, for example, biochemical 
pathways, adhesins and virulence traits. The output is an Excel™ spreadsheet, and 
no bioinformatic knowledge or specialist software is required, thus making the 
approach highly accessible with no usage costs.

3.6.7	 �CRISPR (Clustered Regularly Interspersed Short 
Palindromic Repeat)-Cas Array Profiling

MLST has been useful in describing the diversity of the genus and the recognition 
of pathovars; however, the strong element of clonality may restrict the ability of 
MLST to distinguish between unrelated strains during microbial source tracking. 
Previously studies demonstrated that unrelated strains may still be indistinguishable 
by PFGE and conventional MLST [25, 42]. In order to address this issue, Ogrodzki 
and Forsythe [94, 95] developed ‘clustered regularly interspaced short palindromic 
repeats’ (CRISPRs) and CRISPR-associated gene (cas) protein-coding gene 
(CRISPR-cas) array profiling. In brief, CRISPR-cas systems may be composed of 
up to three sections: (a) cas genes, (b) an AT-rich leader sequence upstream of the 
array and (c) a CRISPR array, composed of short (~24–48 nucleotides) direct repeat 
sequences separated by similarly sized, unique spacers. These spacers are usually 
derived from mobile genetic elements such as bacteriophages and plasmids. Since 
CRISPR-cas arrays reflect the exposure of strains to phages and plasmids, there 
should be differences between clonal strains which are unrelated [94, 111–113]. 
CRISPR arrays may differ between closely related strains due to their different 
exposure histories to phages and plasmids, leading to differences in their spacer 
acquisitions.

Therefore, these loci can be used for molecular subtyping, offering greater dis-
crimination between strains than MLST, especially useful for highly clonal species, 
such as C. sakazakii. Ogrodzki and Forsythe [94, 95] analysed the CRISPR-cas 
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arrays of strains from the major pathovars C. sakazakii CC1, CC4, CC8 and ST12 
and for further comparison of strains from other species across the genus. The 
CRISPR-cas operon architecture is mainly I-E (Ecoli), with a few examples of I-F 
(Ypseudo). The distribution of the operon types was not phylogenetically related. In 
general, strains had a large number of CRISPR-cas arrays within each genome. 
Some strains in C. dublinensis and C. muytjensii lacked cas genes. The lack of cas 
genes was also found in the species type strains of C. universalis and C. condimenti. 
Strains within the same ST were differentiated according to their CRISPR-cas array 
profiles. An example is reproduced in Fig. 3.9, showing strains in the clonal com-
plex C. sakazakii CC4 including those from a neonatal intensive care unit [6].

The CRISPR-cas array profiling has been applied to another suspected outbreak 
in a hospital and showed greater discriminatory power than other genotyping tech-
niques [114]. Zeng et al. [115] genotyped 257 isolates of C. sakazakii, C. malonati-
cus and C. dublinensis based on CRISPR locus. Results showed that 161 C. sakazakii 
strains could be divided into 129 CRISPR types (CTs), 65 C. malonaticus strains 
were divided into 42 CTs and 31 C. dublinensis strains belonged to 31 CTs. There 
was also a relationship among CT, ST, food types and serotype. Compared to MLST, 
this method has greater power to distinguish similar strains and had better accor-
dance with WGS.

Fig. 3.9  Cronobacter sakazakii ST4 CRISPR array profiles. The first array boxes (grey scale) 
represent the direct repeats. Those with the same shading correspond to the same sequence. 
Similarly, the second array (coloured) represents the individual spacers between the direct repeats. 
The same colours correspond to the same sequence within the CRISPR array. Gaps represent the 
absence of the spacer and its corresponding direct repeat. Ogrodzki and Forsythe [112]
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3.6.8	 �Single-Nucleotide Polymorphism (SNP) Analysis

Typing methods based on whole genome sequencing offer greater discriminatory 
power than other typing methods, and one means of comparing genomes is by iden-
tifying SNPs. These can cause significant changes in phylogenetic distances, but 
they may not change the PFGE pattern. SNP analysis has been applied by Masood 
et al. [48] to reanalyse the strains from the French 1994 NICU outbreak reported by 
Caubilla-Barron et al. [6]. The former study reported there had been three concur-
rent outbreaks according to the pulsotypes, and the isolates from PIF did not match 
those from the infants. Masood et al. [48] concurred with the results of PFGE and 
added better discrimination and relatedness between strains within the same pulso-
type. In addition, SNP analysis revealed the C. sakazakii ST4 strains differed with 
those from one baby differing by 300 nt from other ST4 isolates. The source of the 
C. sakazakii could have been from extrinsic contamination of reconstituted PIF 
from the NICU environment and personnel. This pool of strains would have contrib-
uted to the prolonged duration of the outbreak, which was up to 3 months.

For the future, there will be standardization issues for the widespread adoption of 
SNP analysis for outbreak investigations. These include the need for a comparative 
reference strain and consistent pipeline for SNP calling and analysis. Currently, a 
strain (possibly the index strain) can be used within a localized investigation.

To conclude, the advances in next-generation sequencing have greatly contrib-
uted to our ability to distinguish Cronobacter isolates from closely related genera 
and also to define genotypes which include pathovars. The common use of MLST 
has been facilitated by the establishment of a centralized, curated, open-access data-
base for international use.

3.7	 �Summary

This chapter presents the important characteristics of the bacterium Cronobacter, an 
emergent foodborne pathogen associated with powdered infant formula. The tax-
onomy history, pathogenicity and virulence of the genus are reviewed, including 
epidemiological aspects of the seven species according to their clinical relevance. 
The most common identification and typing methods applied to Cronobacter are 
also discussed.
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4Oral and Intestinal Bacteroidetes

Marina C. Claros, Zaida C. Claros, Sareh Said Yekta-Michael, 
and Georg Conrads

4.1	 �Introduction

Most of the obligately anaerobic, Gram-negative, non-spore-forming rods of clini-
cal relevance belong to the phylum Bacteroidetes, the order Bacteroidales, includ-
ing families Bacteroidaceae, Porphyromonadaceae, Prevotellaceae, and 
Rikenellaceae, with all of them consisting of several genera. We will focus on the 
genera Bacteroides, Parabacteroides, Porphyromonas, and Prevotella, and all four 
are discussed here but using and explaining different typing methods, exemplarily. 
As originally isolated from Bacteroides Bile Esculin (BBE) agar and thus tradition-
ally co-investigated with Bacteroides, the urease- and catalase-positive, nitrate-
reducing anaerobic Gram-negative species Bilophila wadsworthia, even though a 
member of Deltaproteobacteria (Desulfovibrionaceae), will also be subjected here.
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4.2	 �The Genus Bacteroides

Within the family Bacteroidaceae, the genus Bacteroides consists of saccharolytic, 
bile-resistant, and nonpigmented species, mainly isolated from the gut. Since the 
late 1980s, the genus is limited to species within the Bacteroides fragilis group [1, 
2], and most of the other clinically relevant species became placed in the genus 
Porphyromonas or Prevotella [3]. The genus Bacteroides currently includes more 
than 50 species, of which more than half have been recovered from humans (for an 
update, see www.bacterio.net). Of these, especially B. fragilis, B. thetaiotaomicron, 
and B. ovatus are most relevant in human infections. The list of approved species 
within the genus Bacteroides changes frequently, and keeping up with all relevant 
taxonomic revisions is quite a challenge. For instance, almost half of all “Bacteroides” 
species ever described (which are 100 plus 5 subspecies) have moved to other gen-
era over time. However, these changes are of importance both to clinicians and to 
clinical microbiologists, since taxonomic placement can be an indicator of viru-
lence potential or antimicrobial resistance. Often by using culture-independent 
approaches such as 16S rRNA gene sequencing, a variety of new species have added 
to the total number of Bacteroides species which were isolated from various clinical 
sites by a culturomic approach; examples include Bacteroides ihuae, B. mediterra-
neensis, B. neonati, and B. timonensis [4–6].

As Bacteroides (B. fragilis) may have both a good and a bad nature, molecular 
typing aims to differentiate between physiological and pathogenic strains. The 
pathogenicity of B. fragilis is related to the “B. fragilis pathogenicity island or 
BfPAI,” producing the enterotoxin, which is a zinc metalloprotease [7]. For histori-
cal background, in the mid-1980s, it was recognized that some B. fragilis strains 
produce an enterotoxin (ET) that can cause acute diarrhea in humans, young lambs, 
calves, pigs, and foals [8]. Later, enterotoxigenic B. fragilis (ETBF) strains have 
also been isolated from the feces of children with diarrhea [9, 10]. Kato et al. [11] 
showed that B. fragilis blood culture isolates were more likely to be ETBF and sug-
gested that ET-positive strains are more virulent than ET-negative strains. The cor-
responding enterotoxin gene (bft) was cloned, sequenced, and identified as producing 
a zinc metalloproteinase with the size of 44.4 kDa [7]. The bft gene is located in a 
6 kb genetic element termed the B. fragilis pathogenicity island (BfPAI). In our 
studies [12] and unpublished data, it was determined that the incidence of ETBF in 
different clinical isolates was 11–23%. The prevalence of ETBF among blood cul-
ture isolates (23%) was higher than from other specimens, especially the physiolog-
ical gut isolates. Appendicitis and peritonitis are typical clinical Bacteroides-related 
cases but which often demonstrate mixed infections with Enterobacteriaceae (not 
subjected here) and Bilophila [12].

4.2.1	 �The Genus Bilophila

Bilophila (with a single species, B. wadsworthia) was first described by Baron et al. 
as an asaccharolytic, Gram-negative, bile-resistant, strong catalase-positive bacillus 
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that is often urease positive (approximately 75% of strains) and able to reduce 
nitrate to nitrite. The G + C content is 39–40 mol% [13, 14]. Growth is stimulated 
by taurine, a cysteine derivative and major organic solute in humans, which it uses 
as a source of sulfite and as a terminal acceptor for electron transport [15]. 
Phylogenetically, the genus Bilophila is located in the Deltaproteobacteria 
(Desulfovibrionaceae). Several virulence factors such as abscess formation, endo-
toxin, cytotoxicity, and adherence as well as outer membrane proteins were deter-
mined in B. wadsworthia [15, 16].

4.2.2	 �Bacteroides: Methods

4.2.2.1	 �Phenotypic Identification of Gram-Negative Anaerobic 
Saccharolytic Rods

Molecular typing can never stand alone but needs state-of-the-art conventional iden-
tification as a precondition before being performed. The traditional method for iden-
tification and classification of anaerobic bacteria uses carbohydrate fermentation 
and other biochemical tests in combination with metabolic end-product analysis by 
gas chromatography and, taken together, still provides the “gold standard” for iden-
tification. The biochemical scheme for identification of Bacteroides species and 
B. wadsworthia has been described previously and updated in detail [17]. In brief, 
prereduced, anaerobically sterilized (PRAS) biochemicals are used to test the fer-
mentation of arabinose, rhamnose, trehalose, salicin, sucrose, and xylan, the hydro-
lysis of esculin, and the production of indole and catalase. Bile resistance is usually 
determined by growth in PRAS peptone/yeast broth containing 20% bile. In addi-
tion, key reactions of the RapID ANA II systems are used. In case of Bacteroides 
species, gas chromatography is not much helpful. In general, differentiation of spe-
cies within the B. fragilis group is not an easy task, as they demonstrate a great deal 
of similarity in colony and cell morphology as well as biochemical reactions [18]. 
Recent advances in identification of anaerobes from clinical samples include matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 
MS) Biotyper. Comparison with phenotypic identification and 16S rRNA sequenc-
ing demonstrated that the ability to differentiate between species relies on the 
MALDI-TOF database used and enables better characterization of types of infec-
tion and anticipates antimicrobial susceptibility [19].

4.2.2.2	 �Concept of PCR Fingerprinting
Molecular genetic methods, including classic genomic fingerprinting, chromosomal 
DNA probe hybridization, and species-specific PCR, have been used for identifica-
tion and characterization of bacterial isolates. For example, new species and changes 
in nomenclature were increasingly established by using DNA homology studies, 
especially based on 16S rRNA sequencing and/or 16S–23S rDNA spacer region 
analysis [20–23]. This latter technique will be explained in more detail with 
Porphyromonas (see Sect. 4.3).
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Here we will concentrate on PCR fingerprint techniques. These techniques were 
broadly used for the characterization and identification of bacteria, fungi, and para-
sites and have proved a versatile method for detection of polymorphisms for identi-
fication, characterization, and typing of all kinds of microorganisms. They were 
described for typing of aerobic and facultative anaerobic bacteria, primarily with 
arbitrary primer (AP) PCR [24–26]. However, completely arbitrary priming lies at 
one end of a spectrum of possible targeting strategies for fingerprinting. The other 
end of the spectrum uses primers derived from known near-perfect dispersed 
repeats, for example, tDNA intergenic length polymorphisms. In this spectrum lies 
a cornucopia of other repeats such as purine-pyrimidine motifs that have been suc-
cessfully used to produce PCR fingerprints. These mini- and microsatellite repeats 
are particularly useful because primers directed toward them reveal more polymor-
phisms between closely related individuals. Primer pairs directed toward rRNA 
genes are also useful because the rRNA gene clusters evolve more slowly than most 
of the rest of the genome, which is under less stringent selection pressure. These 
patterns produced by rDNA-directed primers can be used to compare genomes at a 
higher taxonomic level than is possible with arbitrarily primed PCR [27, 28].

With the use of PCR fingerprint techniques, DNA polymorphisms have been 
detected that aid in the differentiation of species. Single nonspecific primers or sin-
gle tDNA primers were used to both identify and characterize selected clinical 
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isolates of B. fragilis, B. thetaiotaomicron, or B. vulgatus as well as isolates of 
Parabacteroides distasonis (formerly Bacteroides distasonis) and B. caccae with 
similar biochemical key reactions (Fig. 4.1).

4.2.3	 �Bacteroides: Detailed Protocols

4.2.3.1	 �Bacteroides Strains, Culture Conditions, and DNA Extraction
Reference strains were obtained from American Type Culture Collection (ATCC), 
USA; National Collection of Type Cultures (NCTC), GB; Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DSMZ), Germany; and Virginia Polytechnic 
Institute (VPI), USA. In total, 68 indole-negative and 71 indole-positive Bacteroides 
isolates as well as 101 Bilophila isolates from blood and wound cultures that were 
obtained from different sites in Germany and in the USA were subjected to this 
study. Isolates were grown for 48 h (Bacteroides spp.) on Columbia blood agar or, 
respectively, 4–6 days (Bilophila spp.) on Bacteroides bile agar in the anaerobe 
chamber. Two to ten bacterial colonies were subjected into 100 μl sterile distilled 
water and incubated for 15 min at 95 °C. After a short centrifugation step (2 min, 
11,000 × g), the supernatant was submitted into the PCR master mix. Alternatively, 
when pure DNA was needed or inhibitors were present (clinical specimens), extrac-
tion was performed with the Qiagen Tissue Kit (Qiagen, Germany) using the 
instructions from the manufacturer.

4.2.3.2	 �PCR Amplification and Fingerprinting
Primers: The core sequence of the phage M13 (5′-AGGTCGCGGGTTCGAATCC-3′) 
[24]; the M13universal (also derived from the phage M13) (5′- 
TTATGAAACGACGGCCAGT-3′) ([25]); the 10mer primer AP3 
(5′-TCACGATGCA-3′) [26], and the tDNA primers T3B (5′-AGGTCGCGGGTT-
CGAATCC-3′), T5A (5′-AGTCCGGTGCTCTAACCAACTGAG-3′), and T3A 
[25] were used as single primers in the experiments (in detail, Bacteroides spp., 
M13core, M13universal, T3B, T5A, and AP3; B. wadsworthia, M13core, T3B, and 
T3A). Amplification reactions were performed in 50 μl reaction fluid, which con-
tained 2.5 μl DNA extract; 10 x PCR buffer (10 mM Tris-HCl, pH 8,3; 50 mM KCl; 
1,5 mM MgCl2; 3 mM magnesium acetate); 200 μM of each dATP, dCTP, dGTP, 
and dTTP (Pharmacia Biotech, USA); and 2.5  U Taq DNA polymerase (Perkin 
Elmer Cetus, USA). Negative controls contained PCR-approved water instead of 
DNA. The primers were submitted in a final concentration of 25 pmol or 50 pmol. 
Samples were amplified as follows, 1 min at 95 °C and 1 min at 50 °C (universal 
primers, all other primers) or 30 s at 50 °C (tDNA primer) or 1 min at 36 °C (AP3 
primer), followed by an extension cycle of up to 6 min at 72 °C. Reaction tubes were 
held at 4 °C until further analysis. The samples were concentrated to a volume of 
20 μl in a vacuum centrifuge (SpeedVac, Savant, USA) and in relation of 1:10 with 
gel loading solution (Sigma, Germany) added for gel electrophoresis. All the differ-
ent PCR assays for an additional group of bacteria were optimized using the Taguchi 
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scheme [29] for the concentration of chemicals, and with a temperature gradient, 
the annealing temperature was optimized.

DNA amplicons were separated in a submarine electrophoretic apparatus (Gibco 
BRL, USA) in 1.2–2.0% agarose gels: 1.2–2.0% agarose (depending on the length 
of the expected DNA fragments) (Pharmacia Biotech, Germany) in 0.5 × TBE buf-
fer (Tris-borate-EDTA, Sigma, Germany). Electrophoretic separation was per-
formed in a 0.5 × TBE buffer system gel (5 mm × 25 cm × 20 cm) 5–7 h at 3 V/cm. 
Amplified products were detected by staining with ethidium bromide (2 μg/ml). Gel 
images were analyzed by direct visual comparison or scanning the banding patterns 
(ScanJet IIcx Flatbed Scanner, Hewlett Packard, Palo Alto, CA). Absorbance pro-
files were corrected for gel-to-gel variation on the basis of reference samples run on 
each gel. Afterward, the patterns were compared by either calculation of the correla-
tion coefficient between absorbance profiles or by using a band position matching 
coefficient. Natural groupings of similar patterns were found by clustering the 
matrix and displaying the results as a dendrogram (GelManager, BioSystematica, 
Prague, Czech Republic). For specific gene detection, the amplification of the bft 
gene was performed using the primers and conditions described by Shetab et al. 
[30] and Kato et al. [11]. For the detection of the mpII gene (metalloprotease gene) 
as well as the BfPAI (B. fragilis pathogenicity island) flanking regions, the primers 
and method described by Franco et al. were used [31].

4.2.4	 �Bacteroides: Results

4.2.4.1	 �PCR Fingerprinting
All strains subjected here were pre-identified using several phenotypic tests (see 
Sect. 4.2.2.1). The Bacteroides (including Parabacteroides) and Bilophila strains 
were screened using primers of different lengths: M13universal (19mer), M13core 
(19mer), AP3 (10mer), as well as two different tDNA primers, T3B (19mer) and 
T5A (24mer). The primers M13universal, M13core, and T3B and T5A produced 
diverse fragment profiles with species- and strain-specific bands. Nevertheless, 
amplification products of M13core produced profiles with several main bands. 
Testing of reference strains of Bacteroides species (B. fragilis ATCC 25285, B. the-
taiotaomicron ATCC 29741, Pa. distasonis ATCC 8503, B. ovatus DSM 1896, 
B. vulgatus ATCC 8482) showed distinct profiles of all the reference strains. The 
primer M13core was further used for epidemiological testing but also for species 
identification and characterization among the strains of one or several B. fragilis 
group species. About 15 fragments with a length of 0.3–3 kb were determined. For 
species and group characteristics, the primers T3B and T3A were also appropriate. 
Comparing the profiles of all Bacteroides reference strains and phenotypically simi-
lar strains such as Prevotella bivia, the primer T3B produced about three to five 
main and many more bands with the length of 0.2–4 kb and, therefore, seemed to be 
suitable for species as well as group identification (Fig. 4.2).
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Welsh and McClelland [27] described the tDNA primers as conserved on the 
species level but also determined genus-specific bands in aerobic bacteria. Using 
these primers in Bacteroides, species-specific as well as genus-specific bands were 
determined. PCR fingerprinting using the T3B primer confirmed the identity of 34 
B. fragilis isolates. A species-specific fragment with the length of 530 bp could be 
determined in all the profiles of these strains, showing the potential of typing. The 
identification of the 11 isolates phenotypically placed into the species Pa. distasonis 
was also confirmed. Compared to the type strain (ATCC 8503) presenting a main 
band with a length of 1480 bp, one unusual, indole-negative strain was also identi-
fied as Pa. distasonis. However, there were a number of discrepancies between the 
phenotypic and molecular identification of B. caccae and B. vulgatus isolates. 
Comparing the species-specific main bands of the type strains of both species, 13 
strains were identified as B. caccae and 10 strains as B. vulgatus (species-specific 
band with the length of 2.5 kb, data not shown).

1 2 3 4 5 6 7 8 9 10 11 12 13

2.0 kb

1.0 kb

0.5 kb

Fig. 4.2  Molecular fingerprinting by using tDNA-directed primers (T3B) of Bacteroides fragilis 
strains separating ten strains into two groups (lanes 1 and 13, length marker; lane 2, negative con-
trol; lanes 3–7, VPI 2393-like strains; lanes 8–12, ATCC 25285-type-strain-like strains)
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4.2.4.2	 �Characterization of Species and Establishment 
of Genetic Markers

For B. fragilis typing by using the T3B primer, two different unique fingerprint 
types were established. In total, 30 out of the 34 strains showed PCR fingerprint 
profiles similar to the type strain ATCC 25285 and established the group I (lanes 
8–12 in Fig. 4.2). This group was characterized by three to four main bands. A frag-
ment with the length of 1050 bp was determined as genetic marker for this group. 
However, 4 of the 34 B. fragilis strains demonstrated similarity with the DNA 
homology group II reference strain (VPI 2393) and, therefore, were put in the PCR 
group II (lanes 3 [VPI 2393] to 7 in Fig. 4.2). This group showed many different 
main bands in comparison to group I. A fragment with the length of 370 bp was 
determined as genetic marker for this group.

4.2.4.3	 �Development of Specific PCR for Group Resp. Species 
Detection of B. fragilis

For group I, the characteristic 1050 bp fragment and, for group II, the 370 bp frag-
ment were selectively amplified, cloned, and sequenced. From these group-specific 
sequences, group-specific primer sequences could be determined, showing the 
potential of typing methods in designing group/species/strain-specific diagnostic 
oligonucleotides.

4.2.4.4	 �Amplification of the Enterotoxin Gene in B. fragilis Isolates
Two PCR assays were used to detect ETBF strains. Using several sets of primers 
(see 4.2.3.2), in ten (11%) clinical isolates, the expected 367 bp and 558 bp enhanced 
virulence gene fragments were amplified [32].

4.2.5	 �Bacteroides: Discussion

In preliminary studies, PCR fingerprinting with single primers was demonstrated to 
reproducibly produce strain-, species-, and group-specific band patterns. Unique 
band patterns of unknown strains were compared to suitable reference strains and 
allowed species and subspecies identification. Using fingerprinting with especially 
primers M13core and T3B, two B. fragilis PCR groups were determined, whereas 
the biochemical groups – because of limitation in appropriate reactions – did not 
show major differences. Further comparing ATCC 25285 (type strain, reference 
strain for DNA homology group I [33]) and VPI 2393 (reference strain for DNA 
homology group II), the separation of two DNA homology groups was confirmed 
by testing clinical isolates from different clinical and geographical sites [33]. The 
majority of strains belonged to the PCR group I, and only a few strains belonged to 
PCR group II.  Performing the amplification reaction with the T3B primer, both 
groups demonstrated a mixture of specific bands and several group-specific ampli-
cons (Fig.  4.2). This grouping was confirmed using the M13core primer. At the 
same time, this grouping was confirmed by 16S rRNA sequence analysis, and it was 
suggested to establish the PCR group II as a second taxon [34]. From our (and the 
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practical clinical) point of view, it is very important to further determine phenotypic 
differences between the two groups as the biochemical reactions of all the strains so 
far did not show relevant differences. In contrast, susceptibility patterns of group II 
strains demonstrated high resistance against beta-lactam antibiotics, including imi-
penem (carbapenem) resistance. Appelbaum et  al. firstly demonstrated in 1986 
changing antibiotic resistance in a few DNA homology group II strains and specu-
lated that this was due to the acquisition of a chromosomally determined 
metallo-beta-lactamase [35]. These results were confirmed using PCR group II 
strains as well as the resistance testing using the E test (MICs for imipenem >1 to 
>32 mg/L). In 1995, the resistance mechanism was described as an endogenous 
cephalosporinase, encoded by the cfiA gene [34]. Referring to the clinical impor-
tance and the increasing number of resistant B. fragilis isolates, a PCR assay for the 
differentiation of the PCR groups I and II was developed. Group-specific fragments 
for groups I and II were chosen, cloned, and sequenced. After sequencing, specific 
primers for groups I and II were developed, and their specificity was tested and 
confirmed in PCR assays. Thus, molecular fingerprinting can be a practical approach 
and precondition to design clinically relevant diagnostic oligonucleotides (for 
hybridization and PCR). Furthermore, our molecular fingerprinting studies con-
firmed the finding of Bilophila wadsworthia as a rather homogeneous species, since 
that, using the M13core primer, common bands were found for all but two of the 
isolates tested (these two isolates were later found to be preliminarily misidentified 
and belong to other species, unpublished data by Claros M). However, using the 
T3B primer, at least two distinct PCR fingerprint groups were determined. 
Interestingly, most of the German strains were found in group I (61 of 78 strains, 
data not shown). Thus, PCR fingerprinting with the T3B primer seems to detect 
even small epidemiological differences among strains.

4.3	 �Porphyromonas: A Genus Becoming Diverse

The genus Porphyromonas currently includes 20 approved species of asaccharo-
lytic, obligately anaerobic, non-spore-forming, Gram-negative, nonmotile, pleo-
morphic bacilli. Of human origin are about half of them, namely, P. asaccharolytica, 
P. bennonis, “P. bronchialis” (a candidate species), P. catoniae, P. endodontalis, 
P. gingivalis, P. pasteri, P. somerae, and P. uenonis [36]. The other half are of animal 
origin including the catalase-positive P. canoris, P. cangingivalis, P. cansulci, P. cir-
cumdentaria, P. gingivicanis, P. loveana [37], P. macacae (which includes the for-
mer P. salivosa) and P. pogonae (with a growing number of human isolates) [38] 
and the catalase-negative P. levii, P. crevioricanis, as well as P. gulae (P. gingivalis-
like, [39]). The genus Parabacteroides, including currently eight species of human 
origin  with Pa. distasonis as a prominent member, is phylogenetically closely 
related to the genera Tannerella and Barnesiella. The genus Tannerella contains two 
species, T. forsythia (formerly T. forsythensis)  and the very recently described 
T. serpentiformis [40, 41] and the genus Barnesiella with also two species, B. intes-
tinihominis from human and B. viscericola from chicken feces [42].
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The current study was performed to generate ITS data for most of the type strains 
of Porphyromonas spp. along with T. forsythia, Pa. distasonis, and Prevotella mela-
ninogenica (outgroups) and to compare a phylogenetic tree deduced from these data 
with corresponding 16S rRNA gene data. The ITS sequences were further used to 
clarify the phylogenetic relationship between P. gingivalis and P. gulae, as well as 
between, by molecular typing methods, atypical α-fucosidase-negative and – classi-
cal – α-fucosidase-positive isolates of P. asaccharolytica (which were indeed later 
on reclassified as P. uenonis). By ITS amplification and sequencing, however, our 
group published the first hint for this species [23].

4.3.1	 �Porphyromonas: Methods

4.3.1.1	 �The General Concept of ITS Determination
Searching for “internal transcribed spacer” in September 2021 revealed 3,540,000 
hits by Google (www.google.com), 2,219,000 by NCBI Nucleotide, and about 
11,100 by NCBI PubMed (for the latter, see www.ncbi.nlm.nih.gov). Clearly this 
“spacer” does still attract a lot of interest in research. The reason is that the rRNA 
internal transcribed spacer (ITS) region is a widely used phylogenetic marker. 
Ribosomal RNAs are integral parts of the protein synthesis apparatus and thus pres-
ent in all cellular life forms. On the one hand, these molecules and their encoding 
genes are highly conserved among all prokaryotes (i.e., bacteria and archaea). On 
the other hand, they contain sufficient sequence variability so that evolutionary rela-
tionships between different bacteria can be assessed. In addition, with the develop-
ment of the PCR and sequence technology and recognition of the 16S rRNA gene 
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as outstanding phylogenetic marker gene, specific probes and primers at almost 
every taxonomic level have been designed and used for detection and phylogenetic 
characterization of known and novel human pathogens. While the 16S rDNA 
sequence is a good tool for inferring inter- and intra-generic relationships, the 
amplification, restriction, and/or sequencing of the 16S–23S rDNA ITS has been 
suggested to be well suited for typing and identification of bacteria at both the spe-
cies and the strain level [28], because of marked variation of the ITS in both length 
and sequence between strains and species (Fig. 4.3). Based on diversities between 
ITS sequences, it is possible to construct species- and even strain-specific oligonu-
cleotides that can be used to detect or track bacteria in their natural environments 
including colonized sites in human such as the gut, the vagina, or the oral cavity. 
Sequence polymorphism and length variation found in the 16S–23S rDNA ITS are 
increasingly used as tools for the differentiation of bacterial species and subspecies 
[43–45]. This is because the higher number of variable sites typical for the ITS 
sequence [46] can overcome the apparent limitations of the phylogenetic resolution 
of 16S rDNA in some genera as has been described for Fusobacterium by our 
group [45].

4.3.1.2	 �The Selection of Primers
For any PCR, whether quantitative or conventional, the primer selection is not triv-
ial. In this chapter, we discuss this problem based on broad-range primers that bind 
at highly conserved regions of the 16S rRNA or 23S rRNA genes, both important 
for constructing an ITS-directed PCR (Fig. 4.3). When studying the primary litera-
ture, the reader will find quite a high number of ITS-directed PCR assays. A critical 
analysis of any article of interest (with respect to the design of the primers, their 
validation, and the scientific question that the article aims to address) is important. 
This is because ITS-directed primers never have the potential to encompass the 
entire spectrum of bacteria and have to be redesigned for any given taxon of interest. 
This is simply due to the fact that absolute conserved regions with the 16S/23S 
rRNA gene  – although existing  – are generally too short to function as primer-
binding regions [47]. While several PCR-based pitfalls due to cell lysis techniques 
or PCR conditions have well been recognized [48, 49], the lack of universality of 
“universal” PCR primers and its consequences for routine diagnosis are generally 
not considered. With ever-increasing public 16S/23S rRNA gene databases, a re-
evaluation and possibly redesign of primers are advisable to improve the intended 
target specificity.

4.3.1.3	 �The Sample Collection and DNA Extraction
For typing, specimens are taken from pure cultures but, sometimes, e.g., for fast 
tracking of nosocomial infections, also from the regions associated with infectious 
disease.

Special care has to be taken in order to avoid contamination during sampling. In 
the case of abscess puncture or biopsy in the oral cavity or gut, the surrounding area 
has to be properly isolated and cleaned prior to sampling. Due to the anaerobic life-
style of all Bacteroidetes, rapid transportation into the molecular laboratory is 
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necessary to avoid or limit cell death and subsequent degradation of released 
DNA. DNA extraction strongly influences the outcome of any PCR reaction. Basic 
issues are efficient release of bacterial DNA (consider different cell wall properties 
of Gram-negative and Gram-positive bacteria), co-extraction of PCR inhibiting sub-
stances, and accurate storage of DNA extracts (for long-term storage, freezing at < 
−70 °C is recommended, and for short durations, storage at 4 °C degrees is possi-
ble). Frequent freeze-thawing procedures lead to degradation of genomic DNA and 
should be avoided. If samples have to be used repeatedly, aliquots should be made 
prior to freezing. PCR inhibiting substances co-extracted from human samples can 
be nucleases (critical in P. gingivalis-positive oral samples), bile salts, complex 
polysaccharides in feces, heme, immunoglobulin G, albumin, and lactoferrin in 
blood [50]. The latter four substances may also be of importance when DNA sam-
ples obtained from bleeding oral sites are analyzed. Besides these substances, 
human DNA itself which is usually co-extracted may interfere with the detection 
and diagnosis of pathogens [51]. Commercial DNA extraction kits are available for 
numerous applications including DNA extraction from clinical samples, such as 
tissue or blood. Note that these kits refer generally to extraction of human 
DNA. Those that were developed for extracting DNA from bacterial cells are based 
on the evaluation of selected Gram-positive and Gram-negative pure cultures. 
However, since for oral diagnostics bacterial DNA extraction has to be performed 
directly from clinical specimen, the best DNA extraction procedure and extraction 
kit have still to be tested experimentally.

4.3.2	 �Porphyromonas: Detailed Protocol

4.3.2.1	 �Bacterial Strains, Culture Conditions, and DNA Extraction
The following bacterial strains were used:

Porphyromonas asaccharolytica ATCC 25260T and RMA 7115 (sacral wound); 
7120 (toe); 7178 (endocervix); 8631 (rectal abscess); 9240 (peritoneal); 9603 
(abdominal); 9674 (appendiceal fluid); 10263 (peritoneal); 10884, 10898, 10955, 
10966, 10997, 11049, 11138, and 11258 (latter eight from pelvic fluid); 11290 
(vaginal cupule); 11582 (endometrial pus); 11690 (endometrium); 11666 (endo-
metrial pus); 11805 (pelvic fluid); and 12959, 12984, and 13273 (latter three 
from diabetic foot)

P. cangingivalis NCTC 12856T

P. cansulci NCTC 12858T

P. circumdentaria NCTC 12469T

P. endodontalis ATCC 35406T

P. gingivalis ATCC 33277T and RMA 3725 (oral, mandible), 4165 (oral, maxilla), 
and 10371 (peritoneal/abdominal fluid)

P. gulae ATCC 51700T

P. gingivicanis ATCC 55562T

P. levii ATCC 29147T
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P. macacae ATCC 33141 and ATCC 49407 (“P. salivosa”)
Parabacteroides distasonis ATCC 8503T, Tannerella forsythia ATCC 43037T, and 

Prevotella melaninogenica ATCC 25845T

The latter three strains were used for contrast. All strains were cultivated at 37 °C 
on Brucella agar (Anaerobe Systems, Morgan Hill, CA) under anaerobic conditions 
using an anaerobic chamber. Genomic DNA was extracted using the DNeasy Tissue 
Kit (Qiagen).

4.3.2.2	 �PCR Amplification and DNA Sequence Analysis
The 16S primer SPFPorph (5′GTA CAC ACC GCC CGT CAA GCC 3′, corre-
sponding to E. coli position 1390–1411) and the 23S primer SPRPorph (5′TCG 
CAG CTT ATC ACG TCC TTC 3′, corresponding to E. coli position 62–42) were 
designed based on the complete genome of P. gingivalis W83 (GenBank NC 
002950); however, the respective regions among bacterial small and large subunit 
sequences (RDP) are relatively conserved. PCR was carried out using a Biometra 
Uno I (Biometra) thermocycler in a volume of 100 μl containing 1 X PCR buffer; 
1.5 mM MgCl2; 2 units of Taq-polymerase; 0.2 mM each of dATP, dCTP, dGTP, and 
dTTP (Boehringer Mannheim); 10  pmol SPFPorph forward primer; 10  pmol 
SPRPorph reversed primer; and 100 ng template nucleic acids. The amplification 
was performed using the following temperature profile and 30 cycles: denaturation, 
1  min at 94  °C; annealing, 1  min at 52  °C; and elongation, 2.5  min at 
72 °C. Amplification products (aliquots of 10 μl) were separated electrophoretically 
on a 2% macro agarose gel in 1x TPE (80 mM Tris-phosphate, 2 mM EDTA, pH 7.5) 
for a minimum of 18 h at 30 V.

After purification using the Wizard DNA Clean-Up System (Promega), the 
spacer DNA was directly sequenced. Sequences were assembled using the program 
Vector NTI Suite 9.0 (InforMax) and aligned using the program GeneDoc [52]. A 
phylogenetic tree was constructed by the neighbor-joining method and the programs 
Clustal W [53], Clustal X [53, 54], and TreeView [55].

4.3.3	 �Porphyromonas: Results

Approximations of ITS lengths were obtained from agarose gels, as demonstrated 
in Fig. 4.4A. All Porphyromonas reference strains showed a single band between 
970 bp (P. gingivalis ATCC 33277T) and 710 bp (P. circumdentaria NCTC 12469T). 
The four strains of P. gingivalis analyzed were almost identical by ITS amplicon 
length (970–960 bp) and sequence (97–99% similarity, data not shown). In contrast, 
among 24 clinical isolates of P. asaccharolytica and the type strain ATCC 25260T, 
the length of the ITS amplicons was more variable and ranged from 1044  bp 
(P. asaccharolytica RMA 10263, α-fucosidase-negative strain) to 960 bp (P. asac-
charolytica ATCC 25260T, α-fucosidase-positive strain) (Fig. 4.4B). In general, it 
was not possible to differentiate Porphyromonas species by comparing ITS gel elec-
trophoretic profiles alone. Further discrimination without the need of sequencing 
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might be possible by ITS restriction digest with endonucleases, since we found 
considerable variation in restriction sites (e.g., Ava I, ApaLI, ClaI, Eco RI, Hind III, 
Sma I). Sequencing the purified ITS amplicons of the Porphyromonas strains using 
SPFPorph and SPRPorph as primers led to nearly ambiguity-free sequence determi-
nation by comparing both runs and directions. A database search of tRNA 
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Fig. 4.4  Representative 
gel electrophoretic ITS 
amplification patterns of 
Porphyromonas species to 
demonstrate inter-species 
(a) and in the case of 
P. asaccharolytica also 
“intra”-species (b) 
heterogeneity – the latter 
leading to reclassification 
of α-fucosidase-negative 
strains as P. uenonis
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consensus sequences (which should always be performed with ITS) and their com-
parison with our Porphyromonas intragenic spacer DNA revealed no matches. 
Phylogenetic tree reconstruction based on the ITS sequences (short version only in 
the case of P. melaninogenica) is demonstrated in Fig. 4.5. The different strains of 
P. gingivalis matched on a 97–99% level, and the two P. macacae ATCC strains 
(ATCC 49407 was formerly referred to as P. salivosa and then reclassified) matched 
on a 94% level; however, P. asaccharolytica was more heterogeneous (80–99% 
range in similarity level). Even more interesting, this latter species, which pheno-
typically differed in α-fucosidase activity, showed – as expected – two main clus-
ters. Inter-cluster similarity was only 80 to 87%, whereas the intra-cluster similarity 
was 92–99%. The higher resolution of ITS amplification and sequencing was fur-
ther used to analyze the relationship between 9 α-fucosidase-positive and 16 

P. levii ATCC 29147T 

AY546480

P. circumdentaria NCTC 12469T 

AY546481
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P. gingivicanis ATCC 55562T  

AY546478
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Pa. distasonis ATCC 8503T 
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P. gingivalis           
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25845T AY546491
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AY546476
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25260T 

Fig. 4.5  Phylogram (neighbor-joining method) showing the genetic relationships among 
Porphyromonas species based on the DNA sequences of their 16S–23S rDNA spacer regions 
(GenBank accession numbers are included). Parabacteroides distasonis ATCC 8503T, Tannerella 
forsythia ATCC 43037T, and Prevotella melaninogenica ATCC 25845T (outgroup, based on the 
short version of spacer) were included for contrast
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α-fucosidase-negative strains of P. asaccharolytica and clearly showed that both 
groups diverged into individual phylogenetic branches [23].

4.3.4	 �Porphyromonas: Discussion

PCR amplification of the ITS region and subsequent gel electrophoresis of 11 dif-
ferent Porphyromonas reference strains plus 3 clinical isolates of P. gingivalis and 
24 of P. asaccharolytica showed large heterogeneity in length of amplicons [45]. 
Furthermore, only one distinct amplification band was produced with Porphyromonas 
species as well as with the relatives T. forsythia and Pa. distasonis, unlike, e.g., 
Fusobacterium spp. [45] or many other genera analyzed so far [43, 56, 57], which 
is mainly due to the number of rrna operons. Within a species, the length of ampli-
cons and the deduced sequence are relatively constant as we have shown for P. gin-
givalis (four strains) and P. macacae (two strains) and for fusobacterial species and 
subspecies [45]. The high resolution of ITS sequences led to a separation between 
two clusters of P. asaccharolytica strains: one was α-fucosidase-positive as is typi-
cal of the type strain and the other was α-fucosidase-negative. Moreover, 11 of the 
12 isolates in the larger α-fucosidase-negative group were isolated from endome-
trial infection specimens. Thus, the heterogeneity found between the 25 P. asaccha-
rolytica strains was a first and later confirmed hint for an unrecognized species, 
P. uenonis [36].

The separation between P. gingivalis and P. gulae as distinct species was sup-
ported by our ITS data; thus, P. gulae should not be referred to as the “animal strain 
of P. gingivalis” as it is genetically related but not identical with P. gingivalis. 
Fournier and co-authors, describing P. gulae, pointed out the paradox that although 
this species could be distinguished from P. gingivalis phenotypically and by DNA-
DNA similarity, the differences between genes encoding 16S rRNA appeared tenu-
ous [39]. They also concluded that the recent divergences of ancestral phyla, e.g., 
after colonizing different mammalian hosts, could not be sufficiently discerned by 
16S information. Again, at least in some genera, ITS data give additional informa-
tion and enhance phylogenetic resolution if discrepancies between DNA-DNA 
hybridization and 16S sequencing results are observed.

In conclusion, the ITS region is being used increasingly as an important tool for 
classification and differentiation of bacterial species. Our study was the first to pro-
vide this sequence information for most of the Porphyromonas species and their 
relatives. The higher resolution of ITS helped clarify some of the current problems 
in molecular taxonomy.

4.4	 �General Discussion and Final Remarks

For Bacteroidetes, especially the clinically relevant Bacteroides fragilis and 
Porphyromonas species, PCR-based fingerprinting techniques turned out to be ideal 
for typing since strain/species/group-specific bands can be found (and further used 
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for identification and diagnosis) and only a very small DNA amount is needed. The 
latter is especially important here, since many obligate anaerobic strains are fastidi-
ous or often almost nonviable through oxygen contact and grow very slowly in 
culture. Since the last decade, whole genome shotgun sequencing is increasingly 
being used as a promising tool for typing Bacteroidetes as well as a method for 
predicting antimicrobial resistance properties. However, with these new technolo-
gies and the corresponding bioinformatics pipelines, new challenges such as mis-
assembly might occur and have to be solved [58–60].

4.5	 �Summary

Bacteroidetes are a phylum of bacteria which consists of several genera including 
Bacteroides, Porphyromonas, and Prevotella. Whereas the genus Bacteroides will 
be discussed and subjected with infections originating from the intestinal tract, 
Porphyromonas is clearly more associated with oral or vaginal infections. With both 
genera (and Bilophila, Parabacteroides, or Prevotella for contrast), different meth-
ods are described and discussed exemplarily. Critical to this development, however, 
is a proper understanding and application of the methodologies and knowledge of 
their limitations. In this chapter, molecular tools based on ITS (internal transcribed 
spacer) amplification and sequencing as well as PCR fingerprint techniques will be 
described along with examples showing ways to analyze the datasets. Both methods 
allow the identification of almost any given bacterial species or strain in pure culture 
or even directly in clinical samples in a sensitive and reproducible way. This chapter 
will be complemented by discussing potential pitfalls that should be taken into con-
sideration for producing proper results along with referring the reader to pertinent 
literature that will allow an individual deepening into the concept of molecular typ-
ing in clinical bacteriology.
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5Vibrio cholerae

Thandavarayan Ramamurthy, Asish K. Mukhopadhyay, 
Bhabatosh Das, Ranjan K. Nandy, Ankur Mutreja, 
and G. Balakrish Nair

5.1	 �Introduction

Cholera caused by toxigenic Vibrio cholerae is a major public health problem in 
many developing countries, where outbreaks and sporadic infections occur at regu-
lar intervals. WHO has registered 499,447 cases, including 2990 deaths with case 
fatality rate of 0.6% in 2018 [1]. The disease is characterized by profuse watery 
diarrhea that rapidly leads to dehydration, and death occurs in 50–70% of untreated 
patients.

For more than two centuries, cholera remains one of the great epidemic diseases 
of the tropical world. Cholera has spread from Asia, where it is endemic to many 
parts of the world in the form of seven pandemics during the past 200 years [2]. 
V. cholerae serogroup O1, biotype El Tor, has spread from Asia to cause pandemic 
disease in Africa and South America during the past 50 years. Until 1992, serogroup 
O1 was considered as the devastating cholera causative agent. A new serogroup, 
O139, appeared in South Asia in 1992 and changed the whole perception regarding 
cholera as this was the first non-O1 serogroup related with epidemic cholera. When 
this serogroup first appeared, it was thought that the next pandemic strain of cholera 
had emerged, but over the past few years, the prevalence of the O139 serogroup 
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abruptly declined. Expansion of the seventh pandemic was accompanied by 
increased genetic variation among strains of V. cholerae O1 and O139, but the rela-
tionship of these genetic changes in relation to virulence and in the epidemiology of 
cholera is not clearly understood.

Advances in molecular genetics have facilitated the development of refined 
molecular typing techniques, which in turn have assisted in studying the genetic 
diversity of many bacterial populations. Genotyping studies related to the epidemi-
ology of the disease, otherwise called molecular epidemiology, have revealed clonal 
diversity among V. cholerae strains and emergence of new epidemic clones over the 
years. Clonal information has the potential to provide information on subtypes of 
the organism and their source and/or origin of infection and to recognize virulent 
strains of the organism and monitor vaccination programs. The increasing applica-
tion of procedures employing several molecular tools has provided new means of 
discriminating V. cholerae. Such studies provide a wealth of information to assist 
the epidemiologist in tracing and tracking the spread of epidemics and give new 
insights into the evolution and origin of the newer variants of V. cholerae. The com-
plete genome sequences of several strains of V. cholerae have provided an important 
source to begin addressing many questions about the evolution of V. cholerae as a 
human pathogen as well as environmental organism.

Bacterial typing techniques are not always comparable, as each method is related 
to the specific research question and has its own merit. Our aim of this chapter is to 
review the impact of their epidemiological applications and inference as evidenced 
from several studies rather than focusing on the methodology of molecular 
techniques.

5.2	 �Background Information on V. cholerae

V. cholerae was first described by Filippo Pacini in 1854 from cholera victims fol-
lowed by its rediscovery in 1883 by Robert Koch in Egypt and India [3]. V. cholerae 
belonging to the serogroups O1 and O139 (synonym “Bengal”) are associated with 
epidemic and pandemics of cholera, and the remaining serogroups (previously 
referred to as “non-agglutinable” (NAG) vibrios) either were nonpathogenic or 
cause sporadic infection. The O1 serogroup is subdivided into serotypes, i.e., Ogawa 
and Inaba, and two biotypes, classical and El Tor. Both the serotypes are found in 
classical and El Tor biotypes. The first six cholera pandemics were caused by the 
classical biotype, and the seventh pandemic has been of the El Tor biotype. 
Hemolysis of sheep erythrocytes, bacteriophage susceptibility with specific classi-
cal and El Tor phages, Voges-Proskauer reaction, polymyxin B susceptibility, and 
hemagglutination of chicken erythrocytes are used for biotyping. Though new 
phage typing schemes for differentiating between strains of V. cholerae O1 and 
O139 serogroups were established [4, 5], its use is limited to reference 
laboratories.
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5.3	 �Polymerase Chain Reaction-Based Typing

Polymerase chain reaction (PCR) has generally been used for the rapid detection of 
infectious agents in clinical samples or bacterial growth and later adapted as one of 
the molecular typing techniques. PCR typing has an advantage in that the DNA can 
be amplified (0.1 to >35 kb) even if the template DNA is in minute quantity. Several 
PCR methods are currently available for typing of V. cholerae.

5.3.1	 �Random Amplification of Polymorphic DNA 
(RAPD) Profiles

The simplicity and the discriminating capacity of this technique make it useful for 
detecting genetic diversity among microorganisms from a defined group or for out-
break investigation. During 1993–1994, RAPD-PCR with O139 serogroup indi-
cated that the Asian strains were similar [6]. As shown in this study, the RAPD 
profiles of the O139 strains resembled to those of E1 Tor strains rather than classical 
strain. Different RAPD profiles were obtained with V. cholerae strains from 
Malaysia, and there was no correlation with the source of isolation [7]. A collection 
of V. cholerae strains from Brazil showed no correlation with serotype, biotype, or 
source of the isolates [8]. However, with Iranian strains of V. cholerae O1, RAPD 
was able to discriminate into six distinct groups [9]. V. cholerae O1 from a 2006 
outbreak in Accra, Ghana, had identical polymorphic DNA profiles, suggesting 
some genetic dissimilarity was present among the strains [10]. Generally, the dis-
criminatory power of RAPD-PCR is low, and the method is susceptible to technical 
variations.

5.3.2	 �Other PCR-Based Typing Methods

The evolutionary relationships and molecular diversity of V. cholerae O1 and O139 
and non-O1, non-O139 strains were studied using amplified fragment length poly-
morphism (AFLP) technique. In this, two sets of restriction enzyme-primer combi-
nations were tested in the fingerprinting. Amplification of HindIII- and TaqI-digested 
genomic DNA grouped environmental isolates of O1 and non-O1, non-O139 strains 
and was unable to distinguish between O1 and O139 clinical strains. The AFLP 
analyses of restriction enzyme ApaI- and TaqI-digested genomic DNA separated O1 
from O139 strains [11]. This study supported that a single clone of pathogenic 
V. cholerae has caused several cholera outbreaks in Asia, Africa, and Latin America 
during the seventh pandemic. Interestingly, some of the cholera cases were associ-
ated with environmental O1 or non-O1, non-O139 strains. Castañeda et  al. [12] 
reported a novel typing method based on V. cholerae repeat sequences (VCR) using 
specific primers. The VCR-PCR of V. cholerae O1 supported the hypothesis that a 
clone with epidemic nature was responsible for the spread of cholera in Latin 
America.
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Rivera et al. [13] have shown the usefulness of enterobacterial repetitive inter-
genic consensus sequence (ERIC)-PCR to differentiate V. cholerae from a cholera 
epidemic in Brazil from Peruvian, Mexican, and Indian epidemic strains. Majority 
of the toxigenic V. cholerae O1 and O139 strains exhibited a similar fingerprint 
(FP), whereas the non-toxigenic V. cholerae O1 and the non-O1, non-O139 strains 
belonged to different FP groups. Population diversity of toxigenic V. cholerae was 
analyzed with reference to strain relatedness and their ecological interactions in the 
human and the aquatic habitats using ERIC-PCR [14]. In this analysis, V. cholerae 
population structure supported the hypothesis that spatial and temporal fluctuations 
in the aquatic environment can cause shifts in the dynamics of cholera [14]. It has 
been demonstrated that typing of V. cholerae O1 by ERIC-PCR fingerprinting cor-
related well with ribotyping and was sometimes more discriminating [15]. This 
PCR assay provides a rapid and simple means of typing strains in epidemiological 
studies.

5.3.3	 �Mobile Genetic Elements (MGEs)

It was hypothesized that the composition of MGEs in V. cholerae strains would be 
useful as a phylogenetic typing as it is conserved among V. cholerae O1 strains [16]. 
Three types of MGEs usually account for resistance to antibiotics in V. cholerae: (1) 
plasmids, which for most are large and self-transmissible by conjugation; (2) inte-
grons, which are chromosomal or plasmid-borne gene capture and expression sys-
tems; and (3) integrating conjugative elements (ICEs), which are chromosomal 
self-transmissible MGEs carrying several bacterial adaptive functions including 
antimicrobial resistance (AMR). SXT/R391 family is one of the ICEs extensively 
studied in V. cholerae.

The genetic characteristics of ICE SXT/R391  in V. cholerae are dynamic and 
region-specific. These ICEs in V. cholerae are strongly correlated with resistance to 
several antibiotics such as tetracycline, streptomycin, and trimethoprim-
sulfamethoxazole [17, 18]. In addition, clustered regularly interspaced short palin-
dromic repeat (CRISPR) and CRISPR-associated (Cas) protein immune defense 
system, which protects the bacteria from virus predation, has been predominantly 
found in MGEs of V. cholerae and other vibrios [19]. With the increase of AMR 
among V. cholerae, MGEs have been used in the epidemiological investigations.

5.3.4	 �Plasmids

Generally, V. cholerae strains are devoid of plasmids. Studies conducted for the 
characterization of plasmids in V. cholerae are mostly related to their antimicrobial 
resistance rather than molecular fingerprinting. Plasmid profile analysis showed the 
presence of 1.3–4.6  MDa plasmids in non-O1, non-O139 and O1 strains from 
Malaysia [7]. Conjugative plasmid IncC responsible for multidrug resistance was 
identified in V. cholerae O1/O139 strains responsible for the large cholera outbreaks 
in Somalia, Haiti, and China [20–22].
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5.3.5	 �Insertion Sequences (IS Elements)

A 628 bp insertion sequence element, IS1004, is present in one to eight copies in 
most of the V. cholerae strains [23]. IS1004-generated fingerprints discriminated 
classical and El Tor but not the non-O1, non-O139 strains, which are heterogeneous 
and unrelated to those of the epidemic V. cholerae O1. However, with V. cholerae 
serogroup O37 that was responsible for a large diarrhea outbreak in Sudan, the 
IS1004 typing showed that these strains were closely related to classical O1 strains 
[23]. V. cholerae O139 has emerged from the pandemic O1 biotype El Tor through 
the replacement of a 22 kbp DNA region with a 40 kbp O139-specific DNA frag-
ment. This O139-specific DNA fragment contains an insertion sequence designated 
IS1358O139. Apart from O1 and O139 serogroups, presence of this IS sequence in 
multiple copies was detected in serogroups O2, O22, and O155 but not in other non-
O1, non-O139 serogroups [24]. The nucleotide sequences of IS1358 in serogroups 
O22 and O155 are almost identical to that of O1 and O139. The significance of IS 
elements found in toxigenic strains of V. cholerae and their non-toxigenic counter-
parts is not fully known.

5.3.6	 �Integrons and ICEs

V. cholerae contains a genetic system called the integron that can integrate and 
excise DNA elements by site-specific recombination. Evolution of integron arrays 
can proceed by rearrangements and deletions/insertions of large portions of MGEs 
in addition to the insertion or excision of single MGE. The extent of resistance pat-
terns and associated MGEs in epidemic V. cholerae O1 El Tor was investigated in 
East Africa with strains isolated from the late 1990s [25]. This study has shown the 
spread of SXT-related ICEs among V. cholerae O1 encoding resistance to chloram-
phenicol, streptomycin, sulfamethoxazole, and trimethoprim in African isolates. 
Phenotypically, the reemerged V. cholerae O139  in 1995 were susceptible to co-
trimoxazole compared to those that appeared in late 1992 [26]. In these reemerged 
strains from India and Bangladesh, a 3.6 kb region of the SXT element was deleted 
leading them to become susceptible to co-trimoxazole [17]. More than 30 ICEs have 
been classified within the SXT/R391 family of clinical and environmental V. chol-
erae strains [27].

5.4	 �Vibrio cholerae Pathogenicity Island and Vibrio Seventh 
Pandemic Islands

Pathogenicity islands (PAI) are present in virulent strains comprising very large 
genomic regions (10–200 kb). The G+C content of the PIs often differs from the rest 
of the bacterial genome, the presence of repeat at their ends, and the presence of 
integrase determinants and other mobility loci support for the generation of PIs by 
horizontal gene transfer. Such changes are stable and persist for a long time in the 
bacterial genome and hence used as a marker in bacterial typing.
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V. cholerae pathogenicity islands (VPIs) can be detected in epidemic and pan-
demic strains of V. cholerae but are generally absent among nonpathogenic strains 
[28]. The VPI contains ToxR-regulated genes (aldA and tagA) and a part of PAI that 
contains a regulator of virulence (ToxT) and a gene cluster encoding an essential 
colonization factor and the toxin-coregulated pilus (TCP). Comparative sequence 
analysis with different strains of V. cholerae O1 showed polymorphism in the VPI 
region. There were differences in several proteins as a result of frameshift mutations 
[29]. Variations in the VPI region provide preliminary evidence to explain the differ-
ences in potential virulent strains appeared between epidemics.

The VPI typing has allowed elucidation of differences in the genetic organization 
between pre-pandemic and pandemic strains. Osin et al. [30] demonstrated that the 
genome of pre-seventh pandemic strains of V. cholerae O1 isolated during 1910 was 
devoid of CTX and RS1 prophages, Vibrio pathogenicity islands (VPI-1 and VPI-2), 
and Vibrio seventh pandemic islands (VSP-1 and VSP-2) that contain key virulence 
genes. Acquisition of VPI and CTX in V. cholerae was shown in cholera outbreak-
associated strains that were isolated during 1937. The seventh pandemic strains 
acquired two additional blocks of genes VSP-1 and VSP-2, which were absent in 
classical strains [31]. Most V. cholerae O1 and O139 strains carried the VSP islands 
(VSP-1 and VSP-2), whereas the non-O1, non-O139 strains carried several VSP 
island genes, but not the entire VSP island [32]. Absence of VSP islands in the 
Australian environmental V. cholerae O1 strains indicates their pre-seventh pan-
demic ancestry [33, 34].

In some non-O1, non-O139 strains, the left end of VPI exhibited extensive DNA 
rearrangements [35]. This information suggests that potentially pathogenic, non-
epidemic, non-O1, non-O139 strains are likely evolved by sequential horizontal 
acquisition of the VPI and CTX independently rather than by exchange of O-antigen 
biosynthesis regions in an existing epidemic strain.

5.5	 �CTX Prophages

Analysis of variations in the cholera toxin (CT) encoding gene (ctxAB) and its flank-
ing regions serve one of the essential molecular tools for typing toxigenic V. chol-
erae. The gene ctxAB resides in the genome of a lysogenic filamentous phage called 
CTXΦ [36]. The receptor for CTXΦ is the major colonization factor, TCP.  It is 
evident that the VPI can minimally excise and therefore presumably integrate using 
a phage-like integrase and attachment site. The CTXΦ genome is composed of sev-
eral open reading frames (ORFs), located on a 4.5 kb “core region” of the CTX 
element, which is essential for the morphogenesis of CTXΦ particles. Adjacent to 
the core is the RS2 region encoding ORFs rstR, rstA2, and rstB2. These genes 
encode products required for the integration, replication, and regulatory functions 
of CTXΦ. The rstR region is classified into rstRClass, rstRET, and rstRcalc, respec-
tively, for classical, El Tor, and O139 alleles [37].
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Based on the structure, organization, and location of the CTX prophages (also 
known as CTX genetic element), clonal diversity was identified using restriction 
fragment length polymorphism (RFLP). The clonal nature of the US Gulf Coast 
V. cholerae O1 was identified with 6 and 7 kb HindIII restriction fragments that 
contained ctx gene, and this pattern was not found in strains from other countries 
[38, 39]. RFLP analysis was made with several V. cholerae O1 strains isolated from 
different countries [40–43]. The O139 Vibrio comprised three or more copies of the 
ctxA gene, and the chromosomal locations of these copies were unlike those of the 
El Tor or classical vibrios [44]. RFLP of V. cholerae O139 Bengal that resurged in 
Kolkata in 1996 was indistinguishable from the earlier strains by ribotyping, but the 
structure of the CTX genetic element was different [26, 45–47]. Most V. cholerae 
O139 strains isolated in China from 1993 to 1999 had two or more copies of CTX 
genetic elements and had extensive restriction patterns, even in strains that belong 
to the same ribotype [48]. This finding suggests multiple origins of the O139 chol-
era epidemic or sporadic events. Similarly, V. cholerae O1 from Iranian cholera 
outbreak strains carried either three or two copies of the toxin genes [49].

Among newly emerged strains of V. cholerae O1 Inaba from India, the presence 
of CTX prophage was detected in a single site of the chromosome with at least two 
RS elements [50]. Incidence of cholera in Mozambique was caused by an El Tor 
biotype V. cholerae O1 strain that carried a classical type (CTXclass) prophage [51, 
52]. Genomic analysis of CTX prophage together with chromosomal phage integra-
tion sites showed that these strains carried two copies of prophages located in the 
small chromosome in tandem, but the excised phage genome was deficient in repli-
cation and did not produce CTXclass virion [52]. The possible origin of these strains 
and the existence of the tandem repeat of the classical prophage in them implicate 
the presence of the classical CTXΦ [51]. Table  5.1 gives an overall description 
about the localization and number of prophage alleles of V. cholerae O1.

The co-culture of a phage and V. cholerae or dilutions of phage-positive cholera 
stools in nutrient medium supported the emergence of phage-resistant derivatives of 
the vibrios in vitro by losing their O1 antigen [53]. However, in vivo studies did not 
permit the selection and persistence of phage-resistant variants and the emerging 
variants and were thus unable to sustain the ongoing epidemic. This may be the 
reason why identification of new genetic variants is quite rare at the last phase of an 
outbreak.

Table 5.1  Localization and type of ctxB/rstR alleles of V. cholerae O1

Biotype
Location

Type of ctxB/rstRChromosome I Chromosome II
Classical Yes Yes Classical/classical
El Tor Yes No El Tor/El Tor
Mozambique variant No Yes Classical/classical
El Tor variant Yes No Classical/El Tor
Haitian variant Yes No Haitian/ El Tor
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V. cholerae ctxB genotyping scheme was made based on the amino acid substitu-
tion at positions 39, 46, and 68. ctxB1 was conserved in the classical biotype and the 
US Gulf Coast El Tor, whereas ctxB2 and ctxB3 were conserved in the Australian, 
Latin American, and seventh pandemic El Tor isolates [54]. When the DNA sequenc-
ing of ctxB from V. cholerae O1 strains isolated in 29 countries over a period of 
70 years were analyzed, 3 types of CT were identified [54]. The base changes cor-
respond to an amino acid substitution in the B subunit of the CT. Genotype 1 was 
found in classical biotype worldwide and El Tor biotype strains associated with the 
US Gulf Coast. Genotype 2 was found in El Tor strains from Australia, and geno-
type 3 was found in El Tor biotype strains that represented seventh pandemic and 
the Latin American epidemics. The CT genotype 3, which predominated since the 
early 1960s, has recently been replaced by CT genotype 1 in Bangladesh and India 
[55, 56]. The recent El Tor strains belonging to CT genotype 1 are found to be asso-
ciated with several cholera outbreaks in India [57, 58]. Retrospective analysis with 
the V. cholerae O139 strains isolated during 1998–2005 in Bangladesh indicated the 
prevalence of new CT genotypes such as 4, 5, and 6 [59].

Currently, 13 different ctxB genotypes, and a subtype with an extra 11-amino 
acid repeat designated ctxB3b, have been reported, and among these, ctxB1, ctxB3, 
and ctxB7 have been reported in several cholera outbreaks worldwide [60]. During 
2001, ctxB3 (an altered El Tor) was replaced in Asia and Africa with ctxB1 [55]. 
During 2006–2010, further change in the CtxB (histidine to asparagine at the 20th 
position of CtxB) resulting in substitution of ctxB1 with ctxB7 was from India, 
Bangladesh, Africa, and Haiti [61–63]. However, V. cholerae O1 isolates with geno-
type ctxB1 have been returned back in Bangladesh during 2013–2014 [64]. 
Figure 5.1 summarizes many recent genomic changes in V. cholerae O1 and O139 
strains.

5.6	 �Multilocus Enzyme Electrophoresis

Multilocus enzyme electrophoresis (MLEE) analysis (also known as zymovar anal-
ysis) compares genetic variation among a number of housekeeping genes and on the 
basis of electrophoretic mobility on starch gels. These variations are used to group 
the V. cholerae into electrophoretic types (ETs) [43, 65]. With the use of 16 enzymes, 
Wachsmuth et al. [43] found existence of four distinct groups of toxigenic El Tor 
vibrios, namely, the seventh pandemic, US Gulf coast, Australian, and Latin 
American clones. With the V. cholerae  non-O1, non-O139 and classical and El Tor 
strains from America, Africa, Europe, and Asia, Freitas et al. [66] have shown that 
the same zymovar may contain more than one serogroup and the South American 
epidemic strain differs from the seventh pandemic El Tor strain. However, the dis-
criminatory power of MLEE is less but useful in distinguishing strains within a 
single outbreak.
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5.7	 �Ribotyping

Ribotyping exploits the DNA polymorphism in the chromosomal regions of the 
highly conserved rRNA genes (rrn). Escherichia coli RNA is used as a universal 
probe to screen the restriction patterns of bacterial DNA for the molecular typing 
purpose. In V. cholerae, BglI is used as a discriminatory enzyme for ribotyping. The 
rrn operons and their flanking regions cause ribotype variation in V. cholerae O1 
due to recombination in the rrn operons [67].

Though the seventh pandemic V. cholerae strains from Asia and Africa were 
clonal and belonged to a single ET, the ribotyping analysis showed that these strains 
were diverse and belonged to five different types [43]. Based on this observation, it 
was hypothesized that the observed differences were due to a higher mutation rate 
in the DNA sequences of flanking rRNA genes than in genes encoding the “house-
keeping” enzymes studied using MLEE. A standardized scheme of 27 different BglI 
ribotypes and subtypes of V. cholerae O1 was developed on the basis of genetic 
analysis using strains collected over the past 60 years [68]. This analysis revealed 7 
and 20 ribotypes among classical and El Tor biotypes, respectively. Six different 
patterns were found among El Tor vibrios alone. Genetic variation and molecular 
evolution of sixth and seventh pandemic clone of V. cholerae O1 and its relationship 
with epidemiologically unassociated strains from different countries over 62 years 
(1931–1993) showed major differences in ribotypes [69]. Majority of seventh 
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Fig. 5.1  Recorded major events in the evolution of V. cholerae O1 El Tor, El Tor variant, and 
O139 CTX prophages
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pandemic isolates fell into two groups, the first present from 1961 to the 1993 and 
found only in Asia and the second rising in 1966 that had spread worldwide.

Ribotype analysis confirmed an association between epidemiologically related 
clinical isolates and the aquatic environment along with persistence of several 
clones of the V. cholerae O1 from the Australian environment [70]. RFLP of con-
served rRNA showed that the El Tor strains isolated before the emergence of V. chol-
erae O139 belonged to four different ribotypes and the one that appeared after the 
emergence of O139 belonged to a single new ribotype [71]. This finding was forti-
fied by the studies conducted independently in India and Thailand [72, 73]. These 
results provide evidence that the reemerged El Tor strains represent a new clone of 
El Tor distinctly different from the earlier clones, which were replaced by the O139 
serogroup.

Analysis of V. cholerae O139 strains isolated in India and Bangladesh revealed 
four different ribotypes [17, 74]. Ribotypes I and II were shared by strains isolated 
from the epidemic outbreak during 1992–1993, ribotype III was represented by a 
single CT-negative O139 strain from Argentina, and majority of the reemerged 
strains isolated during 1995–1996 belonged to ribotype IV. These O139 strains may 
have emerged from similar serotype-specific genetic changes in more than one pro-
genitor. In China, seven different ribotypes were recorded among V. cholerae O139 
strains isolated between 1993 and 1999, suggesting the diversity of clones in phy-
logeny [48].

V. cholerae O1 strains isolated in Romania and the Republic of Moldavia 
(1977–1994) and Somalia (1998–1999) displaced different clones [20, 75]. The 
RFLP of BglI-digested DNA probed with five oligonucleotides targeting the con-
served regions of 16S and 23S rRNA genes revealed a similar ribotype of V. chol-
erae El Tor strains isolated from outbreaks from different districts of Tehran, Iran 
[49]. The newly emerged V. cholerae O1 Inaba during 2004 and 2005 from different 
parts of India displayed different ribotypes [50, 76].

Ribotype B27 was identified in the Kenyan cholera epidemic in the 1990s, which 
has made a rapid spread to West and East Africa during 1994 [77]. V. cholerae O1 
isolates in 1999–2000 from Thailand disclosed ribotypes D, G, H, and I with the 
majority of the 2001–2002 isolates showing ribotype G and few belonging to new 
ribotypes, J and K [78]. In Kolkata, India, V. cholerae O1 Ogawa ribotype RIII was 
replaced by Inaba ribotype RIV in 2005 [50]. Two closely related V. cholerae O1 
ribotypes, B5a and B8a, were identified in cholera outbreaks that occurred in 
Somalia from 1998 to 1999 [20]. BglI rRNA analysis revealed that V. cholerae O1 
isolated during the 1991–2000 cholera epidemic in Mexico had M5 and M6 ribo-
type profiles that were identical to those previously designated ribotypes [79]. The 
other new ribotypes, Mx1, Mx2, and Mx3, were identified among non-toxigenic 
V. cholerae O1 strains isolated between 1998 and 2000 varied from non-toxigenic 
clones identified in Latin America and on the US Gulf Coast.
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5.8	 �Pulsed-Field Gel Electrophoresis

Pulsed-field gel electrophoresis (PFGE) has proven to be highly effective molecular 
typing technique for different bacterial species. An international PFGE typing pro-
tocol for V. cholerae was established for comparison of subtype patterns in the data-
base ([80]; http://pulsenetinternational.org). PFGE was shown to be useful for the 
identification of spread of specific clones in many cholera outbreak investigations. 
PFGE results suggested that there was no epidemiological relation among the 
strains of V. cholerae O1 isolated from indigenous cholera in Okinawa during 1994 
[81]. With V. cholerae O1, 19 subtypes by NotI- and SfiI-digested PFGE patterns 
were identified among Asian strains, suggesting that the pulsotype variation is 
widely distributed in this region [82]. Based on the PFGE profiling, V. cholerae O1 
Inaba strains isolated during 1998–1999 in Kolkata, India, were different from the 
earlier Inaba strains isolated during 1989 but were similar to the prevailing V. chol-
erae O1 Ogawa strains, indicating that the Inaba strains may have the origin of 
Ogawa strains [83].

V. cholerae O1 strains isolated from a cholera outbreak in Ahmadabad, India, 
during 2000 resembled a PFGE pattern that was identified in Kolkata many years 
before, indicating the outbreak was caused by the prevailing clone. However, in the 
same outbreak, O139 differed in the PFGE patterns with O139 isolates reported 
during 1992 to 1997 in Kolkata [84]. Clonal analysis using PFGE with non-toxigenic 
V. cholerae O1 strains collected from the Port of Osaka, Japan, during 1987–2001 
showed that there is no remarkable change in the fingerprint types [85]. PFGE 
results obtained from different outbreaks of V. cholerae O1 and O139 in Hong Kong 
and other epidemiologically unrelated strains showed the combination of distinct 
and similar patterns [86]. In the same study, heterogeneous patterns were also iden-
tified among strains that were imported from other parts of Asia. V. cholerae O1 
strains isolated from two cholera outbreaks (1999–2002) in Thailand demonstrated 
17 PFGE banding patterns grouped into four Dice coefficient clusters (PF-I to 
PF-IV). The prolonged appearance of the clone PF-II, the disappearance of clones 
PF-I and PF-III, and the emergence of new clones were reported [87]. The patterns 
of V. cholerae O1, El Tor reference strains from Australia, Peru, Romania, and the 
United States were different from the patterns of reference isolates from Asian 
countries, such as Bangladesh, India, and Thailand, indicating a close genetic rela-
tionship or clonal origin of the isolates in the same geographical region [87].

During 2004–2005, there was a serotype substitution from Ogawa to Inaba in 
India. New pulsotypes were identified from a cholera outbreak in Delhi during 2004 
[76]. The majority of the Inaba isolates belong to “H1” pulsotype, and one isolate is 
type “H,” while the Ogawa isolates were mostly “H” pulsotype [50]. V. cholerae O1 
Inaba collected during several cholera outbreaks throughout Iran during the summer 
of 2005 showed an identical ribotype and PFGE patterns in majority of the strains 
[9]. PFGE analysis of hybrid V. cholerae O1 strains isolated during 2004–2005 from 
cholera patients in Mozambique and Bangladesh showed five closely related pat-
terns and had an El Tor lineage [88]. The restriction patterns grouped the hybrid 
strains from Mozambique into a separate cluster from Bangladeshi clinical and 
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environmental strains. This study suggests that hybrid strains differed markedly 
from classical and El Tor biotypes. In Australia, sporadic cholera was due to indig-
enous V. cholerae O1 El Tor biotype from environmental sources. PFGE analysis 
revealed that the Australian environmental toxigenic V. cholerae O1 strains were 
more diverse from the non-toxigenic environmental O1 strains [34]. Since there are 
no reference profiles in the pulsotyping scheme, it is difficult to correlate the enor-
mous data that has been generated through many investigations.

In several countries, the PFGE analysis of latest epidemic strains of V. cholerae 
shown to be related but distinctly different from previous epidemics [89–97]. In 
Africa, the intercountry spread of cholera is evident as outbreak-associated PFGE 
profiles of V. cholerae O1 found in Ghana during 2014–2015 were found to be simi-
lar to DR Congo, Cameroon, Ivory Coast, and Togo isolates [98]. During 2015, a 
new pulsotype Y15 and a MLVA profile were reported in V. cholerae O1 isolates 
from cholera outbreaks in Myanmar [99]. V. cholerae O1 strains isolated in China 
representing three decades were categorized into three distinct groups in accordance 
with the epidemiological investigations conducted during the 1980s, 1990s, and 
2000s [100].

Analysis of clinical V. cholerae isolates from the Haiti outbreak and international 
travelers returning to the United States from Asia or Africa showed indistinguish-
able PFGE fingerprints [101]. However, strains isolated in sporadic cholera cases 
during 2013 displayed PFGE pattern similar to that of V. cholerae identified during 
the epidemic in Haiti in 2010 [102]. In Mexico, V. cholerae classical biotype existed 
during 1991–1997 with endemic cholera, and these isolates differed from 
Bangladeshi strains indicating its discrete source and evolution [103].

5.9	 �DNA Sequence-Based Typing Systems

5.9.1	 �Multilocus Sequence Typing

In multilocus sequence typing (MLST), the genetic variations in multiple house-
keeping genes are directly indexed by nucleotide sequencing. This approach is suit-
able for database storage and software analysis and hence will address long-term 
epidemiological investigations when the bacterial populations are highly recombi-
nant with large clonal complexes and have substantial time to diversify. An allele 
number was assigned to each fragment on the basis of its sequence. A sequence type 
(ST), based on the allelic profile of the several amplicons, was assigned to each 
strain (http://pubmlst.org/sagalactiae). With the 7 housekeeping genes (adk, gyrB, 
mdh, metE, pntA, purM, pyrC), around 1000 sequence types have been reported in 
V. cholerae (https://pubmlst.org/bigsdb?db=pubmlst_vcholerae_seqdef). An 
eBURST clonal complex was described as all allelic profiles sharing six identical 
alleles with at least one other member of the group. Singleton ST refers to an ST 
that did not cluster into a clonal complex.

MLST with three housekeeping genes, gyrB, pgm, and recA, showed that there 
was a clustering of epidemic V. cholerae O1 and O139 serogroups compared to the 
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non-epidemic serogroups, and this MLST had the better discriminatory ability than 
PFGE [104]. The discrimination is more when the number of housekeeping genes 
increased to nine (cat, chi, dnaE, gyrB, lap, pgm, recA, rstA, and gmd) [100]. With 
the non-O1, non-O139 strains, MLST revealed that were genetically diverse and 
clustered in lineages distinct from that of the epidemic strains [35]. The O139 
strains were also clustered in several lineages of the dendrogram generated from the 
matrix of allelic mismatches between the different genotypes [105]. In addition, the 
application of the Sawyer’s test and split decomposition to detect intragenic recom-
bination in the sequenced gene fragments did not indicate the existence of recombi-
nation in the tested strains.

Using MLST with 26 housekeeping genes, Salim et al. [106] showed that the US 
Gulf strains, Australian strains, and some of the strains similar to the El Tor strains 
belong to the seventh pandemic clone, whereas the sixth pandemic strains were 
separated in this analysis. An analysis of V. cholerae strains isolated between 2004 
and 2018 in Public Health England showed that all isolates of V. cholerae O1 El Tor 
and O139 belong to ST69 and the O1 classical variants belong to ST73 [107]. The 
seventh pandemic strains mostly belonged to ST68 or ST69 [100, 108]. In Taiwan 
and other Asian countries, ST75 has replaced ST68 since 2009 [108]. From 2002 to 
2012, more than 20 genotypes were detected with 2 clonal complexes in 
Mozambique [109].

5.9.2	 �Multiple-Locus Variable Number of Tandem 
Repeat Analysis

In the bacterial genome, repetitive DNA contains monomeric sequences (repeat 
loci) frequently and is arranged in a head-to-tail configuration. MLVA is used in the 
genetic analysis of V. cholerae that takes advantage of the polymorphism of tan-
demly repeated DNA sequences. These DNA regions are known as a variable num-
ber of tandem repeats (VNTR) that are catalogued on the basis of their repeat unit 
sizes (ranging from few nucleotides to more than 100 bp). Normally, a VNTR dis-
plays a large range of copy numbers, even among highly related strains. For a des-
ignated set of tandem repeats, this copy number analysis reveals predictions about 
the associations at a micro-evolutionary level. In the MLVA, genotype of a strain 
was expressed as its allelic profile, corresponding to the number of repeats at each 
VNTR. Many findings use MLVA as a complementary technique to PFGE to gener-
ate more detailed differences between bacterial strains that have similar PFGE pat-
terns. The repeat loci in nearly all the VNTR targets are highly conserved, and hence 
the discrimination power is more comparable to that of MLST.

To explore the relatedness of O139 strains isolated from cholera patients in India, 
Garg et al. [110] analyzed 9 sequenced loci and found 64 novel alleles distributed 
among 51 sequence types. Lateral gene transfer (LGT) events produced three times 
the number of nucleotide changes compared to mutation [110]. In contrast to the 
traditional concept of epidemic spread of a homogeneous clone, the establishment 
of variant alleles generated by LGT during the rapid expansion of a clonal bacterial 
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population may be a paradigm in infections and epidemics. Ghosh et al. [111] evalu-
ated genetic relationships of V. cholerae isolates collected between 1992 and 2007 
from different states in India by analyzing five VNTR loci. In this study, it was 
found that each VNTR locus was highly variable, with 5–19 alleles. An eBURST 
analysis revealed four large groups of genetically related strains. Two groups con-
tained genotypes with O139 serogroup and the other two groups with O1 strains. 
Using VNTR analysis, it is possible to track the spread of specific genotypes across 
time and space. It was observed that the minimal overlap in VNTR patterns between 
the two Bangladeshi communities was consistent, and it was concluded that the 
small outbreaks of cholera were mainly from local sources [112]. The MLVAType 
shiny application has been considered to obtain MLVA profiles of V. cholerae iso-
lates from WGS data with a longer k-mer size [113].

5.10	 �Fingerprinting of Virulence Genes

It is a general concept that the pathogenic V. cholerae is derived from environmental 
nonpathogenic strains. Potential precursors of new pathogenic strains might require 
a combination of genes for both ecological fitness and virulence to attain epidemio-
logical predominance. To understand the evolution of pathogenic V. cholerae and 
identify potential precursors of new pathogenic strains, Rahman et al. [32] analyzed 
environmental or clinical strains for the presence of diverse genes involved in viru-
lence or ecological fitness. This study has shown that 3.9% of the strains carried the 
pathogenicity island encoding TCP and CT.  Few strains carried the TCP island 
alone and were susceptible to transduction with CTXΦ. Prevalence of putative 
accessory virulence genes (mshA, hlyA, and rtx) both in toxigenic and non-toxigenic 
strains of V. cholerae supports more recent assumption that these genes impart 
increased environmental fitness and the epidemiological success of the strains [32].

The evolutionary relationships and multilocus virulence gene profiles of V. chol-
erae isolates indicate that consecutive pandemic strains arose from a common O1 
serogroup progenitor through the successive acquisition of new virulence regions. 
Comparative sequence analysis of malate dehydrogenase gene (mdh) revealed that 
V. cholerae O1 and O139 serogroups belonged to the same clonal lineage. Single-
strand conformation polymorphism (SSCP) analysis of these O1 and O139 strains 
at chaperonin (groE)-L confirmed the presence of an epidemic clonal complex [31].

5.11	 �Evidence Showing Intercontinental Spread 
of V. cholerae O1

Several molecular techniques were used for the detection of V. cholerae clones that 
have been spread from one geographical region to the other. With ribotyping and 
PFGE, spread of a distinct genotype of V. cholerae O1 that appeared in Calcutta, 
India, was detected from cholera cases in Guinea-Bissau from 1993 to 1996 [114]. 
Molecular epidemiological findings confirm that the epidemic Ukrainian strains are 
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most closely related to seventh pandemic V. cholerae O1 strains from Asia and sup-
port a hypothesis that the Ukrainian epidemic during 1994–1995 was caused by 
toxigenic environmental strains surviving since 1991 [115].

After a decade of absence, V. cholerae O1 resurfaced in Italy and Albania during 
1994. Ribotype, RAPD, and PFGE patterns indicated that the 1994 isolates belonged 
to the Asian clone, which emerged in 1990 [116]. The Mozambique V. cholerae O1 
strains that caused a huge outbreak in 2004 had phenotypic traits of both classical 
and El Tor biotypes. Interestingly, these strains harbored a CTX prophage in the 
smaller chromosome similar to that of classical biotype. Retrospective studies con-
ducted in India demonstrated that O1 strains isolated in Kolkata during 1992 were 
phenotypically identified as El Tor biotype but the ctxB was classical genotype 
[117]. V. cholerae O1 Mozambique variant shared most of its genes with the typical 
El Tor strain N16961 but did not carry the TLC gene cluster and RS1 element adja-
cent to the CTX prophage [52]. This data further supports the hypothesis that the 
Mozambique strain has evolved from a progenitor similar to the seventh pandemic 
strain, involving multiple recombination along with the origination of El Tor strains 
carrying the classical CTX prophage. Furthermore, the Kolkata strains exhibited an 
identical ribotype (RI) to that of the Mozambique variant, and the NotI pulsotype 
analysis indicated that the Kolkata O1 strains and the Mozambique variant belonged 
to closely related clones. Considering the chronological events and the typical iden-
tity at the phenotypic and the genotype level, Chatterjee et al. [117] proposed that 
one of the V. cholerae O1 strains from Kolkata in 1992 might have been the progeni-
tor for Mozambique variant O1 strains.

5.12	 �Quorum-Sensing Systems

During interepidemic periods of cholera, V. cholerae survives in aquatic habitats. 
Recent studies reveal that quorum-sensing systems (QSS) help the vibrios to regu-
late various cellular functions, pathogenesis, biofilm formation, and protease pro-
duction [118]. Quorum-sensing systems in geographically diverse V. cholerae from 
epidemic-causing O1 and O139 as well as non-O1, non-O139 and environmental 
strains revealed an unexpectedly high rate of dysfunctional components and varia-
tions in quorum-sensing systems due to environmental selective pressures [118]. 
The use of QSS as a typing tool may provide several information regarding survival 
and proliferation of vibrios and subsequent causative agent of cholera in adja-
cent areas.

5.13	 �Microarray Analysis

Whole genome sequence of the seventh pandemic El Tor strain N16961 has pro-
vided an important tool for addressing questions about the evolution of V. cholerae 
as a human pathogen and environmental organism. To understand V. cholerae 
genome, Dziejman et  al. [119] constructed a genomic microarray that displayed 
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over 93% of the predicted genes of the strain N16961 as spotted features. High 
degree of positivity was found among the tested strains by DNA hybridization. 
Genes unique to all pandemic strains as well as genes specific to seventh pandemic 
El Tor and related O139 serogroup strains were also identified. It was assumed that 
the odd genes may encode gain-of-function traits specifically associated with dis-
placement of the preexisting classical biotype and might promote the establishment 
of endemic disease in cholera-free geographical areas.

Pang et  al. [120] investigated the genomic diversity of toxigenic and non-
toxigenic O1 and O139 strains by comparative genomic microarray hybridization 
against the genome of El Tor strain N16961. High phylogenetic diversity in non-
toxigenic O1 and O139 strains was detected, and most of the genes absent from 
non-toxigenic strains are clustered together in the N16961 genome. Additionally, 
sequence variation in virulence-related genes was found in non-toxigenic El Tor 
strains. The small chromosome of V. cholerae is quite conservative outside of the 
superintegron region (SIR). However, the SIR showed pronounced genetic diver-
gence in both toxigenic and non-toxigenic strains. Comparative genomic microar-
ray analysis of four pathogenic V. cholerae non-O1, non-O139 strains indicated that 
these strains are quite divergent from O1 and O139 strains [121]. In addition, a 
pathogenic non-O1, non-O139 strain carried a type III secretion system (TTSS). 
The genes of this V. cholerae TTSS appear to be present in many clinical and envi-
ronmental non-O1, non-O139 strains, including at least one clone that is globally 
distributed.

5.14	 �Whole Genome Approach

To understand the origin and relationships of the pandemic clones, Feng et al. [122] 
did a sequence analysis of genomes of a 1937 pre-pandemic and a sixth pandemic 
strain and compared them with the published seventh pandemic strain (N16961). 
Many mutational than recombination events were detected as much as 100-fold 
higher in seventh pandemic strain compared to the pre-pandemic strains. It was 
deduced that these pandemic strains have gained pandemic potential, independently 
with 29 insertions or deletions of genes. There were also substantial changes in the 
major integron, attributed to gaining of individual cassettes, including replication 
from within, or loss of blocks of gene cassettes. The genome-based phylogenetic 
analysis with sequences of V. cholerae strains isolated from a variety of sources over 
the past 98 years revealed 12 distinct lineages, of which, lineage 1 comprises of 
classical and El Tor biotypes [123]. It was affirmed that transition from sixth to 
seventh pandemic strains has occurred due to genetic drift with varying genomic 
composition including laterally trasferred PAIs [123].

Whole genome sequence (WGS) with single-nucleotide polymorphism (SNP) 
analysis of more than 150 global collections of V. cholerae isolates showed that the 
seventh pandemic has spread from the Bay of Bengal in 3 independent but overlap-
ping waves along with various pancontinental transmission events that influenced 
the acquisition of the SXT family of antibiotic resistance elements [124]. The ctxB3 

T. Ramamurthy et al.



99

genotype was found to be associated with wave 1 and ctxB1 with wave 2 and in 
early wave 3 strains; and ctxB7 was found only in the wave 3 strains, including 2010 
Haiti cholera outbreak isolates [124].

In West Africa and East/South Africa, the spread of cholera due to single 
expanded lineage that was introduced at least 11 times since 1970 [125]. Of these, 
the last five introductions were from Asiatic region. In a subsequent study, cholera 
epidemics in Uganda showed the spread of type T10 and T13 lineage clones of 
V. cholerae O1 across national borders and East African regions [126]. The cholera 
epidemics in Latin America during 1991 and 2010 are due to intercontinental intro-
ductions of cholera wave 3 with at least seven indigenous lineages [127]. V. chol-
erae O1 isolated during the 1990s from Siberia and the Far East of Russia represented 
wave 2 and early wave 3 with prophage types of CTX-2a and CTX-3, respec-
tively [128].

Two epidemiological waves have been identified in Yemen during the 2016–2017 
outbreak with a single sublineage of the seventh pandemic V. cholerae originated 
from South Asia and that it caused outbreaks in East Africa [129]. These isolates 
carried susceptibility to many antibiotics, including polymyxin B, and resistance to 
this drug has been used as a marker of the El Tor biotype. In Tanzania, cholera out-
breaks that occurred during 1993–2017 indicated the spread of V. cholerae O1 lin-
eage T10 with atypical El Tor (ctxB1), which was replaced by the T13 atypical El 
Tor of the third wave (ctxB7) that has caused most cholera outbreaks in East African 
countries, Yemen, and Lake Victoria. These strains were less drug resistant, as there 
was a deletion of a 10 Kb region in the SXT element [130].

The major lineages of the seventh pandemic V. cholerae in Shanghai during 
1961–2011 were found to be closely related to the strains isolated from South or 
Southeast Asia [131]. Isolates from Papua New Guinea cholera outbreak in 
2009–2011 had a tandem repeat of the CTX prophage on chromosome II and with-
out the SXT ICE resembling wave 2 strains that appeared in Southeast and East Asia 
[132]. Overall, the increasing trend of virulence-related genes in V. cholerae 
genomes suggests the evolutionary advantage of strains in recent years [133].

The WGS of V. cholerae has revealed that the core genome is highly conserved, 
but with several variations in its accessory genome [123, 134]. Changes in the 
accessory genome are also an important factor in molecular typing. Analysis of 
publicly available genomes of Vibrio spp. provided enormous opportunity to under-
stand the link between genomic contents and continuous evolution of bacterial 
pathogens (https://www.patricbrc.org). The Pathosystems Resource Integration 
Center (PATRIC) dendrogram based on the WGS analysis showed similarity 
between different species of vibrios (Fig. 5.2). The acquisition of virulence factors 
in V. cholerae is implicated with genomic islands (GIs), and hence this information 
is important in the identification of resurgence and emerging pathogenic strains. GI 
scanner-based generation of algorithm has been shown to be helpful in the detection 
of such GIs through comparative genomics and phylogeny-based predictions using 
V. cholerae Genomic Island Database (VCGIDB) [135].

V. cholerae is a naturally competent bacterial species and able to uptake naked 
DNA from the environment [136, 137]. Beyond the genetic acquisition of novel 
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Fig. 5.2  Whole genome-based phylogenetic relationships of vibrios
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DNA sequences, natural transformation in V. cholerae can also promote the nonge-
netic inheritance of traits during this conserved mechanism of horizontal gene trans-
fer [138]. Analysis of the genome of V. cholerae revealed that the bipartite genome 
of cholera pathogen has acquired more than 260 accessory functions, which provide 
virulence (VPI-1, CTXΦ), antibiotic resistance (ICE, integron), metabolic func-
tions (VPI-2, VSP-1, VSP-2), and bactericidal arsenals (GIs) [139]. Both the chro-
mosomes of V. cholerae have several hotspots (dif, tmRNA, tRNA-Ser, tRNA-Met) 
that facilitate MGEs, which carry accessory genome to integrate into the chromo-
some by site-specific recombination using their own DNA recombinases or chromo-
somally encoded tyrosine recombinases [140]. Some of the accessory genomes are 
highly stable and transfer to the progeny with the core genome without any detect-
able event of loss. But the stability of the acquired genome widely varies depending 
on the nature of MGEs and mode of integration.

5.15	 �Epilogue

Research on cholera is always inundated with several challenges, especially when 
the pathogenic clones carry diverse combinations of phenotypic and genotypic 
properties. Newer concepts are often being proposed for dynamicity of the pathogen 
supported by different genomic analyses. For example, co-culture of a phage and 
V. cholerae or dilutions of phage-positive cholera stools in nutrient medium sup-
ported the emergence of phage-resistant derivatives of the vibrios in vitro by losing 
their O1 antigen [53]. However, in vivo studies did not permit the selection and 
persistence of phage-resistant variants, and the emerging variants are thus unable to 
sustain the ongoing epidemic. This may be the reason why identification of new 
genetic variants is quite rare during the last phase of an outbreak. The genome of 
V. cholerae is well understood, and several molecular typing methods exist for the 
detection of subtle changes. Multidisciplinary genomic analysis alone may not be 
the right direction as we might overlook the simple nucleotide changes that may 
influence the disease outcome. For example, simple mutational changes such as the 
one detected in the ctxB and the emergence of new CT genotypes of V. cholerae 
were shown to manifest considerable impact on the epidemiology of cholera glob-
ally [141, 142]. As mentioned in several sections of this chapter, many molecular 
typing techniques are now available and are used in different situations and times. 
In the future, the WGS analysis might cover most of the DNA-based typing tech-
niques and also provide scope for the other novel concepts. However, the use of 
appropriate method is left to the investigator considering the gravity of the problem, 
experimental cost, and existing facilities.
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5.16	 �Summary

The disease cholera is caused by toxigenic Vibrio cholerae with acute watery diar-
rhea and severe dehydration. From the known history, cholera has appeared several 
times in the form of seven pandemics since 1817. Before the age of molecular typ-
ing, biochemical and serological characterization of pure cultures are used in iden-
tification and classification of bacteria. The DNA-based molecular techniques are 
not only simple and cost-effective but also less time-consuming and highly precise. 
Recent advances in molecular studies have facilitated in the development of several 
highly discriminating techniques, which in turn have assisted not only in investigat-
ing the genetic diversity of V. cholerae but also changing epidemiology of cholera. 
Some of the initial techniques such as polymerase chain reaction (PCR)-based 
assays; analysis of mobile genetic elements, including integrons, pathogenicity 
islands, and CTXΦ that encode toxin-encoding genes; multilocus enzyme electro-
phoresis (MLEE); rRNA gene-based ribotyping; pulsed-field gel electrophoresis 
(PFGE); DNA sequence-based multilocus sequence typing (MLST); and variable 
number of tandem repeat analysis have helped in the identification of strains that 
have been involved in international spread. Several cholera toxin (CT) genotypes 
have been identified in the seventh pandemic V. cholerae O1 El Tor. Whole genome 
sequence (WGS) data have provided an important tool to address many questions 
about the evolution of V. cholerae. Analysis of genetic polymorphisms provides 
information on variations in phenotypes, antimicrobial resistance, nature of viru-
lence, etc. In the WGS analysis, single-nucleotide polymorphism (SNP) markers are 
generally identified without any prior genome reduction or a reference genome to 
assemble large sequencing data that allow the discovery and genetic mapping of 
thousands of molecular markers. WGS analysis has identified appearance of three 
waves of cholera during the seventh pandemic. Each wave has specific genetic 
markers. The large cholera epidemics in Africa, Latin America, and Haiti are well 
investigated using the WGS. This chapter provides an outline on the usefulness of 
molecular typing methods of V. cholerae and salient features of information gener-
ated from these studies.
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6Acinetobacter baumannii

Dennis Nurjadi and Sébastien Boutin

6.1	 �Introduction

Bacteria of the genus Acinetobacter is abundant and widespread in nature. They can 
be found in the environment (soil and water samples) and samples from human and 
animals. Among this genus, Acinetobacter baumannii complex, comprising of 
A. baumannii, A. nosocomialis, A. pitii (and A. calcoaceticus), are the most clini-
cally relevant. Although most of the Acinetobacter spp. are ubiquitous, the emer-
gence of multidrug-resistant (MDR) strains in clinical samples and causing human 
infections are a major concern. This chapter deals with an overview of the 
Acinetobacter genus, focusing on the clinically relevant A. baumannii complex and 
various typing methods with particular emphasis on next-generation sequencing 
(NGS) for molecular typing.

6.2	 �Microbiology of Acinetobacter spp.

The morphology of bacteria of the genus Acinetobacter is coccoid, or rod-shaped. 
In the Gram stain, Acinetobacter can appear quite variable. They are Gram-negative 
but may appear slightly Gram-positive due to destaining difficulties [1]. They are 
non-motile, oxidase negative, catalase-positive, and non-fermenting with the opti-
mal growth temperatures between 20 and 37 °C. Some species such as A. baumannii 
and A. nosocomialis may tolerate higher temperatures (>40 °C) [2]. Acinetobacter 
isolated from human sample grow well on solid media, such as Columbia sheep 
blood agar, tryptic soy agar, and MacConkey agar at an incubation temperature of 
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37 °C. Acinetobacter spp. can be distinguished from other non-fermenting Gram-
negatives by a transformation assay of Juni. This differentiation method is based on 
the unique property of a naturally transformable tryptophan auxotroph mutant 
Acinetobacter strain Acinetobacter baylyi (BD413 trpE27) to be transformed by 
crude DNA of any Acinetobacter spp. and revert to a wild-type phenotype [3, 4].

6.3	 �Taxonomy of Acinetobacter spp.

Acinetobacter belong to the Gammaproteobacteria. The first description of 
Acinetobacter dates back to the early twentieth century, when an organism, then 
named Micrococcus calcoaceticus, was isolated from soil by enrichment culture 
with calcium acetate as a carbon source [5]. Later, similar organisms were described 
independently and thus assigned as different genera and species. A comprehensive 
history of this genus is reviewed by Henriksen [6]. The current genus, Acinetobacter, 
was initially proposed by Brisou and Prévot in 1954 [7], but it was not until 1968 
that his designation became widely accepted [8]. Due to the lack of phenotypic 
criteria to distinguish the species within this genus, the different species were cate-
gorized together into one genus, Acinetobacter, consisting of a single species, 
Acinetobacter calcoaceticus [9].

It was not until 1986 when DNA-DNA hybridization distinguished 12 groups or 
genospecies. Some of which were given formal species names known today, includ-
ing A. baumannii, A. calcoaceticus. Since then, additional DNA-DNA hybridization 
groups have been described, and to date, well over 50 species have been validated 
and given formal species names (https://lpsn.dsmz.de/genus/Acinetobacter). A. bau-
mannii, A. pittii, A. nosocomialis (all three species belonging to Acinetobacter bau-
mannii complex), and the environmental species A. calcoaceticus are genetically 
closely related and phenotypically difficult to distinguish so that they are often 
referred to as the A. calcoaceticus-A. baumannii complex (ACB-Complex) (see 
Fig. 6.1) [10].

In the genomic era, the advancement and access to molecular methods with high 
discriminatory power, such as 16S rRNA sequencing and NGS, cast doubts on the 
conservative microbial taxonomy, which relies heavily on phenotypic information 
and growth properties. However, for the genus Acinetobacter, phylogenetic classifi-
cation was shown to be consistent with classical taxonomic classification [11]. 
Nevertheless, the taxonomy of Acinetobacter remains complex. In particular, the 
designation of the DNA-DNA hybridization groups is somewhat confusing, since 
identical hybridization group designation (genomospecies) has been given indepen-
dently, or several names have been used for the same species. Furthermore, in older 
literature, several synonyms may have been used interchangeably due to re-
classifications, when referring to the same species. Figure 6.1 display the genetic 
relationship of publicly available sequenced Acinetobacter sp. genome.
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6.4	 �Clinical Significance of A. baumannii

A. baumannii is associated with healthcare-associated infections with diverse mani-
festations ranging from wound infections and urinary tract infections to more severe 
invasive infections such as ventilator-associated pneumonia, bloodstream infec-
tions, and meningitis. However, more common than infections is colonization. The 
distinction of colonization and infection can be challenging due to sensitivity issues 
and the fact that the natural habitat of A. baumannii is not the human body [12, 13]. 
In fact, it is unclear which body sites should be sampled to obtain reliable coloniza-
tion status of the patients [12].

A. baumannii infections, especially infections with MDR strains, have been 
attributed to higher morbidity and mortality rates [14]. However, these rates vary 
greatly in the available literature and there is an ongoing debate on data reliability 

Fig. 6.1  Phylogenetic tree of sequenced and publicly (NCBI Genbank as of June 2020) available 
Acinetobacter spp. 235 complete genomes were downloaded from NCBI Genbank and a core-
genome was calculated using Roary. The core-genome was relatively small (36 genes, 4734 poly-
morphic sites). In total 28 species were represented. 19 genomes were not assigned to a species 
level. Only eight species were represented by four or more isolates (displayed in the tree). Most of 
the publicly available sequences are those of A. baumannii complex (A. baumannii (n  = 184), 
A. nosocomialis (n  =  14), A. pitii (n  =  22)). The overrepresentation of A. baumannii complex 
emphasize the clinical importance of this complex
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and to what extent the infecting organism contributes to mortality or if the underly-
ing diseases is an independent and decisive factor for the outcome. An increased 
length of stay associated with MDR A. baumannii infection highlights the need for 
infection control and surveillance strategies to prevent nosocomial transmis-
sions [15].

Some of the known risk factors for A. baumannii infections are serious comor-
bidities (critically ill patients), immunosuppression, ventilation, and previous expo-
sure to antibiotics [16–20]. Although not considered as highly virulent, A. baumannii 
is a difficult pathogen to control as demonstrated by occasional outbreaks and in-
hospital cross transmission events [21, 22]. In addition, they are very tenacious and 
can persist over longer periods on inanimate objects in the hospital, even under 
sub-optimal conditions, and even maintain their virulence [23, 24].

6.5	 �Antibiotic Resistance

A. baumannii is included as one of highest priority of clinically relevant antibiotic-
resistant bacteria by the WHO Pathogens Priority List Working Group in 2018 [25]. 
A. baumannii is well known for the high burden of disease in healthcare-associated 
infections and their resistances to numerous antibiotics. Due to multiple intrinsic 
resistances, the therapy of option for A. baumannii is significantly narrowed down 
to several broad-spectrum, such as carbapenems, and second-line antibiotics. The 
increasing prevalence of carbapenem resistance in A. baumannii is alarming, as 
carbapenems have been regarded as one of the last resort options to treat A. bauman-
nii infections. Thus, infectious disease specialists resort to older, more toxic, or 
sub-optimal substances to treat carbapenem-resistant A. baumannii (CRAB), such 
as colistin or tigecycline. Even so, resistance to these substances is emerging and 
pan-drug-resistant A. baumannii have been frequently described.

6.6	 �Epidemiology of Carbapenem-Resistant A. baumannii

Most epidemiological studies focus on the aspect of global spread and dissemina-
tion of carbapenem-resistant A. baumannii (CRAB). The epidemiology of multi-
resistant bacteria is highly dynamic, and the increased access to and affordability of 
high-resolution molecular typing methods constantly contribute new data and 
insight into the global epidemiological data. This section will focus mainly on the 
current epidemiology of CRAB based on data published up to 2020.

Over the years, the number of reports reporting CRAB has increased signifi-
cantly, which is a strong indication of its global dissemination [26, 27]. Most of 
these reports have been reports on outbreaks due to inter- and intrahospital transfers 
from various countries across the globe. These outbreaks have been attributed to 
clones, commonly referred to as global clone 1 or international clone 1 (GC1/IC1) 
and global clone 2 or international clone 2 (GC2/IC2). In a recent review, Hamidian 
and Nigro performed an analysis of available A. baumannii genomes available in the 
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GenBank as of April 2019 and demonstrated that around two-thirds of sequenced 
A. baumannii belong to GC1 and GC2, with ST2 (Pasteur MLST) as the predomi-
nant type, followed by ST1, ST79, and ST25 as other dominant clones [27].

A. baumannii is considered as naturally resistant to various antibiotics. Partly 
due to the presence of intrinsic blaOXA-51-like genes, with blaOXA-69 and blaOXA-66 being 
the most common. Carbapenem resistance in A. baumannii is largely due to acquisi-
tion of additional genes that encode carbapenem-hydrolyzing enzymes. To date, 
variants of blaOXA-23 is the predominant mechanism of carbapenem resistance in 
A. baumannii, followed by variants of blaOXA-24, blaOXA-58 families, which all have 
been found in isolates involved in nosocomial outbreaks worldwide. Apart from 
Ambler class D carbapenemase (oxacillinase). Despite quite rare, Ambler class B 
carbapenemase (metallo-betalactamase), such as blaNDM, may also be found in 
A. baumannii. In addition, overexpression of the intrinsic blaOXA-51 due to the pres-
ence of an insertion sequence ISAbaI upstream of the OXA-gene has been described 
as a potential mechanism for carbapenem resistance [28].

Nevertheless, genome-based epidemiological data should be assessed and inter-
preted carefully, since the publicly available sequences have a skewed geographical 
distribution, with only five countries (USA, China, Thailand, Australia and Pakistan) 
contributing to over 60% of uploaded genome data. Hence some regions and conti-
nents may be under-represented, and caution is needed before drawing 
conclusions.

6.7	 �Typing Methods for Acinetobacter spp.

6.7.1	 �Phenotypic Typing

The classical phenotyping of Acinetobacter spp. based on physiological and nutri-
tional needs as well as enzymatic tests was useful initially to delimitate the species 
boundaries of the genus [29, 30]. However, due to the advances in automatization, 
this technique has been replaced mostly by spectroscopic approaches. One of the 
most used technique is the matrix-assisted laser desorption ionization-time of flight 
(MALDI-TOF) technology which allow a rapid and accurate identification of the 
strain [31]. The mass spectra are compared to a reference database of profiles cor-
responding to known microbes. This technic also offers a scoring system validating 
the accuracy of the typing. Each strain with a score lower than 2 should be typed 
with a second method (phenotypic or genotypic). Based on spectroscopy, other 
methodologies have been developed such as Fourier Transform Infrared 
Spectroscopy (FTIR) and Raman spectroscopy which can be used to analyze in the 
same way a spectrum facilitating the identification of the microorganisms to a taxo-
nomic level [32]. The difference relies on the absorbance of infrared or near-infrared 
radiation by the molecules from whole cells to generate characteristic spectra. This 
spectrum can be interpreted as a fingerprint to identify microbes with similar resolu-
tion to the MALDI-TOF [33]. However, the resolution to the strain and clonal com-
plex level is not achievable for all species with those techniques.
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The MALDI-TOF for example has been shown some limitations to give a strain 
resolution [34]. In the case of A. baumannii, strain typing using MALDI has shown 
a good concordance to repetitive sequence-based PCR [35] but failed to differenti-
ate strains from outbreak defined by pulsed-field gel electrophoresis (PFGE) or 
multilocus sequence typing (MLST) [36, 37]. On the other hand, Raman and FTIR 
methods showed promising results regarding the resolution for strain-level identifi-
cation of A. baumannii which indicate that a wider spectrum of analysis is needed 
to get this level of discrimination [38, 39]. Based on that observation, a proteomic 
approach based on LC-MS/MS profiling of peptides from the whole bacterial iso-
lates digested with a rapid tryptic digestion showed the ability to classify isolates 
into groups consistent with their MLST types. This technique is of high interest 
because it relies on the in silico construction of a species “panpeptidome” to design 
a set of peptide-markers and can therefore be adapted to any species where the 
genomic information is available and relatively abundant in the database to design 
accurate markers [40].

6.7.2	 �Genotypic Typing

Molecular typing encompasses several methods for typing microorganism to the 
species or strain level with different resolution based on their genomic content. 
Genotyping also allows investigating clonal relationship and identifying the source 
of the original infection.

6.7.2.1	 �Band Pattern
Ribotyping [41] and amplified fragment length polymorphism (AFLP) [42] were 
among the first typing techniques used to demonstrate the clonality of A. bauman-
nii. These methods however are obsolete and their usage for the typing of 
Acinetobacter spp. has declined over the past years [43] and therefore they are not 
discussed in detail in this chapter.

In the typing of Acinetobacter, restriction fragment length polymorphism (RFLP) 
is a standard method used for decades. Shortly, DNA is fragmented with restriction 
enzymes and the digested DNA is separated according to length by agarose gel 
electrophoresis, obtaining a restriction pattern allowing the identification of the bac-
teria. This method was improved by the use of pulsed-field gel electrophoresis 
(PFGE) where the electric field applied to the gel matrix is periodically changing 
directions [44]. This method increases the resolution of a large-size DNA fragment 
(>50  kb) which would migrate together in a normal electrophoresis. Currently, 
PFGE is still considered as the “gold standard” typing methodology in many micro-
biology diagnostic departments [45].

Multiple-locus VNTR (variable number of tandem repeats)” analysis (MLVA) is 
another method which has been used for molecular typing of Acinetobacter spp. 
Briefly, VNTRs in genome sequences are identified and flanking primers were used 
to amplify these regions by PCR. The fragment sizes, corresponding to the number 
of repeats, are used for differentiation of organisms [46]. There are multiple schemes 
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available for A. baumannii but MLVA-8 was the most used, which assessed differ-
ences of repeat numbers in eight VNTR loci [47], four of which are large repeat 
with slow evolution, useful for phylogeny, and four small repeats with rapid evolu-
tion, useful for outbreak investigations [48]. For each locus, amplicons were sepa-
rated by agarose electrophoresis, and each strain was assigned a code representing 
the number of repeats per locus [49]. MLVA data can be stored in a database and 
exchanged between institutes (http://mlva.u-psud.fr).

Random amplification of polymorphic DNA (RAPD) is another PCR-based typ-
ing method using short random primers and low annealing temperature to obtain 
fingerprint-like band patterns visualized on agarose gel, which has gain popularity 
due to its simplicity [50, 51]. This method is still in use in laboratory practice 
because of its reasonable discriminatory power for a low cost and fast time to result. 
The downside of most of these band-pattern-based typing methods, with the excep-
tion of PFGE, is the interlaboratory comparability [43].

6.7.2.2	 �Partial Sequencing
Sanger sequencing of a particular variable gene or regions, such as the protein A 
(spa) variable repeat region for Staphylococcus aureus (spa-typing) or a defined set 
of housekeeping genes (multi-locus sequence type; MLST), can be used for strain 
characterization [52]. A number is assigned to each variant of a housekeeping gene 
and a certain combination of variants in seven housekeeping genes are assigned to a 
sequence type (ST). Using MLST the population can be stratified into clones and 
MLST is a useful tool to study and describe the population structure of bacteria 
(epidemiology) [53]. For A. baumannii, two different MLST schemes (Oxford [53] 
and Pasteur [54]) are available. Both schemes target seven housekeeping genes, of 
which three are in common. In the pre-WGS era, due to a consensus nomenclature, 
MLST is considered one of the gold standards to study the population structure as 
interlaboratory variability is no longer an issue. MLST is still widely used today and 
is still very useful for typing purposes, although the lack of its discriminatory power 
may be a major limitation. This can be circumvented by using other methods with 
high discriminatory power such as WGS [55].

6.7.2.3	 �Whole Genome Sequencing
Due to the development of high-throughput sequencer and the decreasing price of 
next-generation sequencing, WGS becomes an affordable all-in-one tool for routine 
microbiological laboratories. The sequencing of the full genome with a coverage of 
35-fold to 50-fold allows us to predict accurately the antimicrobial resistance profile 
and potential virulence as well as offering a high-resolution typing of the patho-
genic strain [56, 57]. The typing with NGS can be considered as the highest resolu-
tion to evaluate global and local epidemiology in contrast to other conventional 
typing methods such as PFGE [58, 59]. While successful to study the relationship 
between isolates and the population structure of the Acinetobacter genus, it has 
been shown that the conventional methods do not reflect the accurate phylogenetic 
relationships between isolates as they analyzed only a small part of genomes. In 
most of the cases, the conventional methods overestimate the relatedness of isolates 
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due to similar band pattern or high similarity in the defined genetic region of inter-
est. This overestimation of clonal relatedness can affect more than 70% of the iso-
lates in certain cases [60]. However, more problematic issues occur when 
conventional methods do not indicate relatedness while WGS showed no single 
nucleotide polymorphisms (SNP) between isolates [61]. This phenomenon can be 
explained by insertion sequences of small deletion in the region where restriction 
enzymes or primers are binding creating a different band patterns but have moderate 
impact on WGS-based typing approaches. Furthermore, WGS is analyzing the full 
content of the genomes and core genomes often encompass more than 2000 genes, 
offering a better definition of the clonality than multi-locus sequencing typing 
(MLST) [62].

6.7.2.4	 �WGS Application
One of the first objectives of microbiology is to test the microbes for antimicrobial 
resistance. WGS can be in this field an invaluable tool and is quickly progressing 
using machine learning algorithm [63–65]. For Acinetobacter spp., the prediction 
focused mostly on beta-lactams and carbapenems resistance (e.g., meropenem and 
imipenem) because it is used to treat nosocomial infections [66]. The most prevalent 
resistance genes are mobile, or plasmid carried blaOXA-23, blaOXA-24, and blaOXA-58 and 
chromosomally encoded ampC which confers resistance to narrow-spectrum cepha-
losporins [67, 68]. Another highly prevalent carbapenemase gene in Acinetobacter 
spp. is the blaOXA-51-like which can confer resistance to carbapenems when the inser-
tion element ISAba1 lies upstream of the gene [69]. Many genes are involved in the 
resistance to aminoglycoside such as the enzymes encoding aacC1, aphA6, aadA1, 
and aadB or the 16S rRNA methyltransferase armA and to a lower extent efflux 
pump such as AdeABC and AbeM. Macrolides’ resistances are associated with the 
mutation in the folA gene or the presence of the tetM gene in the genome. Finally, 
quinolone resistance can occur due to mutations in the genes parC, gyrA, and 
gyrB. The knowledge in the genomic regions associated with antimicrobial resis-
tance allowed the creation and maintenance of multiple databases such as CARD, 
ResFinder, ARG-ANNOT used as screening references to infer the resistance pro-
file (resistome) of the isolate. However, this method is still too simplistic to explain 
the phenotypic resistance and a lack of knowledge in the causing mutations; the 
influence of the genomic islands needs to be acknowledged. Furthermore, the pres-
ence of a gene or a mutation does not necessarily reflect the phenotypic resistance 
due to potential influences on the expression of the gene [69–71].

The same caveat applies to the virulence gene repertoire, while the advantage of 
exploring the full genome of the isolates is undeniable and understanding of the 
virulome of a pathogen is a crucial step to predict the severity of the disease; the 
gene presence cannot be the sole indicator of virulence. To overcome this issue, 
RNA sequencing can be performed from the colonies but the differences between 
the ecological niches (plate versus host) might falsify the results or we can couple 
the WGS exploration with transposon mutagenesis techniques. This technique 
allowed identifying essential virulence factors for the persistence and survival of 
A. baumannii in lungs and bloodstream [72, 73].
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While the prediction of antibiotic resistance and virulence is important, the main 
use of WGS is the typing and epidemiology. The access to the full genome (core and 
accessory) allows us to study the population structure of the Acinetobacter spp. with 
an evolutionary perspective. The global epidemiology based on WGS allows high-
lighting the successful mutations and evolutionary trajectory of some emerging suc-
cessful clone and understanding the genetic background explaining their success 
and emergence. For example, A. baumannii population structure is mostly explained 
by a recombination event which has driven successful evolutionary trajectories to 
some highly successful clonal complexes such as the global clone 1 (GC1) [74]. The 
analysis of the genetic content of GC1 highlights a divergence in two lineages due 
to recombination events affecting surface structures such as the capsule and lipooli-
gosaccharide loci and the acquisition of antimicrobial resistance [74]. The explora-
tion of the geographic diversity and temporal evolution of the difference clonal 
lineage is of crucial importance to understand the impact of the selective pressure 
and the adaptation to the current therapies [62]. Understanding the mechanisms 
between clonal shift/replacement or adaptation to antibiotic regimen will help us to 
adapt our antibiotic stewardship [75, 76]. Furthermore, understanding the global 
evolution, geographical distribution of the clonal group, and the mutation rate will 
help to set up the threshold to estimate potential transmission in the local settings 
[77]. A. baumannii shows a high mutation rates (24 mutations/year within a patient) 
and the treatment with antibiotic pressures the strains and allows the appearance of 
hypermutator phenotype [78, 79]. Local epidemiology and outbreak surveillance 
using WGS can highlight in real time the emergence or the fast transmission of a 
successful clone. The genetic distance between clones as well as the acquisition of 
specific plasmid or mobile element allows us to highlight the origin of the outbreak 
and the potential reservoir in the hospital. In the fine-scale epidemiology, the acces-
sory genome may play an important role as a rapid acquisition of a plasmid or 
mobile element by a local clone might be the only characteristic of the outbreak-
causing strain [80]. Genome-wide analysis is a powerful tool, and therefore, the 
scale of the epidemiological settings and the aims should drive the technology and 
analytic methodology to be as accurate as possible.

6.7.2.5	 �WGS Technology and Bioinformatics
Three next-generation instruments have dominated the field. The first company 
Illumina offers several short-read instruments for low-, mid-, and high-throughput 
sequencing (Miniseq, Miseq, Novaseq). The two other companies offer a long-read 
sequencing system (Pacific Biosciences and Oxford Nanopore). The advantage of 
short-read technology is the low error rate in the assembly due to a high coverage 
for a low cost of sequencing. However, the use of short-read technology limits the 
completion of a “closed” assembly. The raw reads generated by WGS are filtered to 
remove low-quality data, then assembled into large segments known as contigs, but 
it is difficult to close the assembly into one complete chromosome using only short-
read technology. Therefore, it is usual to use a combination of both short and long 
reads to obtain an accurate and “closed” assembly [56].
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Two options exist to assemble sequencing data: mapping or de novo assembly. 
The mapping method is omputationally less demanding than de novo assembly as 
it consist of aligning and mapping the clean raw reads to close reference genomes. 
SNPs and gene annotation will then depend highly on the reference used for the 
mapping. The second method consists of assembling the reads in contigs without 
the use of a reference. A multitude of de novo assemblers exist currently such as 
IDBA [81], RAY [82], VELVET [83], and Skesa [84]; but the most used one is 
Spades [85]. However, it is important to keep in mind that various assembly algo-
rithms will give different results based on biological and technical parameters and it 
can be hard to define the “best” assembler. Therefore, it is important to evaluate 
your assembly to check the coverage, the size of the draft genome, and several 
parameters such as the N50 or the NG50. For both approaches, the pipeline and/or 
the reference used will modify the results. Therefore, it is important to be consistent 
in the analysis and to build criteria to validate results.

In the case of typing, two approaches can be used to understand the phylogenetic 
relationship between isolates: single nucleotide polymorphism (SNP)-based or 
gene-based approach [86]. SNP is a variation in a single nucleotide at a specific 
position in the genome. SNP typing is widely used for bacteria, and genome-wide 
screening of SNPs is a powerful discriminatory technique that enables the identifi-
cation of strain-specific genetic markers. The power of SNP-based approach is that 
even if bacterial genomes of the same species share a common group of genes (i.e. 
core genome), they will vary by point mutations at different genome positions in 
genes or intergenic regions. Because intergenic regions are less pressured by natural 
selection, the resolution power will increase among closely related strains and allow 
accurate local and fine-scale typing. In order to identify SNPs, the reads or contigs 
can be either aligned to a reference genome or by building a core genome alignment 
between the conserved sequences of the genomes of interest, followed by SNPs 
calling [86]. SNPs also need also to be curated to reflect accurately the evolutionary 
change in the genome and the phylogenetic relationship between strains. This step 
is crucial to not overestimate the SNP distance due to sequencing errors, artifact 
alignment on reference or assembly and recombinations [87]. Furthermore, epide-
miological studies should use harmonized definitions and nomenclature to ensure 
comparability in defining the threshold for clonality [56]. SNP thresholds will differ 
between species due to different generation time and the rate of mutations. For 
example, a recent study on Acinetobacter epidemiology suggested two core SNP 
thresholds to define first the lineages between A. calcoaceticus and A. baumannii 
complex and clonality. The study showed that a threshold of 2500 core SNPs allows 
differentiation of A. baumannii isolates from different clonal lineages (as defined by 
MLST). Most importantly, core SNP threshold (2.5 core SNPs) can discriminate 
outbreak  strains from sporadic isolates [59]. Another study used pre-defined clas-
sification using PFGE to define the thresholds and concluded that strain should be 
considered “genomically indistinguishable” if they are separated by 3 or fewer vari-
ants, “closely related” if they are separated by up to 12 variants, and “unrelated” if 
they are distinguishable by 13 or more variants [60]. However, those thresholds are 
influenced by the methods used as well as a clinically or molecularly predefined 
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outbreak. The evolution rate and inter-individual heterogeneity are not taken into 
account. Finally, the number of polymorphic sites included in the study will neces-
sarily influence those thresholds as they are using a raw number of SNPs. Therefore, 
a study using 50,000 polymorphic sites could not be compared to another study 
using 1,000,000 polymorphic sites and the same problem will apply to the sites of 
the core genomes. Studies using inter-individual heterogeneity or SNPs filtration 
gave us more tools to set up strain definition at the genetic levels and offer approaches 
that still need to be applied on Acinetobacter genus for the normalization or harmo-
nization of the divergence thresholds [88, 89].

The second approach in WGS-typing is the gene-by-gene approach which is an 
extension of the previous MLST scheme. The idea came to standardize the WGS 
typing to allow comparable studies by using genes present in a core genome 
designed for the isolates of the same species (core genome MLST; cgMLST) but 
can also be used with all genes across the genome (Whole genome MLST; wgMLST) 
[90]. cgMLST has the advantage of offering a comparable genotyping delineation 
when it follows a publicly available scheme or allelic patterns which are updated by 
the users. Each allelic profile is annotated with a complex type (CT) number and can 
be used all over the world for local and global scale outbreak management. A. bau-
mannii complex is the only species from the genus to have a CT scheme due to its 
clinical relevance. The first scheme was developed in 2016 with an ad hoc typing 
scheme querying the 3319 genes of the references genome. Of those 2592–2876 
genes were actually present in their dataset and the cgMLST typing confirmed the 
clonal spread of A. baumannii in an ICU and give a similar clustering of the isolates 
compared to the SNP-based typing [91]. Later, an official cgMLST was developed 
and integrated into commercial software (Ridom SeqSphere+) [92]. This scheme is 
based on 2390 defined core genes derived from 1339  sequenced A. baumannii 
genomes. This scheme was tested with strains which were previously identified as 
outbreak using PFGE. With a threshold of eight allelic difference, the CT cluster 
correlates well with the pulsotype. The difference between pulsotypes ranges from 
40 to 2166 alleles, and the highest number of allelic differences (>2000) was 
between the isolates representing the international clones. The usefulness of the 
scheme was validated in recent studies with slightly more elevated threshold (9–10 
allelic differences) [93–95]. A scheme for wgMLST is also now available for 
A. baumannii containing 5619 loci in the commercial BioNumerics software. This 
offers of course a higher resolution, but the usage of accessory genome with genes 
which are not represented in all the isolates might inflate the divergence due to low 
coverage sequencing. Indeed, some genes might be missing from the assemblies 
just due to low coverage or high GC content in this specific region. wgMLST or 
extended cgMLST is a good option to increase the resolution, but it should still be 
used with the knowledge of the coverage and CG content of your assembly. Some 
pipelines such as chewBBACA allow building your own scheme based on pan-
genome (wgMLST) or core genome (cgMLST) but with the disadvantage of losing 
the comparability with other studies offered by the official cgMLST [96].
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6.8	 �Concluding Remarks and Recommendations

WGS has revolutionized molecular typing of Acinetobacter spp. due to the unprec-
edented discriminatory power. This technology however is not always accessible 
and is still costly for most users. Moreover, knowledge in bioinformatics is advanta-
geous for data analysis. Publicly available WGS data for Acinetobacter spp. is 
largely dominated by A. baumannii complex, reflecting the general interest and the 
clinical relevance of this pathogen. More importantly, there is an information bias 
for publicly available WGS data, since most uploaded sequences originated from 
several countries only and that great care is needed for the interpretation of global 
epidemiology of A. baumannii. Species identification for microbiological diagnos-
tics can be determined reliably using MALDI-TOF, which has replaced biochemical 
and PCR-based methods. The increase of multi-resistance in A. baumannii is worri-
some and should be monitored closely. For the investigation of outbreaks, WGS has 
become a new gold standard. However, many of the conventional typing methods, 
such as MLST and PCR-based typing, are still widely used today and are still useful 
for typing of A. baumannii, especially in resource-restricted settings.

6.9	 �Summary

Bacteria of the genus Acinetobacter is abundant and widespread in nature. They can 
be found in the environment (soil and water samples) and samples from human and 
animals. Among this genus, Acinetobacter baumannii complex, comprising A. bau-
mannii, A. nosocomialis, A. pitii (and A. calcoaceticus), are the most clinically rel-
evant. The emergence of multidrug-resistance (MDR) in Acinetobacter baumannii 
complex is a major public health concern and should be monitored closely. Whole 
genome sequecing (WGS) has become the new gold standard for molecular typing 
of Acinetobacter spp. allowing to discriminate between outbreak and nonoutbreak 
strains in clonal populations. WGS data should be interpreted carefully, according 
to the bioinformatics analysis method and applied parameters. 
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7.1	 �Introduction

The enterococci are a diverse and versatile group of bacteria with several intrinsic 
characteristics that allow them to survive and grow under a variety of conditions and 
a remarkable metabolic adaptability in order to fulfill diverse roles as commensals 
and as opportunistic pathogens. These microorganisms are widely distributed in 
nature, mainly on the mucosal surfaces of humans and animals, and they are also 
found in soil, water, dairy products and other foodstuffs, and on plants. In humans, 
they are predominantly inhabitants of the gastrointestinal tract, and are less com-
monly found in other body sites, such as in the genitourinary tract, the oral cavity, 
and skin.

Over the last decades, they have emerged as medically important multiple 
antibiotic-resistant pathogens, especially in the context of healthcare-associated 
infections, contributing significantly to patient morbidity and mortality, as well as 
increasing healthcare costs. A number of intrinsic characteristics of the enterococci 
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allow them to persist almost everywhere and present a challenge when controlling 
of their dissemination is necessary. In addition, they have the capacity to acquire 
resistance to a wide variety of antimicrobial agents which represents a serious addi-
tional threat in the management of patients with enterococcal infections [1–4].

Enterococcal infections were traditionally considered to be acquired endoge-
nously from the patient’s own normal flora, and the epidemiology of enterococcal 
infection attracted little attention. This perspective has dramatically changed, and a 
major interest has focused on the epidemiology of enterococcal infections, because 
of the increasing documentation of Enterococcus as a leading nosocomial pathogen. 
Furthermore, the emergence and dissemination of multidrug resistance among 
enterococcal strains and the evidence supporting the concept of exogenous acquisi-
tion of enterococcal infections have generated an additional need for typing the 
isolates as a means of assisting infection control and epidemiological studies both 
within and among various medical institutions. Therefore, the investigation of epi-
demiological aspects of nosocomial outbreaks as well as the dissemination of 
enterococcal strains harboring antimicrobial resistance markers is of major interest, 
particularly in the light of the increasing occurrence of vancomycin-resistant entero-
cocci (VRE). Besides outbreak analysis, the methods used for epidemiological 
investigation of enterococcal isolates must be able to track enterococcal dissemina-
tion in different environments and hosts, and the evolution of multidrug-resistant 
(MDR) strains. In this chapter we comment on molecular techniques that can be 
used for the identification, rapid detection, and typing of enterococcal isolates.

7.2	 �Characteristics and Current Classification of the Genus

The genus Enterococcus is composed of Gram-positive cocci that occur singly, in 
pairs, or as short chains. They are nonspore-forming, facultatively anaerobic, cata-
lase- negative bacteria, with a fermentative metabolism resulting in L(+) lactic acid 
as the major product of glucose fermentation. Characteristics such as growth in 
broth containing 6.5% NaCl and hydrolysis of esculin in the presence of bile salts 
(bile-esculin [BE] test) are useful to identify enterococcal strains. Other character-
istics presented by most enterococci include hydrolysis of leucine-β-naphthylamide 
(LAP) and L-pyrrolidonyl-β-naphthylamide (PYR) [1, 4, 5].

The enterococci have a historical connection with the genus Streptococcus, and 
they were earlier considered as a major branch within this genus, distinguished by 
their higher resistance to chemical and physical agents and accommodating most of 
the serological group D streptococci. After the introduction of molecular methods 
for characterization of these microorganisms, they have undergone considerable 
changes in taxonomy, which started with the recognition of Enterococcus as a sepa-
rate genus [6]. Streptococcus faecalis and Streptococcus faecium were the first spe-
cies to be transferred to the new genus as Enterococcus faecalis and Enterococcus 
faecium, respectively. Since then, the increasing use of molecular approaches has 
led to the description of several new enterococcal species and entitled many nomen-
clatural changes, resulting in the present recognition of 65 species assigned to the 
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genus Enterococcus (as of September 2021; for further details see references [1] 
and [4], as well as the List of Prokaryotic Names with Standing in Nomenclature 
(http://www.bacterio.net).

Current criteria for inclusion in the genus Enterococcus and for the description 
of new enterococcal species encompass a polyphasic approach resulting from a 
combination of different molecular techniques and phenotypic testing. Sequencing 
of the 16S rRNA gene is a practical and powerful tool in aiding the identification of 
enterococccal species, although limitations for differentiating a few enterococcal 
species have been documented [4, 5]. Sequencing assays targeting other genetic 
determinants have increasingly been used as additional tools to assess the phyloge-
netic relationships among enterococcal species and to formulate the description of 
new species. Housekeeping genes coding for proteins involved in basic cellular 
functions [such as the phenylalanyl-tRNA synthase (pheS gene), the RNA poly-
merase α-subunit (rpoA gene), the RNA polymerase β-subunit (rpoB gene) and the 
ATP synthase α-subunit (atpA gene)] are the most common targets for these 
sequencing approaches. These assays may be based on the analysis of a single gene 
or of multiple genes, under the format of multilocus sequence analysis (MLSA) of 
concatenated sequences [5, 7–9]. More recently, comparative analysis of spectra 
generated by matrix-assisted laser desorption ionization-time of flight mass spec-
trometry (MALDI-TOF MS) as well as analysis of sequences generated by whole 
genome sequencing (WGS) have also been incorporated into the array of method-
ologies used for taxonomic studies of the genus Enterococcus [10–12].

In diagnostic laboratory settings, identification of enterococcal species is gener-
ally accomplished by using a series of conventional physiological tests [1, 4www.
cdc.gov/ncidod/biotech/strep/strep-doc/index.htm]. Several miniaturized, manual, 
semiautomated, and automated identification systems constitute alternatives for the 
phenotypic identification of enterococcal species in routine diagnostic laboratories 
[1, 13]. In recent years, MALDI-TOF MS has increasingly been used for diagnostic 
purposes and was shown to be useful in providing rapid, accurate, and highly con-
venient identification of a diversity of enterococcal species [13–15]. Future improve-
ments of this technique may also become widely available for the rapid and precise 
detection of enterococci directly in clinical samples [16–19].

7.3	 �Clinical Significance and Epidemiology

The enterococci are opportunistic agents of a variety of infections, particularly in 
elderly patients with serious underlying diseases and other immunocompromised 
patients who have been hospitalized for prolonged periods, treated with invasive 
devices, and/or have received broad-spectrum antimicrobial therapy. They most 
commonly cause infections of the urinary tract, bloodstream, endocardium, wounds 
(mostly surgical site, decubitus ulcers, and burn wounds), catheters, and other 
implanted medical devices [2, 20]. They are also frequently associated with intra-
abdominal and pelvic infections. Enterococcal infections of the respiratory tract or 
the central nervous system, as well as otitis, sinusitis, septic arthritis, and 
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endophthalmitis, may occur but are rare. The ubiquitous presence of enterococci, 
however, requires caution in establishing the clinical significance of a particular 
isolate. The gastrointestinal tract is believed to represent the major reservoir for 
enterococcal strains associated with disease; from this location they may migrate to 
cause infections and can also disseminate to other hosts and to the environment 
[3, 21].

The pathogenesis of enterococcal infections is still poorly understood. Several 
potential virulence factors have been identified, although none has been established 
as having a major contribution to enterococcal virulence. Nevertheless, epidemio-
logical studies show the existence of clonal relationships among outbreak isolates 
and support the notion that a subset of virulent lineages are often responsible for the 
infections of epidemic proportions [22–25].

Although the enterococci can cause human infections in the community and in 
healthcare settings, these microorganisms began to be recognized with increasing 
frequency as common causes of healthcare-associated infections (HAIs) in the late 
1970s, paralleling the increasing resistance to most currently used antimicrobial 
agents. As a result, enterococci have emerged as one of the leading therapeutic chal-
lenges when associated with serious or life-threatening infections. The ratios of 
isolation of the different enterococcal species can vary according to each setting and 
can be affected by a number of aspects, including the dissemination of outbreak-
related strains such as VRE. E. faecalis and E. faecium are usually the most com-
mon enterococcal species isolated from human clinical specimens. Historically, 
E. faecalis represented about 80–90% of the clinically significant enterococcal iso-
lates, while E. faecium was found in 5–10% of enterococcal infections. However, a 
trend for a progressive decline in the ratio of E. faecalis to E. faecium is notable, 
particularly among isolates from bloodstream infections [23, 26, 27].

VRE infections are difficult to treat and often appear as part of long-lasting out-
breaks in healthcare institutions, representing considerable challenges for infection 
control. As the occurrence and spread of VRE has reached a more global dimension, 
transmission of these antimicrobial resistant variants became a major public health 
concern worldwide. Although only a small percentage of colonized patients will 
develop serious systemic enterococcal infections, intestinal colonization with VRE 
has been clearly associated with subsequent VRE infections. However, in certain 
specific clinical situations (i.e., liver transplant recipients, patients on chronic hemo-
dialysis, and patients with hematological malignancies) VRE-colonized patients 
appear to be at increased risk for developing serious enterococcal infections [2, 20]. 
This underscores the importance of active surveillance in high-risk patient groups to 
prevent transmission and outbreaks. Therefore, hospitals are encouraged to imple-
ment surveillance programs for VRE detection [2, 20, 28]. In an attempt to over-
come the inherent limitations of the culture-based methods of detection, PCR-based 
methods have been evaluated for direct detection of these microorganisms in clini-
cal and surveillance specimens. Three major systems for molecular detection 
directly in clinical and surveillance specimens are commercially available. They 
are: the LightCycler vanA/vanB detection assay (Roche Molecular Diagnostics, 
Indianapolis, IN), the GenOhm VanR assay (Becton-Dickinson Microbiology 
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Systems, Cockeysville, MD), and the Cepheid Xpert vanA/vanB assay (Cepheid, 
Sunnyvale, CA) [29–31]. They are based on the detection of the genetic determi-
nants (vanA and vanB) associated with the two major types of resistance to vanco-
mycin. Improved molecular detection of VRE over that obtained with conventional 
culture techniques contributes to decreasing the time for detection and potentially 
reduces the risk of VRE transmission, improving patient care and reducing costs for 
healthcare facilities.

7.4	 �Resistance to Antimicrobial Agents

Resistance to several commonly used antimicrobial agents is a remarkable charac-
teristic of most enterococcal species and can be either intrinsic or acquired. The 
occurrence of acquired traits leading to high-level resistance to aminoglycosides 
(HLR-A), and resistance to glycopeptides, especially to vancomycin, is of particular 
clinical significance due to the impact in the treatment of enterococcal infections.

As already mentioned, the isolation of VRE has been continuously reported, 
indicating epidemic proportions in diverse geographic locations. Taking this phe-
nomenon into account, the Centers for Disease Control and Prevention (CDC) has 
recognized VRE as a major threat to public health (https://www.cdc.gov/drugresis-
tance/pdf/ar-threats-2013-508.pdf), and the World Health Organization (WHO) has 
included vancomycin-resistant E. faecium in the list of bacteria with high priority 
for the development of new control strategies (<http://www.who.int/mediacentre/
news/releases/2017/bacteria-antibiotics-needed/en/>).

VRE strains have been classified according to phenotypic and genotypic fea-
tures. Nine types of resistance to glycopeptides have already been described among 
enterococci. Each type is associated with different genetic elements, some of which, 
in turn, can be divided into subtypes. The vanA and vanB are considered the most 
clinically relevant genotypes and are usually associated with E. faecium and E. fae-
calis isolates, while the VanC resistance is an intrinsic characteristic of E. gallina-
rum (vanC1 genotype) and E. casseliflavus (vanC2–- vanC4 genotypes). The 
additional types of glycopeptide resistance, encoded by the vanD, vanE, vanG, and 
vanL-vanN genes, seem to occur rarely among enterococci [4, 32–34].

The development of resistance to several other drugs currently available high-
lights the difficulties faced by clinicians to control certain enterococcal infections 
and requires the use of new or innovative therapeutic approaches that involve both 
old and new antimicrobials [35]. Molecular methods have been designed to detect 
specific antimicrobial resistance genes and have substantially contributed to the 
understanding of the spread of acquired resistance among enterococci, especially 
resistance to vancomycin, as already commented. Considering the high frequency 
and diversity of antimicrobial resistance traits among enterococcal isolates, deter-
mination of the profile of genes associated with resistance to a variety of antimicro-
bials may be used as an additional valuable tool for epidemiology and typing 
purposes.
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7.5	 �Typing Methods

7.5.1	 �Early Typing Methods

Early epidemiological investigations of enterococcal infections were based on phe-
notypic typing methods, including biotyping and antibiotyping, serotyping, bacte-
riocin typing, and bacteriophage typing [1, 36]. Although these approaches have 
occasionally yielded useful information, they frequently fail to adequately discrimi-
nate among enterococcal strains, and therefore, they are of limited value for com-
prehensive epidemiological studies. On the other hand, the use of phenotypic typing 
methods in conjunction with molecular typing approaches may contribute with 
valuable information.

7.5.2	 �Molecular Typing Methods

The introduction of molecular techniques has substantially improved the ability to 
discriminate enterococcal isolates and has provided critical insights into the epide-
miology of the enterococci. By using molecular typing approaches, it was possible 
to demonstrate the exogenous acquisition of enterococcal strains by direct and indi-
rect contact among patients, breaking the traditional conception that enterococcal 
infections were endogenous in nature. Intrahospital transmission and interhospital 
spread have been extensively documented for antimicrobial resistant enterococci, 
especially VRE [1, 22, 37]. In addition to epidemiological investigations, some of 
the molecular typing techniques are now used to trace the dissemination of entero-
cocci in different environments and hosts, phylogenetic relationship, and the evolu-
tion of multidrug-resistant strains, greatly expanding our understanding of 
enterococcal epidemiology, population structure, antimicrobial resistance, and viru-
lence. Emergence and global dispersion of certain epidemic enterococcal clonal 
complexes have been identified [22–25, 37–41].

Several molecular methods have been proposed to type enterococcal isolates as 
previously reviewed [1, 36]. The first molecular techniques developed for typing of 
enterococci were the analysis of plasmids profiles (including both plasmid composi-
tion and restriction endonuclease analysis of specific plasmids) and the restriction 
enzyme analysis (REA) of genomic DNA by conventional electrophoresis. These 
techniques may be helpful in some instances, but problems related to inconsisten-
cies in plasmid yield and to difficulties in accurate interpretation of the electropho-
retic profiles have been encountered with the use of these methods. Multilocus 
enzyme electrophoresis (MLEE), ribotyping, and the polymerase chain reaction 
(PCR)-based typing methods, such as the random amplified polymorphic DNA 
(RAPD-PCR) assay, and the repetitive element sequence (REP)-PCR have also 
been used to investigate the genetic relationship among enterococcal strains. These 
methods also have limitations, such as poor reproducibility and/or high technical 
complexity. DNA sequencing of PCR products and restriction fragment length 
polymorphism (RFLP) analysis of PCR products have been used to trace and 
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determine differences among specific resistance genes in enterococci, therefore rep-
resenting additional tools for typing resistant strains.

A remarkable contribution to the ability to discriminate among enterococcal 
strains was noted with the use of techniques involving the analysis of chromosomal 
DNA restriction endonuclease profiles by pulsed-field gel electrophoresis (PFGE). 
This methodology has been extensively evaluated for epidemiological characteriza-
tion of enterococcal outbreaks, showing improved strain discrimination and allow-
ing the delineation of clonal relationships among enterococcal isolates, identifying 
clusters of strains that predominate among MDR enterococci, mainly strains with 
HLR-A and VRE [1, 37, 42–47]. SmaI is the restriction enzyme more frequently 
used to digest enterococcal DNA, and the usefulness of other enzymes, such as ApaI 
and SfiI, has also been documented [1].

Several protocols for performing PFGE typing of enterococcal strains have been 
published. However, standardized protocols for execution, interpretation, and 
nomenclature of PFGE profiles, as a result of collaborative studies, are still not 
available, making difficult to perform inter-laboratory data exchange and compari-
sons. On the other hand, although PFGE is quite discriminatory, epidemiological 
interpretation of PFGE profiles is not always clear-cut. The occurrence of genetic 
events can be associated with substantial changes in the PFGE profiles, leading to 
problems in clonality assessment [48]. Due to the possibility of such inconsistencies 
in DNA banding patterns of enterococci, PFGE is recommended mostly for the 
purpose of evaluating the genetic relatedness and tracing transmission of strains that 
are associated in time and location, as usefulness for long-term epidemiological 
studies may be limited. The use of PFGE in conjunction with at least one additional 
typing technique, or independent PFGE analysis using different restriction enzymes, 
is highly recommended to help in clarifying epidemiological interpretation. General 
principles proposed for the interpretation of molecular typing data based on frag-
ment differences are usually applied to interpret PFGE profiles obtained for entero-
coccal strain. Well-characterized control strains should be evaluated along with 
unknown isolates. For that purpose, two reference strains, faecalis OG1RF (ATCC® 
47077™) and E. faecium GE1 (ATCC® 51558™), have been proposed [49].

In the context of robust techniques for typing enterococci, multilocus sequence 
typing (MLST) has emerged as a methodology which exhibits a number of advan-
tages for diversity analyses [50, 51]. This technique circumvents the difficulties in 
data exchange between different laboratories by generating information that is suit-
able for the development of web-based databases. MLST is based on identifying 
alleles after sequencing of internal fragments of a number of selected housekeeping 
genes, resulting in a numeric allelic profile. Each profile is assigned a sequence type 
(ST). Internet sites with the possibility for data exchange have been developed, 
which contain MLST protocols for E. faecium (https://pubmlst.org/efaecium/) and 
E. faecalis (https://pubmlst.org/efaecalis/). MLST schemes for these two species 
are based on sequence analysis of seven loci, each one corresponding to a separate 
set of different genes [50, 51]. Examples of application of MLST analysis to type 
enterococcal isolates are shown in Figs. 7.1 and 7.2. Figure 7.1 shows a goeBURST 
diagram a population snapshot of E. faecium sequence types (STs) and clonal 
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complexes (CC) available at the MLST database (as of November 2019). Figure 7.2 
depicts clonal complexes defined by MLST analysis of E. faecalis strains presenting 
HLR-A, isolated from patients in Brazilian hospitals.

MLST is particularly effective in epidemiological evaluations that include long 
periods of analysis in retrospective studies. Analysis of population structure of 
E. faecalis and E. faecium, by using MLST, has been an important tool in epidemio-
logical investigation of highly specialized enterococcal subpopulations adapted to 
the hospital environment. Major clonal complexes (CC) were identified and found 
to be widely distributed, such as CC17 among E. faecium, and CC2 and CC9 among 
E. faecalis [25, 45–47, 52, 53].

Fig. 7.1  Diagram constructed by using the goeBURST algorithm and displayed on PHYLOViZ 
software representing a population snapshot of Enterococcus faecium sequence types (STs) and 
clonal complexes (CC) available at the MLST database (https://pubmlst.org/efaecium/ as of 
November 2019). Each ST is represented as a node colored according to the respective CC. Lines 
connect single locus variants: STs that differ in only one of the seven housekeeping genes
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However, MLST analyses have shown differences in the distribution of E. faeca-
lis and E. faecium clonal complexes. Despite the correlation between certain sub-
populations and the hospital environment for both species, this evidence is more 
strongly significant in E. faecium. The population structure of E. faecalis includes 
CCs that often group hospital and community strains together, suggesting an evolu-
tionary identity among them. On the other hand, considering that both species are 
highly recombinogenic, it has been suggested that, depending on the analytical 
algorithm applied, the definition of CCs may not be precise in indicating the genetic 
relationships of these microorganisms. Analytical methods as eBURST and global 

Fig. 7.2  Circular dendrogram representing clonal complexes defined by MLST analysis of 
Enterococcus faecalis isolates showing high-level resistance to aminoglycosides (HLR-A) 
obtained from healthcare institutions located in Rio de Janeiro, Brazil. The dendrogram was cre-
ated by using the BioNumerics v.7.6 software. Pie charts represent the set of strains that were typed 
as a given ST corresponding to the color in the caption, and the slices indicate the number of 
strains. Each filled circle represent a ST observed in only one strain with the color corresponding 
to the ST in the caption
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optimal eBURST (goeBURST) are widely used to indicate strains relationships. 
The Bayesian Analysis of Population Structure (BAPS), which uses a genetic-
statistical model to partition a set of strains into related groups according to genetic 
recombination and ancestry patterns, has been proposed as a more efficient tool to 
infer phylogenetic arrangements [25, 46, 54].

Overall, PFGE and MLST are still expensive methodologies and often require 
specialized personnel, limiting their use particularly in routine laboratories. Thus, 
the development of methods that allow fast, simple, and reliable characterization of 
microorganisms is still a major goal. Among these, the MALDI-TOF MS technique 
has also emerged as a potential method for molecular typing of several bacterial 
species, including Enterococcus. Despite present limitations, it has been endorsed 
mainly due to the potential to discriminate high-risk VRE strains in the hospital set-
ting [47, 55–57].

Multiple-locus variable-number tandem repeat analysis (MLVA), a method based 
on differences in variable-number of tandem repeats (VNTR) in multiple loci dis-
persed over the genome, can also be considered a lower cost alternative for typing 
enterococci. For each VNTR locus, the number of repeats is determined by PCR 
using primers based on the conserved flanking regions of the tandem repeats. PCR 
products are separated on agarose gels and the band size determines the number of 
repeats. These numbers together result in a MLVA profile and each profile is 
assigned a MLVA type (MT). The MLVA scheme for E. faecium is based on six 
VNTR loci present in noncoding regions. On the other hand, the MLVA typing 
scheme for E. faecalis is based on seven targets obtained from known genes. 
Comparative studies indicate that both MLST and MLVA techniques can achieve 
high degrees of discrimination between isolates and have comparable discrimina-
tory power that appears to be similar to that of PFGE-based typing [37, 45, 51, 
58, 59].

More recently, molecular typing based on whole-genome sequencing (WGS) has 
increased in use for epidemiological analysis, assessing genomic variability of bac-
terial pathogens, including Enterococcus species. WGS analysis of entire genomes 
provides markedly higher resolution than those of other methods, and full genetic 
information can be obtained. Investigations of relatedness can be based on entire 
genome sequences, or, e.g., in silico MLST or various single nucleotide polymor-
phisms (SNPs) analyses can be performed. Typing by WGS usually evaluates the 
bacterial strains diversity considering SNPs in core genome or by the identification 
of unique allelic patterns. Core genome MLST (cgMLST) combines the advantages 
offered by the MLST technique with the great possibility of information generated 
by WGS analysis. In this way, SNPs profiling was shown to be cost-effective and a 
good alternative to conventional MLST in Enterococcus typing. Furthermore, if 
occasionally core genome typing is not enough discriminatory for epidemiological 
purposes, the inclusion of analysis of accessory genes and plasmid sequences cer-
tainly will provide additional data to base molecular typing. Multigenome analyses 
of E. faecalis and E. faecium have demonstrated that both species have an open 
pangenome, indicating that they can efficiently acquire and integrate external DNA 
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into their genetic pool. The acquisition and exchange of moving elements have been 
valued as important attributes to be considered in the analyses of the genomic diver-
sity of these species [52, 53, 60–63]. Extensive use of these more recent molecular 
approachs to type enterococcal isolates from different sources and geographical 
areas will certainly contribute with new insights on the epidemiology of the entero-
cocci and their roles as important opportunistic infectious agents, as well as compo-
nents of human, animal and environmental microbiomas.

7.6	 �Summary

The genus Enterococcus is composed by Gram-positive cocci widely distributed in 
nature, presenting either as harmless commensals or as multifaceted opportunistic 
pathogens recognized among the leading causes of difficult to treat nosocomial 
infections. Over the last decades, they have emerged as medically important multi-
ple antibiotic-resistant pathogens, especially in the context of healthcare-associated 
infections, contributing significantly to patient morbidity and mortality, as well as 
increasing healthcare costs. Several characteristics of the enterococci allow them to 
persist almost everywhere and acquire resistance to multiple antimicrobial drugs, 
thus presenting a considerable challenge for infection control. The introduction of 
molecular typing techniques, including PFGE, MLST, MLVA, and other PCR 
based-methodologies, and, more recently, MALDI-TOF MS and WGS, has sub-
stantially improved the ability to discriminate enterococcal isolates and has pro-
vided critical epidemiology insights. Exogenous acquisition of enterococcal strains 
by direct and indirect contact among patients has been demonstrated, breaking the 
traditional conception that enterococcal infections were endogenous in nature. 
Occurrence and dissemination of successful clonal complexes of antimicrobial-
resistant Enterococcus faecium and Enterococcus faecalis have extensively been 
documented, particularly among VRE isolates. In addition to epidemiological 
investigations of human infections, robust molecular typing techniques are now 
used to trace the dissemination of enterococci in different environments and hosts, 
and the evolution of multidrug-resistant strains, greatly expanding our understand-
ing of enterococcal epidemiology, population structure, antimicrobial resistance 
and virulence.
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8Pseudomonas aeruginosa

Junyan Liu, Ruirui Xu, Zerong Lu, Guangchao Yu, 
and Zhenbo Xu

8.1	 �Phenotyping Methods for P. aeruginosa

Serotyping is based on an agglutination reaction between bacterial lipopolysaccha-
ride (LPS) and type-specific rabbit antisera. In 1983, an International Antigenic 
Typing System (IATS) was developed, establishing the existence of at least 17 
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major heat-stable somatic antigens, and 3 new antigens have been recently added to 
the existing groups. This serotyping scheme characterizes most strains of P. aeruginosa 
possessing smooth LPS, although it shows poor discrimination against rough LPS 
isolates which are common in patients with cystic fibrosis.

Seventy-four isolates from 3 different hospitals and 18 reference strains were 
studied by Hernández et al. [1] Serotyping provided a good index of discrimination, 
although 11 isolates could not be serotyped. Eleven strains (12%) could not be 
assigned to any international serotype and were coded as autoagglutinable (one 
strain), non-agglutinable (three strains), or polyagglutinable (seven strains). The 
discrimination index of serotyping analysis referring to clinical isolates was 0.886. 
Overall, the predominant serotypes were O11 and O1, representing 24% and 19%, 
respectively, of serotypable strains. Three serotypes (O14, O15, and O17) were not 
found among the strains isolated from infected patients. The type strain of P. aeru-
ginosa (NCTC 10332) was serotype O6. No association was observed between the 
strain serotype and the hospital.

Among the strains isolated in the hospital, O11 is the most common serotype. 
Serotyping of 88 non-repetitive clinical isolates is determined by the slide aggluti-
nation technique using specific antisera, polyvalent and monovalent. The results of 
serotyping showed that serotype O11 was the most common (N = 14, P = 16%) 
followed by serotype O7 (N = 11, P = 12.5%) and serotype O2 (N = 10, P = 11.36%) 
[2]. In addition, During December 2013–December 2014, 229 P. aeruginosa were 
isolated from infected patients in the clinics of UCCK from a variety of clinical 
sites. Eighty isolates were studied as primary isolates from the group of infected 
patients. Serotyping resulted in the detection of eight serogroups. The most preva-
lent were O11 (65%) and O1 (17.5%). Other serotypes all with a prevalence of less 
than five were found in 17.5% of isolates: O4, O6, O9 were found in 3 (3.8%) 
samples each, O12 and O3 in 2 (2.57%) samples each, and O7 in 1(1.2%). No other 
serotypes were detected. O11 serotype was distributed in almost all clinics, but it 
was more common in the ICU. A greater diversity of serotypes was observed in the 
Pulmonology clinic where from six samples received during the study, 2 (O1), 
1(O11), 1(O3), 1(O7), and 1(O9) were discovered [3].

Pyocin typing has been used extensively to trace the routes of infections within 
hospitals. Poor reproducibility has been of some, although lesser, concern in the 
case of pyocin typing. In the Gillies and Govan method of pyocin typing for 
P. Aeruginosa, a cross-streaking technique was used, and 105 main types and 25 
subtypes were identified by the patterns of inhibition observed on 13 indicator 
strains [3]. The disadvantages of the technique included the need to remove the test 
strain growth before the application of the indicator strains, the 48-h period needed 
to obtain a result, and the inability to reliably type mucoid P. aeruginosa. The same 
13 indicator strains which are already used internationally have been utilized in a 
revised technique by Janet et al. [4]. Test strains were rapidly applied to the surface 
of agar plates with a multiple inoculator. After incubation for 6 h and exposure to 
chloroform, the indicator strains were applied in agar overlays without prior removal 
of the test strain growth. After 18 h of incubation, the pyocin type was recognized 
by the inhibition of particular indicator strains. Additionally, the activity of 
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particulate (R and F) and nonparticulate (S) pyocins could be distinguished on the 
basis of inhibition zone size, which thus allowed further discrimination. The 
revised technique allows typing within 24 h, increases the number of identifiable 
types, and can be used to type mucoid strains.

One hundred and twelve clinical isolates of P. aeruginosa were determined by 
pyocin typing. Four pyocin types (1, 10, 3, and 5) dominated (respective frequen-
cies: 56%, 15%, 12%, and 6%). The reproducibility of pyocin typing was distinctly 
inferior to both plasmid profiling and serotyping [5]. In addition, the typing method, 
which determined the pyocin activity of clinical isolates of P. aeruginosa on 27 
indicator strains, was 43.7% reproducible, but the elimination of 9 indicator strains 
doubled the reproducibility and yielded more readable pyocin inhibition zones. 
Seventy-eight of 1084 isolates (7.2%) were untypable [6].

8.2	 �Restriction-Based Methods

8.2.1	 �Pulsed-Field Gel Electrophoresis (PFGE)

During the last decade, traditional phenotypic typing methods for epidemiologic 
and outbreak studies have been replaced by molecular methods. Pulsed-field gel 
electrophoresis (PFGE) typing is one of the most useful discriminating methods to 
type Pseudomonas spp. PFGE is considered as the “gold standard” typing method, 
due to its excellent discriminatory power and high epidemiological concordance 
[7]. PFGE is a technique used by scientists to generate a DNA fingerprint for a bac-
terial isolate. As the large DNA particles easily break, also due to their great viscos-
ity, pipetting of them is difficult. For this reason, DNA and microrganisms are 
embedded in agarose gel and affected with restriction endonuclease enzymes.

Macrorestriction analysis by PFGE of DNA was performed according to USA 
Centers for Disease Control and Prevention’s (CDC) highly standardized PFGE 
protocols for Gram-negative rods with some minor modifications [8]. Bacterial sus-
pensions were prepared from individual bacterial colonies directly obtained from 
cultures incubated overnight on Mueller-Hinton agar. The suspensions were adjusted 
to a concentration of 109 CFU/mL, which is equal to 1:1.5 NTU in ethylenediami-
netetraacetic acid (EDTA)-saline buffer (75 mmol/L NaCl and 25 mmol/L EDTA, 
pH 7.5). The cell suspension was mixed with an equal volume of 1% low-melting 
point seaKem Gold Agarose and was allowed to solidify in a 100 μL plug mold. The 
agarose plug was incubated for 24 h at 37 °C in 500 μL of lysis buffer (6 mmol/L 
Tris-HCl (pH 7.6), 0.1 mol/L EDTA, 1 mol/L NaCl, 0.5% Brij®58 (polyoxyethyl-
ene (20) cetyl ether; Sigma), 0.4% sodium deoxycholate, 0.5% sodium lauryl sarco-
sine, and 1 mg/mL lysozyme). Next, the lysis buffer was replaced with 500 μL of 
proteinase K buffer (1% sodium lauryl sarcosine, 0.5  mol/L EDTA (pH  9), and 
proteinase K (50 μg/mL; Sigma)), and this solution was incubated with gentle shak-
ing at 50 °C for 20 h. The plugs were then washed four times for 30 min at 37 °C 
with 10  mL of Tris-EDTA buffer (10  mmol/L Tris-HCl (pH  8) and 1  mmol/L 
EDTA). One-third of a slice of each plug was cut and incubated for 18–20 h with 
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30 U of SpeI in the restriction buffer (Promega Buffer). DNA restriction fragments 
were separated by PFGE by using a CHEF DR III apparatus (Bio-Rad, Richmond, 
CA, USA) at 14 °C, 6 V/cm, for 20 h, with a time switch of 2–40 s. A Salmonella 
serotype Branderup strain (H9812) ladder (Bio-Rad Laboratories) restricted with 
XbaI was used as a universal size marker [9]. The gel was stained with ethidium 
bromide and visualized with the Gel-Doc system (Bio-Rad Laboratories). According 
to the criteria by Tenover et al. [10] isolates were considered to be genetically indis-
tinguishable or identical if the restriction fragments had the same number of bands 
and the corresponding bands were with identical apparent size.

Currently, the SpeI enzyme usually produces 14–25 bands [11, 12] for each 
strain, and up to 37 [13, 14]. Reproducibility using the Spe I enzyme was 100%, and 
typeability ranged between 95 and 100% [13, 15]. In different studies, PFGE-Spe I 
was determined to have DIs between 0.98 and 0.998 [13, 15]. For some strains that 
cannot be typed, most of them are caused by DNA self-degradation. Studies have 
shown that this phenomenon can be eliminated by using HEPES buffer instead of 
Tris or adding 50 mM thiourea to the gel buffer to remove reactive Tris free radicals. 
An epidemiological typing study on the outbreak of P. aeruginosa using PFGE-Spe 
I showed that there are clones where the spatial and temporal distribution of isolates 
does not allow more than three band differences to be obtained in the PFGE files of 
different isolates. The correlation can therefore be suggested for transmission. 
Variations in the four to six bands seem to rule out direct transmission, but it is 
believed that clonal variations that may infect the same lineage [16, 17]. Studies 
have shown that DNA fingerprint variability in P. aeruginosa strains derived from 
macroscopic restriction analysis is usually the result of insertion/deletion rather 
than single nucleotide polymorphism (SNP). During evolution, large DNA frag-
ments (gene islands) can be excised from the P. aeruginosa genome. The differ-
ences between the Spe I PFGE patterns were observed between different strains 
sharing the same SNP profile. This indicates that the core genome of P. aeruginosa 
is highly conserved, and the rate of change in the auxiliary DNA fragments is higher 
than that of the conserved core genome [18].

Between April 2011 and December 2016, samples of lung, liver, and spleen were 
collected from mink with this disease on 11 mink farms in 5 Chinese provinces. 
From these samples, 98 isolates of P. aeruginosa were obtained, which belonged to 
5 serotypes: G (n = 58), I (n = 15), C (n = 8), M (n = 5), and B (n = 2); 10 isolates 
were not typable (10/98). More than 90% of the isolates formed biofilms, and 85% 
produced slime. All 98 isolates were resistant to 10 antibiotics (oxacillin, ampicil-
lin, penicillin G, amoxicillin, ceftriaxone, cefazolin, cefaclor, tilmicosin, tildipiro-
sin, and sulfonamide). However, almost all were susceptible to gentamicin, 
polymyxin B, and amikacin. Fifty-six unique genotypes by PFGE were identified. 
These findings have revealed genetic diversity and high antimicrobial resistance in 
P. aeruginosa isolated from mink with hemorrhagic pneumonia and will facilitate 
the prevention and control of this disease [19].

PFGE has been used as a molecular typing method in many studies to study 
multidrug resistance P. aeruginosa carrying multiple resistance determinants such 
as metal b-lactamases (MBL) or broad-spectrum b-lactamases (ESBLs) Clusters. A 
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molecular epidemiological examination in 2005 showed that hospitals in three dif-
ferent towns in northwestern Hungary were involved in an outbreak caused by 
multi-drug-resistant O11 VIM-4 MBL P. aeruginosa [20]. PFGE is performed 
according to the method described by Poh et al. After some modifications [21, 22], 
the genomic DNA insert was digested with 20 U Spe I enzyme at 37 °C for 2.5 h. 
Electrophoresis was performed in CHEF-DRII equipment (Bio-Rad). The DNA fin-
gerprints were compared by Fingerprinting II Informatix software (Bio-Rad). The 
criticality of the PFGE genotype identified by using 1% band position tolerance and 
Dice coefficient was 80%. PFGE-Spe I analysis showed that isolates of the outbreak 
clones were obtained from three different intensive care units (ICU) in three differ-
ent towns within 6 months, and showed ≥95% similarity by Dice coefficient. A 
VIM-4-producing P. aeruginosa carrier patient transferred between the two ICUs 
was also found to provide an epidemiological link between the two. The VIM-4 
positive isolate from Huihui is an outbreak clone, indicating that the outbreak may 
play a depot role in the hospital environment in addition to spreading between 
patients.

The protocols have been established for clinical isolates, where high typeability 
and discriminatory power was achieved. The literature about PFGE-typing of envi-
ronmental isolates is very limited and the method was applied in a very low number 
of isolates derived mainly from nosocomial environments, where the typeability 
and discriminatory power of the method could not be evaluated. The importance of 
typing P. aeruginosa isolates deriving from water and wastewater samples is crucial 
for public health reasons; P. aeruginosa in bottled water can be considered a risk to 
profoundly immunocompromised patients. According to European regulations 
(C. D. 98/83/EC), P. aeruginosa should be absent in potable water. Moreover, the 
choice of pool and spa waters for medical use is increasing. A number of recent 
studies emphasize the high prevalence of P. aeruginosa in hospital water facilities 
resulting in outbreaks. Epidemiological investigation to determine the source of an 
outbreak requires fast and reliable methods [23–25].

Studies have shown that PFGE is very effective in typing P. aeruginosa and has 
a high degree of discrimination. However, this method has the characteristics of 
high labor intensity, time consumption, and high cost. In addition, due to the lack of 
a widely accepted standard protocol for P. aeruginosa typing, results from different 
laboratories are not easy to compare [26, 27].

8.2.2	 �Restriction Fragment Length Polymorphism (RFLP)

This was the first methodto be widely used for typing strains of P. aeruginosa from 
patients with CF. Genomic DNA is extracted from the bacterium of interest, digested 
with one of several restriction enzymes, and the DNA fragments are then separated 
by electrophoresis. A radiolabelled probe, directed to a specific portion of the bacte-
rial genome, is then added, and a hybridization reaction is carried out. The most 
discriminatory probes are those which react with a hypervariable portion of the 
bacterial genome. Generally, the genomic DNA of P. aeruginosa is digested with 
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two or three restriction enzymes. The obtained DNA digest is then separated by 
electrophoresis, transferred to a membrane and then hybridized with a radiolabeled 
probe (exoA). Obtain the size and number of different DNA genomic fragments, and 
then create fingerprints for different strains. Using Bgl II, Sal I and Xho I restriction 
enzymes to classify RFLP-exoA has a discrimination ability (DI) of 0.97, which can 
distinguish different strains. However, about 5% of the strains cannot achieve the 
purpose of typing because they do not contain exoA. Iisolates with different LPS 
serotypes and biotypes showed the same RFLP pattern, indicating that the pheno-
typic variation of P. aeruginosa is not necessarily the result of genetic heterogene-
ity. On the other hand, RFLP-exoA assigns serotypes, biotypes, and anti-bioGram 
indistinguishable isolates from unrelated patients as different types [26].

Although the type of exoA can also indicate the clonal relevance of the strain, the 
technique is proposed to distinguish infections caused by variants of the same clonal 
lineage, which persist in different geographic locations [17, 28]. At present, RFLP 
typing has been replaced by pulsed-field gel electrophoresis and random amplified 
of polymorphic DNA.

8.2.3	 �Ribotyping

Ribosomal RNA genes are the most conservative, and there are multiple copies on 
the genome. Using rRNA gene fragments as probes, the differences in the position 
and number of rRNA genes were detected, and the strains were typed. Generally, 
DNA restriction fragments are separated by gel electrophoresis, transferred to a 
membrane, and the conserved region of the rRNA gene is incubated with the probe. 
Ribotyping of P. aeruginosa uses Pvu II restriction endonucleases and rDNA gene 
probes with low discrimination. Pitt and his colleagues first studied the multi-
resistant P. aeruginosa strain 012 from Europe using ribotyping. Their results are 
consistent with outer membrane protein electrophoresis, LPS analysis, and esterase 
typing results, indicating that the common origin of these strains implies the com-
mon origin of these strains [17, 29, 30].

In addition, when Pvu II enzyme and RiboPrinter are used together, DI values 
can reach 0.88 and 0.93 [31, 32]. The RiboPrinter™ microbial identification system 
(E.I. duPont de Nemours and Company) is an automated ribotyping system widely 
used in the past two decades. This method standardizes the technical and interpre-
tive aspects of the program and also uses computer databases to compare products 
from a large number of isolates. Pvu II was selected for the analysis of P. aeruginosa 
isolates by automated ribotyping in a molecular surveillance study of European 
quinolone-resistant clinical isolates of P. aeruginosa using the RiboPrinter system 
[33]. The automated ribotyping method has excellent repeatability, Typeability, and 
high capacity. This method seems to be a convenient way to quickly identify and 
compare bacterial clones that are ubiquitous in distant geographic areas and 
time points.

Automated ribotyping was used to investigate the clonal diversity of the 56 
P. aeruginosa isolates. The 56 clinical isolates of P. aeruginosa from 44 patients 
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warded in the intensive care unit were obtained from Aga Khan Hospital from 
March 1998 to March 2001. Automated ribotyping indicated that the clinical iso-
lates were clonally related and could be clustered into four major ribogroups based 
on their similarity index, with ribogroup II being the dominant one. The P. aerugi-
nosa isolates in ribogroup II were correlated with their antibiotic resistance pattern, 
and interestingly, there seemed to be a gradual acquisition of multiple antibiotic 
resistance associated with the isolates within this group over time [34].

The ribotyping method has low discrimination. Seventy-eight confirmed nosoco-
mial Pseudomonus aeroginosa out of 1520 different sample (nosocomial infections 
& environmental samples) were collected during a period of 1  year. Six typing 
methods were evaluated, utilizing the confirmed 78 Pseudomonas strains, to assess 
their usefulness as tools to study the bacterial diversity. The methods used were 
antibiogram, pyocin typing, serotyping, extracellular enzyme typing, automated 
ribotyping, and PFGE. PFGE yielded 56 distinct types of P. aeruginosa with 100% 
distinction capacity (78/78) as all the strains were typable. Compared to PFGE, the 
distinctive capacities were 88.5% (69/78) for serotyping, 91% (71/78) for pyocin 
typing and 100% (78/78) for automated ribotyping analysis. The results obtained in 
PFGE were the easiest to read and interpret and most discriminating (0.99), fol-
lowed by the pyocin typing (0.96), whereas ribotyping had (0.90) discriminatory 
power [35].

8.3	 �Amplified-Based Methods

8.3.1	 �Random Amplified of Polymorphic DNA (RAPD)

The random amplified polymorphic DNA genotyping (RAPD) technology gener-
ated by the random primer polymerase chain reaction was established in 1990 by 
Welsh et al. This technology uses short arbitrary sequence primers to perform PCR 
under non-strict conditions. As a result, many sites of genomic DNA were amplified 
simultaneously. Because the stringency of the annealing reaction is reduced, a sin-
gle primer can be used for amplification simultaneously. The same primer can per-
form extension reactions at many sites on the template DNA.  The length 
polymorphism of multiple sites can be detected by the presence or absence of bands 
at different migration positions in the gel. Using RAPD technology for nucleic acid 
analysis of P. aeruginosa can not only be used for genetics and epidemiology of 
P. aeruginosa.

Crude bacterial lysates were prepared by suspending a 1 μl loopful of bacteria in 
20 μl of 50 mM NaOH-0.25% sodium dodecyl sulfate (SDS) and heating for 15 min 
at 95 °C. Lysates were diluted with 980 μl of water, and 2.5 μl was used for ampli-
fication in a 25 μL PCR mixture. PCR tubes further contained 0.5 U of DNA poly-
merase, a 400  μM concentration of each deoxynucleoside triphosphate, primer, 
reaction buffer, and 2.5 mM MgCl2. Amplification was performed with annealing at 
52 °C, extension at 72 °C, and melting at 97 °C. The PCR products were mixed with 
2.5 μl of gel loading buffer and electrophoresed on 2% agarose gel 1.0XTAE buffer 
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(TrisAcetate-EDTA) at 100 V for 2 h. Molecular size markers used were a 100 bp 
ladder. Isolates from each patient typed by RAPD analysis in a single PCR run were 
analyzed by photographing the gels and marking the position of the bands in order 
to facilitate the comparison of strains between patients. Strain differentiation was 
done by observing readily discernible band patterns. In most protocols, at least in 
the first few cycles of PCR, a lower annealing temperature is used, which allows 
imperfect hybridization at multiple random locations on the chromosome to amplify 
its random fragments. The PCR products were separated by agarose gel electropho-
resis, stained, and analyzed by visual inspection or by calculation methods. 
Compared with PFGE and several other molecular typing technologies in many 
laboratories, this method is simpler, faster, lower cost, and more labor intensive.

RAPD typing was performed on 200 strains of P. aeruginosa by using 10 nucleo-
tide primers. The results showed that the typeability was 100% and the intralabora-
tory reproducibility was 98.5% [36]. However, due to most aspects of the PCR 
program, including the temperature profile and source, and the small differences in 
different batches of Taq polymerase, it is possible to affect the repeatability of the 
band diagram. In different laboratories, the band patterns observed for the same 
P. aeruginosa isolates typed by the same RAPD method may show large differ-
ences. Under the same conditions, equipment and the same operator, the measure-
ment is repeated, and the measurement is performed regularly rather than 
sporadically. The RAPD band pattern has the highest repeatability. Therefore, 
RAPD can only be used for laboratory comparison of P. aeruginosa strain collec-
tion [37].

Ten to twenty-five bands of 200–3000 bp for the P. aeruginosa isolates were 
obtained when applying the method evaluated by Campbell and colleagues by the 
use of the 10-nucleotide primer 208, an Invitrogen Taq polymerase and 40 ng puri-
fied genomic DNA. The concentration of genomic DNA will not interfere with the 
experimental results, but the use of different Taq polymerases has a great influence 
on the quantity and intensity of PCR products. Among the types of Taq enzymes 
used, Invitrogen Taq polymerase obtains the best results (i.e., the maximum number 
and intensity of bands) [36, 38].

The RAPD classification can be assisted by using software. In a typing study on 
MDR P. aeruginosa clinical isolates in Hungary and other European countries, it 
was found that the epidemiologically related P. aeruginosa isolates showed genetic 
similarity>90%. MLST results show that gifts with more than 80% similarity belong 
to the same clonal complex. Although MLST type and RAPD type of P. aeruginosa 
are in correspondence, the genetic similarity is less than 80% [39, 40].

In the molecular epidemiology and colonization of P. aeruginosa in the burn 
department of Shahid Motahari Hospital in Tehran, Iran, RFLP and RAPD analy-
sess were used to study 127 clinical and two environmental collected from January 
2008 to June 2008. In RFLP, the PCR product of the 16S rRNA gene was restriction 
enzymes Alu I, Hae III, and Rsa I, and the resulting fragments were analyzed by 
agarose electrophoresis. Molecular typing by RFLP did not show discrimination 
against P. aeruginosa isolates, but RAPD-PCR showed eight different geno-
types designated RAPD1 to RAPD8 in clinical and environmental isolates. RAPD1 
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is the main genotype of clinical (n = 64, 50.4%) and environmental isolates (n = 1, 
50%). The results show that RAPD may have better typing and discriminating abil-
ity than RFLP in studying P. aeruginosa [41].

Due to the simplicity and high speed of RAPD, it can be used as the first screen-
ing for P. aeruginosa epidemic typing. Through RAPD screening, clonal relevance 
can be determined at a relatively low cost within 24 h.

8.3.2	 �Amplified Fragment Length Polymorphisms (AFLP)

AFLP is known as the third-generation molecular labeling technology after RFLP, 
RAPD, etc. The principle is to cut genomic DNA with two or more restriction 
enzymes to produce sticky ends to form restriction fragments of different sizes, and 
then connect the artificial short double junction to the stickiness of these fragments. 
At the end, a pre-amplification reaction and a selective amplification reaction are 
performed using the specific fragment with a linker as a template. The linker and 
several adjacent base sequences serve as the binding sites of the primer. Finally, 
only the digested fragments paired with the selected base can be amplified to achieve 
specific amplification [44]. AFLP analysis is a selective restriction fragment ampli-
fication technique in which adaptors are ligated to genomic restriction fragments, 
and then these fragments are PCR amplified using adaptor-specific primers. For 
AFLP analysis, only a limited amount of purified genomic DNA (50–100 ng) is 
required. Digested with two restriction enzymes, one has an average cutting fre-
quency (such as Eco RI) and the other has a higher cutting frequency (such as 
MseI). After adaptor ligation and PCR amplification, a polyacrylamide gel electro-
phoresis of the PCR product can obtain a pattern of usually 40–200 bands [42].

The genotypic relatedness was assessed by using AFLP fingerprinting. Sixty-six 
P. aeruginosa isolates were obtained from sputa/deep-pharyngeal swabs from 27 
CF patients belonging to 17 families. Twenty-three distinct genotypes of P. aerugi-
nosa were identified. Eleven families each had one distinct genotype. In the other 
six families more than one genotype was observed; three families each showed two 
genotypes, two families each had three genotypes, and one family had four geno-
types of P. aeruginosa. In several cases, siblings with CF from the same family 
harbored the same strain of P. aeruginosa, which were different from the genotypes 
in other families. On the other hand, there was an overlap in P. aeruginosa between 
closely related families. Some patients show persistent colonization with the same 
genotype of P. aeruginosa over the longitudinal period. The presence of the same 
genotypes in the siblings of the same family and closely related families suggests 
cross-transmission of P. aeruginosa or acquisition from common environmental 
exposure [43].

A comparative study of PFGE and AFLP methods on 22 P. aeruginosa isolates 
shows that AFLP has 100% typability, DI value is 0.97, and PFGE is 0.96. In this 
study, Eco RI and Mse I restriction enzymes were used in AFLP, and clusters of 
P. aeruginosa isolates related to epidemiology have a similar PFGE pattern, show-
ing>90% identity source. On the other hand, using GelCompar software to assist in 
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fluorescence-labeled AFLP fingerprint analysis, PFGE with more than six epide-
miologically unrelated strains with differences showed less than 90% homol-
ogy [44].

8.3.3	 �Multilocus Variable-Number Tandem Repeat (VNTR) 
Analysis (MLVA)

The MLVA technique has been developed to typing bacteria such as Salmonella, 
Listeria monocytogenes, and Escherichia coli [45]. The basis of the MLVA tech-
nique is the identification of the variable number tandem repeat (VNTRs) in specific 
locuses on the genome of microorganisms [46]. In the MLVA technique after select-
ing the desired locus and designing the primer for them and extracting the desired 
strains DNA, the proliferation of the sequences containing the VNTR is performed 
by PCR. The product obtained from PCR is sequenced and the number of replicates 
is calculated. Vergnaud and colleagues developed the MLVA protocol for P. aerugi-
nosa, which was subsequently improved by adding new epidemiological informa-
tion markers. The MLVA scheme involves 15 loci with repeated tandem sequences 
(VNTR). The MLVA genotype of the P. aeruginosa isolate (MLVA15) with 15 
VNTRs is expressed as an allele, showing the number of repeats for each analyzed 
VNTR. When a difference is observed on any of the 15 VNTRs, a new genotype 
number will be given. Pedigree is defined as a group of isolates with up to two dif-
ferent genotypes (VNTR). The total diversity index of 15 markers calculated from 
190 isolates was 0.97. For a simpler and more reliable MLVA scheme, when only 
microsatellites ms142, ms211, ms212, ms213, ms214, ms215, ms216, ms217, 
ms222, and ms223 participate in the analysis, the number of characteristic VNTRs 
can be reduced to 10 [47, 48].

In the genetic typing for the number of bacterial strains isolated from patients 
using MLVA technique [49]. Seventy samples from different strains of P. aerugi-
nosa were isolated from a wide range of patients, including those admitted to the 
ICU and CCU units to outpatients. Although these strains were similar in nature to 
the biochemical characteristics and analyzes, 39 strains were classified in the MLVA 
analysis. This number of strains obtained from P. aeruginosa strains indicates the 
high accuracy of this method in differentiating the differences in these strains. These 
differences, which led to the creation of different types in the MLVA method, 
showed that they were not detectable by conventional biochemical methods. Urinary 
tract infections (UTIs) are one of the three most common causes in the community, 
especially at the hospital level. Urinary tract infection caused by pathogenic bacte-
ria after respiratory infection is the most common type of infection in patients 
admitted to different parts of hospitals [50]. Patients with UTI are very diverse, and 
a wide range of bacterial strains have been identified and reported for different char-
acteristics and pathogens [51, 52]. Due to the high variation in the pathogenic strains 
that come from patients from different parts of the world, which often carry antibi-
otic resistance genes, researchers are seeking more practical and precise solutions to 
differentiate these close to each other strains. As most diagnostic methods require 
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high volume of clinical specimens, and are time consuming and not cost effective, 
techniques such as MLVA, have become more common to therapists. In recent 
years, MLVA-based typing, in which isolates are evaluated by the number of repli-
cates in several genetic regions, for a number of important bacteria such as Bacillus 
anthraise, Staphylococcus aureus, Enterococcus faecium, Haemophilus influenzae, 
Bordetella pertosis, and many others has been used [53].

MLVA was used to investigate the source of P. aeruginosa infection in a pediatric 
CF center in Paris, France. Between January 2004 and December 2006, P. aerugi-
nosa was detected in 46 children, 17 of whom had primary colonization. A total of 
163 strains were recovered. After genotyping 15 VNTRs, a total of 39 lineages were 
observed, consisting of indistinguishable or closely related isolates. One of them 
corresponds to “Clone C,” which is widely distributed in Europe. This shows that 
the MLVA genotype of P. aeruginosa strains recovered from individual patients 
proved to be stable over time, except for the occasional insertion of IS elements and 
the addition or deletion of repeated sequences in a single VNTR [47].

During 2004–2008, researchers collected 81 non-repetitive P. aeruginosa in two 
universities and two hospitals in Bulgaria. Determine the 100% repeatability and 
97.5% typability of the MLVA scheme. In order to study the difference between 
MLVA, MLST, and PFGE in the classification of P. aeruginosa, 32 strains from 
sputum samples from CF patients in the Netherlands were typed using three meth-
ods. Only 9 of the first 15 VNTRs were analyzed. The DI of PFGE, MLVA, and 
MLST are 0.988, 0.980, and 0.952, respectively, with overlapping confidence inter-
vals of 95%. There is a high degree of consistency between the three methods at the 
cloning cluster level. The authors underscored the advantages of MLVA and MLST 
in their portability and ease of interpretation, and a further advantage of MLVA over 
MLST was also highlighted in being more cost effective as it does not require 
sequencing [54]. However, Johansson et al. analyzed 232 isolates of P. aeruginosa 
isolated from cystic fibrosis patients by both methods. In this comparative study, 
91% of the results were similar to each other. However, they emphasized that, 
despite the expensive and time-consuming PFGE, its accuracy is higher than that of 
MLVA [55].

Seventy P. aeruginosa isolates were collected from different hospitals located in 
Tehran city in 2018. After the amplification of the genes by PCR, electrophoresis on 
the agarose gel was performed for the products of each of the eight genes. The 
bonds produced on the gels representing the size of each of the sequences were 
analyzed by Gene Tools software by comparison with the 100 bp size marker (ZR 
100 bp DNA Marker ™). After sequencing and examining the frequency of repeti-
tions in 70 strains, 39 types were obtained. In the phylogeny tree, the relationship 
between different strains was based on the similarity in their repetitions in a branch. 
The length of each branch also shows the difference in the number of repetitions in 
different branches [56]. The MST (minimum spanning tree) pattern derived from 
the MLVA analysis for the desired strains. Seventy strains classified into 39 types 
are presented as a clone based on the number of strains that were categorized. In 
total, the MST pattern obtained in this study consists of 11 clonal complexes (CC). 
This concept is based on the relationship between the numbers of repetitions that 
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have been considered as comparisons in each category. The distance between each 
CC represents markers that are common in each clone. And, if the similarity between 
the indices was more, the distance between the clones is closer to each other. The 
MST pattern usually gives us a better understanding of the typing of strains that 
cause the creation of a common attribute, because it indicates the differences and 
common indicators as clonal complex simultaneously [57].

The potential disadvantage of the MLVA method is that even with a fluorescence 
detection system, it is difficult to accurately determine the size of the fragment 
because it depends on the mobility and the sequence composition. In addition, the 
evolution of repeated DNA sequences may be too fast, compromising epidemiologi-
cal consistency. Although this method has rarely been used for epidemiological 
studies so far, MLVA may become a more widely used typing technology for 
P. aeruginosa in the future, especially if portable typing data is required between 
laboratories or intercontinental in regional or international studies [54].

8.4	 �Sequencing-Based Method

8.4.1	 �Multilocus Sequence Typing (MLST)

Multilocus sequence typing (MLST) is a strain-typing system that focuses exclu-
sively on conserved housekeeping genes [58]. Though pulsed-field gel electropho-
resis (PFGE) possesses higher discriminatory power, the lack of a universal standard 
and portability makes MLST more ideal for comparative analysis of strain types 
regardless of region or source. Moreover, in a comparative study of molecular tech-
niques for typing P. aeruginosa, MLST had the greatest predictive value (100%) in 
labeling strains as unique [59]. The standardization of MLST has given rise to data-
bases that enable comparative analysis of allele sequences and identification of 
unique sequence types.

The seven genes acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE were selected 
according to the MLST scheme for P. aeruginosa created by Curran et al. [60]. The 
loci were originally chosen based upon biological role (e.g., a range of differing 
central housekeeping roles including mismatch repair, DNA replication, and amino 
acid biosynthesis), size (>600 bp), location (i.e., a minimum of 6 kbp upstream or 
downstream from known virulence factors, lysogenic phage, or insertion sequence 
elements), and suitability for nested primer design and sequence diversity.

During the PCR amplification of the target sequence, some P. aeruginosa iso-
lates may require some modifications to the PCR program. These modifications 
include the addition of pure dimethyl sulfoxide at a concentration of 5 ml per 100 ml 
of the PCR master mix and increasing the annealing temperature from 55  °C to 
58 °C [37]. In addition, in some cases, in order to generate clear and unambiguous 
DNA sequence data to search in the MLST database, it is also possible to perform 
additional sequencing reactions on the purified PCR fragments using amplification 
primers. The polymerase chain reaction products were sequenced and submitted to 
the P. aeruginosa MLST database (https://pubmlst.org/paeruginosa/) for the 
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assignment of allelic numbers. Each isolate was then assigned a sequence type (ST) 
based on the combination of seven allelic numbers. Isolates with the same ST are 
considered as members of the same clone. Up to now, there are 3391 ST types in the 
database.

A comparative typing study of 90 P. aeruginosa isolates obtained from swab 
cultures around the rectum in patients in the intensive care unit showed that SpeI 
digestion of the 90 P. aeruginosa isolates from different patients identified 85 
unique patterns and MLST revealed 60 different STs. Among the 60 STs, 36 were 
not previously submitted to the P. aeruginosa database. Although both PFGE and 
MLST have a high discriminating ability (DI values ​of 0.999 and 0.975, respec-
tively), PFGE has greater discriminating power than MLST [61]. Because the 
results of MLST are highly reproducible and easy to compare between different 
laboratories, the interpretation of the data is clear, and it is used to determine the 
cloning relationship between bacterial strains that differ greatly in time and geogra-
phy and genetic diversity is particularly useful. Therefore, MLST is a key epidemio-
logical tool for studying regional and global epidemiology of multidrug-resistant 
P. aeruginosa. Studies have shown that P. aeruginosa, which is popular in Europe 
when carrying blaVIM MBL and blaPER-1 ESBL, mainly contains two clonal com-
plexes of serotype O11 and O12 isolates [39, 62–64].

In order to identify the major multidrug-resistant hospital clones of P. aerugi-
nosa, many molecular typing studies were conducted at the National Epidemiology 
Center in Budapest, Hungary. The research object was a total of 1500 strains of 
P. aeruginosa between 2003 and 2008. The clinical isolates were screened for MBL 
and ESBL production. The selected isolates were also used for the overexpression 
of AmpC b-lactamase and the presence of aminoglycoside resistance determinants 
carried by integrins. A variety of typing methods have been performed on the repre-
sentative MDR P. aeruginosa, including serotyping, RAPD and MLST. The results 
of the study indicate the key role of four different P. aeruginosa clonal complexes 
(as determined by MLST) in the emergence of MDR isolates. These four clonal 
complexes also seem to have a wide geographical distribution outside Hungary, but 
the acquired resistance determinants may show a high degree of variability among 
isolates from different geographic sources [39, 40, 64, 65]. The first complex (CC4) 
is characterized by a serotype of O12 and the founder sequence type ST111, which 
corresponds to the major multi-resistant P12 clone in Europe. In addition, some 
isolates of this clonal complex in Hungary are associated with the spread of VIM-4 
MBL. The second complex (CC11) is characterized by serotype O11 (the founder 
sequence type ST235) and contributes to the spread of VIM-4 MBL and PER-1 
ESBL. The remaining two clonal complexes distributed throughout the country are 
characterized by serotypes of O4 and O6, sequence types of ST175 and ST395, and 
contain isolates that overproduce the chromosomal AmpC b-lactamase and carry 
Integra aadB (aminoglycoside 2′-O-adenylate transferase) gene. In addition, observ-
ing the changes based on the resistance gene complexes CC4 and CC11 carried in 
different countries and hospitals, multiple independent concepts have proposed the 
acquisition of these two resistance factors of these two universal clones of P. 
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aeruginosa, which seem to be particularly adept at acquiring resistance determi-
nants that result in an MDR phenotype [37, 39, 66, 67].

One hundred and sixty P. aeruginosa strains were isolated from a hospital in 
China. Multilocus sequence typing analysis demonstrated that these isolates were 
highly diverse; 68 sequence types were identified, of which 28 were novel sequence 
types. Polygenic and eBURST analysis demonstrated genetically similar clones 
with dissimilar resistance profiles. The results showed that 68 STs were segregated 
into 11 CCs because of the sequence identity among five or more alleles. The largest 
CC consisted of eight STs (ST2378, ST2372, ST274, ST2383, ST2370, ST2373, 
ST2405, and ST209, with ST209 being the primary founder). The second CC con-
sisted of four STs (ST244, ST2374, ST2371, and ST597, with ST597 being the 
primary founder). The nine other groups contained two or three STs. Twenty-six 
STs were classified as singletons. The MLST tree revealed a high genetic diversity 
in those isolates. The analysis revealed a weak bootstrapping value, especially in 
major branches. The phylogenetic tree shows that ST2378, ST2372, ST274, 
ST2383, ST2370, ST2373, ST2405, and ST209 were clustered together. Several 
close clusters were identified; these were also previously obtained by the eBURST 
algorithm. In addition, the results showed that the MLST STs and antimicrobial 
resistance profiles were not correlated in this study. Isolates with the same ST did 
not show a unique resistance profile pattern. This demonstrated that there is no 
definitive link between the ST of isolates and their resistance to these 14 antimicro-
bial agents. Mapping of resistance profile data onto the eBURST analysis data and 
the phylogenetic tree revealed the following: (1) the most similar resistance profiles 
did not cluster together and (2) isolates with the same STs did not share similar 
resistance phenotypes. Taken together, this shows that these strains displayed a rela-
tively high degree of genetic variability, demonstrating that antibiotic resistance was 
most likely determined by individual genetic combinations.

A total of 2818 P. aeruginosa isolates were collected in 2010 from 65 hospitals 
in 22 regions of China. Susceptibilities to 16 antimicrobial agents were evaluated by 
the disk diffusion method. Since carbapenems and ceftazidime are currently the 
most widely used effective anti-Pseudomonas drugs, we selected 896 imipenem-, 
meropenem-, or ceftazidime-nonsusceptible isolates for a further MLST study to 
investigate the clonal relationships among drug-nonsusceptible isolates. Of the 896 
isolates, 632 belonged to 116 known STs, 201 demonstrated 104 new STs (new 
combinations of known alleles), and 63 others belonged to 34 new STs (STs contain 
novel alleles of certain genes). The regional distribution of the top 10 STs revealed 
the geographic dispersion of STs. The five of the top 10 STs were distributed in 
more than 10 regions. ST274, ST244, ST235, ST277, and ST357 were found in 16, 
13, 11, 10, and 10 regions, respectively. This suggested that they were more com-
mon in China. To investigate the clonal relationships of 896 isolates, BioNumerics 
was used to create a minimum spanning tree and cluster STs into CCs. Although the 
whole population was nonclonal, there were several large CCs, which meant that the 
population was partially clonal, and some of those CCs contained globally spread 
STs and were related to local outbreaks of P. aeruginosa infections, such as ST235, 
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ST244, ST357, etc. Spain reported two outbreaks of P. aeruginosa in 2007 and 
2008, one of which was caused by ST235 in a hematology department. South Korea 
also reported the dissemination of multidrug-resistant P. aeruginosa belonging to 
ST235 [68]. ST244 and ST235 were responsible for an outbreak of infections with 
P. aeruginosa that carried the PER-1 β-lactamase in Poland [69]. ST357 producing 
the IMP-7 metallo-β-lactamase has been reported in Singapore, and it also spread in 
the Czech-Polish border region [70]. In addition, the relatedness between STs and 
numbers of isolates was evaluated by generating a correlation curve. A marked lin-
ear relationship between ST categories and numbers of isolates was observed in the 
correlation curve, which meant that the number of ST categories increased with the 
addition of isolates.

To investigate the drug resistance and genetic background of P. aeruginosa at 
Shaanxi Provincial People’s Hospital between July 2016 and January 2017. Sixty-
eight STs were segregated into 11 CCs because of the sequence identity among five 
or more alleles. The largest CC consisted of eight STs (ST2378, ST2372, ST274, 
ST2383, ST2370, ST2373, ST2405, and ST209, with ST209 being the primary 
founder). The second CC consisted of four STs (ST244, ST2374, ST2371, and 
ST597, with ST597 being the primary founder). The nine other groups contained 
two or three STs. Twenty-six STs were classified as singletons. The MLST tree 
revealed a high genetic diversity in those isolates. The analysis revealed a weak 
bootstrapping value, especially in major branches. The phylogenetic tree shows that 
ST2378, ST2372, ST274, ST2383, ST2370, ST2373, ST2405, and ST209 were 
clustered together. Several close clusters were identified; these were also previously 
obtained by the eBURST algorithm. In addition, the results showed that the MLST 
STs and antimicrobial resistance profiles were not correlated in this study. Isolates 
with the same ST did not show a unique resistance profile pattern. This demon-
strated that there is no definitive link between the ST of isolates and their resistance 
to these 14 antimicrobial agents. Mapping of resistance profile data onto the 
eBURST analysis data and the phylogenetic tree revealed that the most similar 
resistance profiles did not cluster together and isolates with the same STs did not 
share similar resistance phenotypes. In conclusion, this shows that these strains dis-
played a relatively high degree of genetic variability, demonstrating that antibiotic 
resistance was most likely determined by individual genetic combinations [63, 71].

8.4.2	 �Double-Locus Sequence Typing (DLST)

It has recently been shown in Staphylococcus aureus that, by sequencing small 
regions (ca. 500 bp) of only two highly variable loci (double-locus sequence typing, 
DLST), it is possible to investigate the epidemiology of this pathogen [72–74]. 
Similar to other sequence-based methods, it gave unambiguous definition of types, 
allowing inter-laboratory comparisons and high reproducibility. Moreover, the pos-
sibility to work with batches of 96 isolates allowed a reduction of costs and working 
time. Consequently, this method can be easily incorporated into long-term routine 

8  Pseudomonas aeruginosa



162

surveillance programs. An efficient sequence-based typing scheme similar to the 
DLST scheme of S. aureus to investigate the local epidemiology of P. aeruginosa 
was set up by Basset et al. in 2013.

To identify potentially highly variable loci in the P. aeruginosa genome, eleven 
loci (ms142, ms172, ms173, ms194, ms207, ms214, ms215, ms217, ms222, ms223, 
oprD) were tested on a subset of isolates. Among these, only three loci (i.e., ms172, 
ms217, oprD) showed a product size that was larger than 300 bp for all isolates. 
Therefore, only these loci were selected for further analyses.

Single-strand sequencing of three highly variable loci (ms172, ms217, and oprD) 
was performed on a collection of 282 isolates recovered between 1994 and 2007 
(from patients and the environment). As expected, the resolution of each locus alone 
(number of types (NT) = 35–64; index of discrimination (ID) = 0.816–0.964) was 
lower than the combination of two loci (NT = 78–97; ID = 0.966–0.971). As each 
pairwise combination of loci gave similar results, the most robust combination with 
ms172 [reverse; R] and ms217 [R] to constitute the double-locus sequence typing 
(DLST) scheme for P. aeruginosa was selected. This combination gave: (i) a com-
plete genotype for 276/282 isolates (typability of 98%), (ii) 86 different types, and 
(iii) an ID of 0.968. Analysis of multiple isolates from the same patients or taps 
showed that DLST genotypes are generally stable over a period of several months. 
The high typability, discriminatory power, and ease of use of the proposed DLST 
scheme make it a method of choice for local epidemiological analyses of P. aerugi-
nosa. Moreover, an Internet database (http://www.dlst.org) was developed to give 
an unambiguous definition of DLST types.

Reliable molecular typing methods are necessary to investigate the epidemiology 
of bacterial pathogens. Reference methods such as MLST and PFGE are costly and 
time-consuming. Cholley et al. compared the DLST method for P. aeruginosa to 
MLST and PFGE on a collection of 281 isolates. DLST was as discriminatory as 
MLST and was able to recognize “high-risk” epidemic clones. Both methods were 
highly congruent [75].

An increase in P. aeruginosa incidence was observed in the ICUs of the Lausanne 
University Hospital between 2010 and 2014 [76]. One hundred fifty three isolates 
retrieved during this period were typed with double locus sequence typing (DLST), 
which detected the presence of three major genotypes: DLST 1-18, DLST 1-21, and 
DLST 6-7. DLST 1-18 (ST1076) isolates were previously associated with an epide-
miologically well-described outbreak in the burn unit. Nevertheless, DLST 1-21 
(ST253) and DLST 6-7 (ST17) showed sporadic occurrence with only few cases of 
possible transmission between patients. In addition, the comparison of DLST and 
MLST showed that all DLST 1-18 isolates belonged to ST1076, DLST 1-21 to 
ST253, and DLST 6-7 to ST17, except for one DLST 6-7 isolate, which was found 
to be of ST845, a single-locus variant from ST17 at the nuoD locus. This confirms 
the previously documented congruence between both methods [77].
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8.4.3	 �Whole Genome Sequencing (WGS)

In order to understand the colonization and infection pathways, a strong typing 
method is needed to study the correlation between strains. Although the PGGE 
method currently commonly used is the gold standard, it has low reproducibility 
between different laboratories and is not suitable for large-scale research. At pres-
ent, methods based on sequence analysis such as MLST and DLST have shown 
advantages. MLST has shown high efficiency in studying the overall population 
structure of P. aeruginosa. DLST has been successfully used to study the epidemiol-
ogy of Staphylococcus aureus and P. aeruginosa. At present, with the continuous 
development of new technologies, in the hospital environment, the latest research in 
P. aeruginosa evolution research and epidemiological research has used whole 
genome sequencing (WGS) [73, 76].

The emergence of high-throughput methods has promoted WGS, bringing hope 
for the separation of single base pairs between isolates, making it the ultimate 
molecular typing method for bacteria. Analysis of single nucleotide polymorphisms 
(SNPs) in the bacterial genome provides a method to determine the correlation 
between isolates that are epidemiologically linked and to track the evolution of 
bacteria over months to years. High-throughput sequencing analysis was performed 
on the five isolates that broke out in UH-NHST-CC hospital. Although these five 
strains of P. aeruginosa belong to the same PFGE and RAPD lineage, the genomic 
sequence data obtained by high-throughput sequencing technology shows that the 
isolate PANOTK11 is an outlier compared to the other four isolates and does not 
belong to the same outbreak pedigree. PANOTK11 has a 48 kb sequence, which is 
not present in the other four strains. This area is assembled into a contig and anno-
tated as containing 24 CDS.  Furthermore, the single nucleotide polymorphism 
(SNP) between the genomic sequence data showed the key single-base differences 
accumulated during the outbreak process, thus providing an in-depth understanding 
of the evolution of the outbreak strain. Differential SNPs have been found in various 
genes, including lasR, nrdG, tadZ, and algB. The rate of these generations is esti-
mated to be one SNP every 4–5 months. In conclusion, this study proves that single-
base resolution of whole-genome sequencing is one of the powerful tools for the 
analysis of outbreak isolates. It shows the similarity of strains, and evolve over time 
passing through the gene sequence adapt to changes [77].

After the incidence of P. aeruginosa in the ICU of Lausanne University Hospital 
increased, clinical and environmental isolates were typed using DLST. Three main 
types of DLST were identified (DLST 1-18, DLST 1-21, and DLST 6-7), and the 
identification capabilities of whole genome sequencing (WGS) were used to further 
study these three main types of DLST. It is one of the advantages of WGS to identify 
the ST of isolates by MLST inspection. DLST is both cheap and efficient. It is a 
routine monitoring method for P. aeruginosa in ICU wards and classifies all patients 
and environmental isolates quarterly. Only when several patients have similar geno-
types, on-site epidemiological investigation and WGS are performed. Although the 
cost of WGS is decreasing, as a routine monitoring method for P. aeruginosa, its 
implementation cost is still higher than the currently used DLST. In addition, the 
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analysis of WGS data requires a certain level of bioinformatics expertise, but not all 
laboratories have it [77]. Therefore, using DLST as a first-line molecular typing tool 
for monitoring and WGS to solve problematic clusters will ultimately be an accu-
rate and cost-effective typing strategy.

8.5	 �Summary

Pseudomonas aeruginosa is characterized by excellent biochemical and ecological 
versatility, and the genome size in different strains may vary by as much as 30%. 
Phenotyping methods for P. aeruginosa have been reported, including serotyping, 
pyocin, and antibacterial susceptibility typing and serotyping. Phenotypic charac-
terization continues to play an important role in the management of P. aeruginosa 
infection. The distinguishing ability of molecular typing technology must be high 
enough to distinguish unrelated strains, but not high enough to assign isolates of a 
common lineage (such as epidemic clones) to different genotypes. Currently, a vari-
ety of molecular typing methods have been developed. This chapter introduces the 
application of several molecular typing methods such as restriction-based methods, 
amplified-based methods, sequencing-based methods in the typing of P. aeruginosa.
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9Staphylococci

JoAnn M. McClure and Kunyan Zhang

9.1	 �Introduction

Staphylococci are Gram-positive cocci that appear as grape-like clusters. The genus 
is comprised of more than 40 species, most of which are harmless and exist on the 
skin and mucous membranes of humans or other animals. Staphylococci are divided 
into coagulase-negative (CoNS) and coagulase-positive members, based on their 
ability to produce the free enzyme coagulase, which causes blood clot formation. 
While the majority of staphylococcal species are CoNS, few CoNS have been impli-
cated in human disease. This, however, has been changing, with an increasing num-
ber of CoNS infections identified, boosting their clinical significance [1, 2]. 
Staphylococcus aureus (SA), the most notable member of the genus, is coagulase 
positive and has been the primary focus of clinical identification as it is commonly 
associated with human infection. Methicillin-resistant Staphylococcus aureus 
(MRSA), in particular, has garnered much of that attention as it is resistant to all 
penicillins and most β-lactam drugs and associated with higher morbidity and mor-
tality rates among hospitalized patients and higher patient care costs [3–5].

MRSA has been shown to asymptomatically colonize 20–30% of the human 
population [6, 7] but is also responsible for a wide variety of infections, ranging 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-83217-9_9&domain=pdf
https://doi.org/10.1007/978-3-030-83217-9_9#DOI
mailto:kzhang@ucalgary.ca


170

from mild skin and soft tissue infections to life-threatening illnesses such as endo-
carditis, septicemia, and hemorrhagic pneumonia [8]. MRSA infections were ini-
tially associated with hospitals and healthcare settings; however, MRSA has since 
emerged as a major cause of community-associated infection as well. Adding com-
plexity is the fact that, despite the overwhelming attention given to MRSA, methi-
cillin-sensitive S. aureus (MSSA) infections are increasingly being recognized as 
presenting a significant threat to public health [9, 10]. With the ever-changing preva-
lence and epidemiology of S. aureus infections, reliable methods for characterizing 
strains are essential for outbreak investigations, for tracking clonal spreading, and 
for the implementation of effective treatment or control measures. At the local level, 
typing is useful for identifying clones, which aids in disease management and in 
predicting prognosis. It also helps identify outbreaks and strain spreading within the 
geographic locale, guiding infection control strategies. At the international level, 
strain typing aids in investigation related to the evolution and spread of clonal types, 
both over large areas and over time. Discussed in this chapter are the various pheno-
typic and molecular methods used to discriminate S. aureus lineages.

9.2	 �Identification of Staphylococcal Species

Differentiation of S. aureus from CoNS is accomplished using standard micro-
biological methods in clinical diagnostic laboratories. Staphylococci are 
catalase-positive, facultative anaerobes, capable of growing in the presence of 
bile salts or 6.5% NaCl solution. Columbia or tryptic soy blood agar, with 5% 
defibrinated sheep or horse blood, is the primary culture plate used for staphy-
lococcal isolation. On blood, S. aureus presents as large, round, golden-yellow 
colonies that are most often β-hemolytic. CoNS colonies, on the other hand, are 
typically smaller in size, non-pigmented, smooth, glistening, and opaque, 
although some species can be gray-yellow to yellow-orange in pigmentation 
and can also be β-hemolytic. Coagulase tube test or rapid latex and hemagglu-
tination assays allow presumptive identification of S. aureus, while commer-
cial systems can differentiate the staphylococcal species using biochemical 
procedures. Systems such as Vitek 2 (bioMérieux), the BBL Crystal 
Identification System’s Rapid Gram-Positive ID Kit (BD Diagnostic Systems, 
Sparks, MD), the Pos ID Panel family (Siemens Healthcare Diagnostics, 
Deerfield, IL), the Phoenix Automated Microbiology System (BD Diagnostic 
Systems), the Biolog systems (Biolog, Hayward, CA), the RapiDEC Staph 
(bioMérieux), and the API Staph and ID32 Staph strips (bioMérieux, La Balme-
les-Grottes, France) are routinely used in clinical laboratories. Antibiotic sus-
ceptibility patterns for the staphylococcal species can be obtained on systems 
such as Vitek 2 (bioMérieux).
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While biochemical identification of S. aureus is relatively straightforward, 
CoNS have proven to be more problematic. Common species such as S. epidermi-
dis, S. saprophyticus, and S. haemolyticus are generally successfully identified by 
biochemical means, while identification of less common species such as S. war-
neri and S. hominis shows more variable rates [11–13]. Nucleic acid amplification 
and sequencing of universally occurring genomic regions offer an effective alter-
native for speciating staphylococci and can be accomplished quickly with mini-
mal cost. Sequencing of a portion of the rpoE gene has been shown to accurately 
differentiate staphylococcal species [14]; however, sequencing of the 16S rRNA 
gene is generally considered the gold standard for identification and taxonomic 
classification of bacterial species. 16S rRNA is the small component of the pro-
karyotic ribosome that binds to the Shine-Dalgarno sequence, with its gene under-
going slow rates of evolution, making it useful for phylogenetic analysis. The 16S 
rRNA gene contains highly conserved primer binding regions, as well as nine 
hypervariable regions (V1–V9), each ranging from 30 to 100 bp in length [15]. 
Sequencing of the full 16S rRNA gene can be performed; however, more com-
monly shorter sequences involving the variable regions are targeted. Regions V1–
V3, in particular, have been shown to be the most useful in distinguishing among 
staphylococcal species [16]. Various 16S ribosomal databases exist for analyzing 
sequencing data, including public databases such as NCBI and secondary ones 
such as EzBioCloud, Ribosomal Database Project, SILVA, and Greengenes [17–
20]. While the public databases are easily accessible and free, the quality of 
sequences and taxonomic assignments found on the database are often not vali-
dated, making secondary databases that collect and validate 16S rRNA sequences 
superior choices.

As CoNS are not routinely typed beyond species identification and antibiotic 
susceptibility, the remainder of this chapter will focus on molecular characterization 
of S. aureus. Discrimination of isolates based on phenotypic and genotypic charac-
teristics is important for determining clonal relationships between strains and fur-
thering our understanding of the epidemiology of infectious diseases. Presently, 
classification schemes for Staphylococcus aureus are based less on phenotypic 
methods and more so on molecular ones. While many of these methods were ini-
tially used for research purposes, they are now commonly used in clinical labs 
as well.

9.3	 �MRSA Identification and SCCmec Typing

Distinguishing MRSA from MSSA is an important first step in S. aureus clas-
sification. MRSA have acquired and integrated into their chromosome a mobile 
genetic element known as staphylococcal cassette chromosome mec (SCCmec), 
which carries the methicillin resistance genes mecA or mecC. mecA was the first 
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methicillin resistance gene identified and encodes an alternative penicillin-bind-
ing protein (PBP2a or PBP2’), which has low affinity for semisynthetic penicil-
lins and confers resistance to all β-lactam drugs except ceftaroline and 
ceftobiprole [21]. mecA remained the only methicillin resistance gene identified 
in S. aureus until 2011, when the mecC gene was described, sharing 70% iden-
tity with mecA, and coding a PBP2a/2′ sharing 63% homology at the amino acid 
level [22]. A third homologue, mecB, was first identified in 2009  in closely 
related bacteria, Macrococcus caseolyticus [23]; however, in 2018, it was 
detected for the first time in S. aureus on a plasmid [24]. The mecB gene shares 
60% homology with mecA and confers resistance to methicillin. A fourth homo-
logue, mecD, has been reported on a genomic island (McRImecD-1 and McRImecD-2) 
in M. caseolyticus but to date has not been detected in S. aureus. The Clinical 
and Laboratory Standards Institute (CLSI) recommends testing for MRSA using 
broth microdilution or with cefoxitin disk diffusion or Mueller-Hinton agar 
plates supplemented with 4% NaCl and 6 μg/ml of oxacillin as alternatives [25]. 
Chromogenic agars, such as CHROMagar™ MRSA, Oxoid Brilliance™ MRSA, 
MRSASelect, BBL™ CHROMagar™ MRSA, and ChromID MRSA, are also 
available for MRSA detection, offering highly sensitive and specific detection 
[26]. The PBP2a latex agglutination test (Oxoid, Hampshire, UK) is also avail-
able as an alternate phenotypic test for detecting PBP2a in S. aureus colonies; 
however, it suffers from a large variability in performance [27, 28]. No optimal 
phenotypic method exists for MRSA detection, as they generally require spe-
cialized conditions and results are affected by factors such as inoculum size, 
incubation temperature and time, or pH and salt concentration.

Nucleic acid amplification tests represent a more precise and reliable form 
of MRSA identification and have become the gold standard for MRSA detec-
tion. These assays have traditionally relied on detection of the mecA gene; 
however, detection of the mecC gene also needs to be considered now. 
Additionally, while the mecB gene has only been described in one instance, its 
detection may become important if the gene spreads. Murakami et al. [29] were 
the first to develop a PCR assay for MRSA detection, targeting the mecA gene, 
while the first multiplex PCR assay targeting both the mecA and 16S rRNA 
genes was developed by Geha et al. [30]. Since then, a substantial number of 
assays have been developed targeting the mecA/mecC genes alone or in con-
junction with other targets, such as PVL, fem, nuc, or 16S rRNA, and using 
both standard and real-time PCR platforms. In 2008, Zhang et al. developed a 
multiplex PCR assay that could discriminate staphylococci from non-staphylo-
coccal species while simultaneously distinguishing S. aureus from CoNS, 
identifying MRSA, identifying the Panton-Valentine leukocidin virulence 
genes, and presumptively identifying USA300 and USA400 epidemic strains 
[31]. While this assay has been extensively used, it suffers in that it does not 
detect the mecB or mecC genes. In 2012, Stegger et al. developed a multiplex 
PCR assay capable of simultaneously detecting both the mecA and mecC genes, 
along with the PVL genes and the staphylococcal protein A gene (spa) [32]. 
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The assay allows rapid and inexpensive detection of MRSA, with the ability to 
perform downstream spa typing of isolates, but does not take into account the 
mecB gene.

As mentioned, the mecA and mecC genes, which confer resistance to β-lactam 
antibiotics, are carried on a mobile genetic element termed staphylococcal cas-
sette chromosome mec. To date, 13 different SCCmec elements have been 
described in S. aureus based on the nature of their mec and ccr gene complex 
and are further divided into subtypes based on differences in their joining 
regions. These differences provide an important means of classifying MRSA 
isolates, as even closely related strains can differ in the type of SCCmec element 
they carry. Initial SCCmec typing schemes involved molecular cloning and 
sequencing or long-range PCR amplification with multiple sets of primers [33–
35]. Typing schemes have since improved to include conventional PCR detec-
tion of several type-specific loci [36], RFLP analysis [37, 38], multiplex PCR 
[39], multiplex real-time PCR [40, 41], and targeted DNA microarrays [42]. 
Multiplex PCR typing is currently the most widely used method of SCCmec 
typing, with several variations developed. A novel multiplex PCR assay for the 
characterization and concomitant subtyping of SCCmec I–V was developed by 
Zhang et al. in 2005 and later updated in 2012 to make it more accurate and reli-
able [43, 44]. Similarly, in 2007, Milheirico et al. updated a previous multiplex 
PCR assay to detect SCCmec I–V. These multiplex assays are by far the most 
commonly used ones for SCCmec typing; however, both are limited to detection 
of types I–V, requiring other methods for the detection of types VI–XIII. Both 
are also restricted by their inability to classify newly evolving SCCmec types 
and subtypes. Unfortunately, to date, no single PCR assay is available to iden-
tify all SCCmec types and subtypes. Targeted DNA microarray offers an alter-
nate option for SCCmec typing, simultaneously detecting multiple genes 
associated with SCCmec, including mecA and its regulatory genes, and sequences 
in the J regions [42]. As with PCR, only known SCCmec types can be identified 
with this technique, and it suffers from the added disadvantage that specialized 
equipment and highly trained personnel are required. As such, multiplex PCR 
remains the best option for SCCmec typing at present.

9.4	 �Historical Typing Methods

In an attempt to understand and track S. aureus (particularly MRSA) infections, 
numerous typing methods were developed to classify lineages. While these histori-
cal methods are rarely used routinely anymore, they still can be of value when typ-
ing S. aureus.

Phage Typing  relies on bacterial susceptibility to a defined set of phages, with a 
set of 23 internationally accepted phages used for typing human strains of S. aureus 
[45, 46]. While the method was the primary one used for several years, it suffered in 
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that it often lacked reproducibility and was time-consuming and technically chal-
lenging and a large percentage of strains remained untypable with the technique 
[47–50].

Multilocus Enzyme Electrophoresis (MLEE)  involves the extraction of con-
stitutively expressed proteins from the bacteria and their separation on gels 
using electrophoresis, with the rate of migration being dependent on amino acid 
composition in the proteins. Generally, 12–20 proteins are assessed, each being 
assigned allelic types based on variation in their charge, with the similarity 
between isolates determined by the proportion of loci which show differences. 
While MLEE generally has good reproducibility and typability for S. aureus, it 
is a labor-intensive procedure, and the results are difficult to compare between 
laboratories [51, 52].

Random Amplification of Polymorphic DNA (RAPD) and Arbitrarily Primed 
PCR (AP-PCR)  rely on parallel non-stringent amplification of random DNA 
fragments, resulting in unique gel patterns specific to each bacterial strain [53, 
54]. In RAPD, short arbitrary primer sequences and low-temperature, non-strin-
gent annealing conditions allow amplification of multiple PCR products of vary-
ing sizes. Amplicons are analyzed either by gel electrophoresis or DNA 
sequencing, with the number and size of fragments used to define an isolate type 
[54]. AP-PCR is a variant of RAPD, whereby amplification is done in three parts, 
each of which has a set stringency and reagent concentrations [53]. While these 
techniques have been used successfully in outbreaks and are relatively inexpen-
sive and easy, they have lower discriminatory power and lower inter- and intra-
laboratory reproducibility [55–57].

Repetitive Element PCR (rep-PCR)  employs primers that bind to noncoding 
repetitive sequences in the bacterial genome, producing fingerprint patterns unique 
to each isolate [58]. The repetitive palindromic extragenic elements (Rep) are 
sequences 35–38 bp long that occur in variable positions and numbers. Amplification 
of the elements creates amplicons of varying lengths, which are separated by elec-
trophoresis, creating fingerprints unique to the strains. For S. aureus, RepMP3 and 
inter-IS256 and Tn916 are commonly used targets, with RepMP3 showing greater 
reproducibility and stability [59]. Rep-PCR has high discriminatory power, with 
good correlation to PFGE; however, reproducibility can suffer from variations in 
reagents and electrophoresis systems [60].

Amplified Fragment Length POLYMORPHISM (AFLP)  relies on differ-
ences in the amplification of digested genomic DNA fragments [61]. Genomic 
DNA is digested with restriction enzymes, and double-stranded adaptors are 
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ligated to the sticky ends, followed by amplification of the fragments using 
primers complementary to the adaptors. The primers are generally fluorescently 
labelled; therefore, after separation of the amplicons based on size, they can be 
detected with an automated DNA sequencer and compared by computer. 
Analysis of the high-resolution banding patterns is used to determine the rela-
tionship between strains [62]. While this technique is portable and highly repro-
ducible and has high discriminatory power, it is time-consuming and expensive 
[63, 64].

Accessory Gene Regulator (agr) Typing  is a PCR-based typing method that 
relies on amplification of hypervariable regions present in the agr locus to clas-
sify strains. The accessory gene regulator (agr) is a bacterial regulatory compo-
nent containing two divergently transcribed units, which has highly conserved 
and hypervariable regions [65]. Four genes, agrA, agrC, agrD, and agrB, are 
present in the locus. The C-terminal of agrB and agrD and the N-terminal of 
agrC are highly divergent and constitute the hypervariable region of the locus, 
which is used to divide S. aureus into four agr groups (I–IV) [65]. PCR primers 
for agr group determination were developed by Peacock et al. [66], and a multi-
plex real-time quantitative PCR assay was developed by Francois et al., targeting 
the variable region of agrC and offering good specificity [67]. While agr typing 
is extremely limited in its discriminatory power and would not be useful for 
defining S. aureus lineages, it does provide additional information about strains 
that can supplement other typing methods.

9.5	 �Current Molecular Typing Methods

Current typing schemes for S. aureus classification rely predominantly on molecu-
lar methods based on DNA sequence variations. A proposal was made that MRSA 
clones should be defined based on a combination of the genomic type of the strain 
and the SCCmec type, a nomenclature system that was accepted in 2002 by the 
subcommittee of the International Union of Microbiology Societies in Tokyo [68]. 
This system, which can be amended to describe both MRSA and MSSA (e.g., ST8-
MRSA-IVa or ST8-MSSA), relies solely on multilocus sequence typing and 
SCCmec typing (discussed below) to define the strains. While these two methods 
are important parts of S. aureus classification, the addition of other typing schemes 
provides more complete information about S. aureus lineages, which are dis-
cussed below.

9.5.1	 �Pulsed-Field Gel Electrophoresis (PFGE) Typing

PFGE was first described in 1984 and is based on the digestion of bacterial genomes 
into large fragments with a restriction enzyme and their subsequent separation by 
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gel electrophoresis [69, 70]. Because larger fragments of DNA will co-migrate and 
appear as a large diffuse band with conventional gel electrophoresis, in PFGE, the 
voltage direction is periodically switched (pulsed), allowing effective separation of 
larger DNA pieces. Migration of the DNA fragments produces a DNA fingerprint, 
which can be used to compare the relatedness of strains.

For PFGE, genomic DNA needs to be intact and free from mechanical shearing; 
therefore, bacterial cells are incorporated into agarose plugs prior to lysis to protect 
the DNA from damage [71]. DNA, which is immobilized in the agarose plug, is 
digested with a rare-cutting restriction endonuclease, at which time the plugs are 
loaded onto an agarose gel and subjected to PFGE.  PFGE protocols for 
Staphylococcus aureus have been optimized and, with minor variations, include 
standard features common to typing this species [72–74] (https://www.cdc.gov/
mrsa/pdf/ar_mras_PFGE_s_aureus.pdf). A number of restriction endonucleases 
have been used in PFGE typing of bacterial species; however, smaI was found to be 
the most useful for S. aureus, allowing nearly all isolates to be typed, with reproduc-
ible results following repeated subcultures [75–77]. S. aureus belonging to the 
ST398 lineage are the exception, not typable using smaI due to a DNA methyltrans-
ferase that modifies the consensus sequence [78]. The restriction enzyme Cfr9I, a 
neoschizomer of smaI, is able to cleave these strains within the same recognition 
sequence as smaI and is used for PFGE typing of the ST389 lineage. S. aureus gels 
are generally run with the contour-clamped homogeneous electric field (CHEF) 
electrophoresis system, where the current is applied in three directions, offset by 
120°, using hexagonally arranged electrodes [52, 79].

PFGE is a popular technique used by laboratories around the world and is effec-
tive for providing local epidemiological information, as well as for identifying epi-
demics. In experienced hands, the method can provide information related to the 
presence or absence of some mobile genetic elements such as the SCCmec cassette 
or phages. The technique has high discriminatory power, and results can be repro-
ducible at both the intra- and inter-laboratory levels when the method is highly 
standardized [48, 80]. To aid with standardization, the Centers for Disease Control 
and Prevention in the USA developed PulseNet (https://www.cdc.gov/pulsenet/
index.html). It is a national laboratory network that uses bacterial DNA fingerprints 
(such as PFGE patterns) to detect foodborne illnesses and outbreaks. Standard pro-
tocols are available, and data can be shared nationally or internationally. Also help-
ing with standardization is the fact that S. aureus gels are run with the S. braenderup 
H2812 control standard and the data normalized and analyzed using BioNumerics 
software (Applied Maths, Sint-Martens-Latem, Belgium). Data analysis criteria set 
out by Tenover et al. are useful for comparing strains and determining their related-
ness [81], and S. aureus PFGE profiles have been assembled into a national database 
to assist interpretation [72, 82]. In Fig. 9.1, sample PFGE patterns for Canadian and 
US epidemic reference strains are shown, along with some other common typing 
information for each strain. PFGE does suffer from limitations, the main ones being 
the long turnaround time, the high cost for specialized equipment and software, and 
the skill level required. Without high standardization, data interpretation can be 
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problematic, as differences in electrophoresis equipment and conditions can affect 
DNA migration, complicating isolate comparisons within and between laboratories 
[83, 84]. As well, the technique separates DNA based on size, not sequence, and 
small changes are enough to affect the fingerprint. For example, the acquisition or 
loss of mobile genetic elements will alter the banding pattern, as will a point muta-
tion in the smaI recognition sequence.

Despite the limitations, PFGE remains a powerful technique for S. aureus typing 
and classification and is still considered the “gold standard.”

9.5.2	 �Staphylococcal Protein A (spa) Typing

The spa gene, coding for protein A, is conserved among S. aureus and has proven to 
be an effective target for single-locus sequence typing of this species. The gene is 
approximately 2 kb in length and contains conserved Fc binding regions, a variable 
X region, and a conserved C-terminal region. The X region (or repeat region) is 
comprised of polymorphic variable number of tandem repeats (VNTR), generally 
consisting of 2–18 repetitive sequences of 21–30 bp (most often 24 bp) in length 
[85]. Each repeat is given an identifier (numerical or letter code), with the number, 
order, and sequence of these repeats varying between strains, forming the basis for 
spa typing [86, 87].

Two nomenclature systems, Ridom and Kreiswirth, are used for describing spa 
types and repeats, with Ridom represented by numerical repeat codes and Kreiswirth 
represented with alpha numeric repeat codes [86, 88]. Conversion between the two 

Fig. 9.1  Sample typing results for representative Canadian (CMRSA1-10) and US (USA100-800) 
epidemic reference strains. Different lineages may share the same type when classified using a 
single typing method but will become distinguishable from each other when multiple typing 
schemes are used together. Pulsed-field gel electrophoresis (PFGE) profiles, staphylococcal cas-
sette chromosome mec (SCCmec) type, accessory gene regulator (agr) type, staphylococcal pro-
tein A (spa) type (including Ridom repeat pattern and Kreiswirth ID), and multilocus sequence 
type (MLST) (including MLST profile) are shown
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is possible with online tools. The Ridom StaphType software (available for down-
load from www.ridom.de/staphtype/) was developed to ensure uniform assignments 
of spa repeats and types and is useful for MRSA surveillance. The software syn-
chronizes with the Ridom SpaServer (www.SpaServer.ridom.de), which is a freely 
accessible server developed to collate and harmonize data from around the world, 
permitting 100% reproducibility between laboratories and providing public access 
to typing data. Figure 9.1 shows the spa type, including the Ridom and Kreiswirth 
profiles, for Canadian and US epidemic reference strains.

spa typing is a reliable way of assigning lineage and has proven to be effective 
for both short-term and long-term epidemiological studies [80, 86–89]. The speed 
and simplicity of targeting a single locus make it favorable for short-term studies, 
while the stable association of types with lineages over time makes it suitable for 
long-term studies. Development of the BURP (Based Upon Repeat Pattern) algo-
rithm has provided an automated method to infer clonal relatedness of isolates 
based on spa repeat patterns and was shown to have high concordance with other 
typing methods [89, 90]. With a high discriminatory power, spa typing is a cost-
effective, easy-to-use method with excellent reproducibility and portability. The 
major drawback of spa typing is the fact that the method relies on typing a single 
locus, running the risk that strains can be misclassified due to recombination and/or 
homoplasy [91]. Strains from different lineages can carry the same spa type 
(Fig. 9.1), and epidemiologically related strains from a lineage may carry different 
spa types, varying in as little as a single repeat. spa typing is, consequently, most 
effective when used in combination with other typing methods.

9.5.3	 �Multilocus Sequence Typing (MLST)

MLST is similar in principle to MLEE, but variations are examined directly by 
DNA sequencing. The method relies on sequencing a 402–516 bp fragment from 
each of seven essential housekeeping genes, present in all S. aureus isolates. These 
genes are crucial to cellular function and, therefore, stable and evolve slowly. 
Based on point mutations, the genes for each locus are assigned numerical allele 
designations, with the series of seven numbers (one representing each locus) defin-
ing the sequence type (ST type) of a strain. For S. aureus, the carbamate kinase 
(arcC), shikimate dehydrogenase (aroE), glycerol kinase (glpF), guanylate kinase 
(gmk), phosphate acetyltransferase (pta), triosephosphate isomerase (tpi), and ace-
tyl coenzyme A acetyltransferase (yqiL) genes were selected, as they provided the 
highest number of alleles with the best resolving power for identifying lineages 
[92]. The genes are arranged in the abovementioned order (i.e., arcC-aroE-glpF-
gmk-pta-tpi-yqiL) to define the ST type (e.g., ST8 has an MLST profile of 
3-3-1-1-4-4-3).

Sequence analysis was initially facilitated by the online server available at 
MLST.net, a free website which provided the main hub for assigning allele and 
sequence types, naming new ones, as well as storing other important information 
related to the clonal types [93]. Now available for analysis is the database at 
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PubMLST (https://pubmlst.org/saureus/), which contains both sequence definition 
and epidemiological information [94, 95]. To aid with visualizing and analyzing the 
evolutionary relationship between isolates, the eBURST (Based Upon Related 
Sequence Type) algorithm was developed [96, 97]. Strains sharing identical allelic 
profiles are considered as belonging to the same ST type and lineage, while strains 
differing by one or two loci (single-locus variants or double-locus variants) are con-
sidered to be genetically related, belonging to the same clonal complex (CC). The 
founding genotype for a clonal complex is the one that differs from the highest 
number of other genotypes by only one locus, assuming strains emerge as dominant 
clones and then diversify with time. A representative eBURST image showing the 
relatedness of MLST types from Canadian and US epidemic strains in the global 
Staphylococcus aureus population is shown in Fig. 9.2.

MLST is a useful tool for assigning lineage and has proven to be effective for 
studying the origin and evolution of S. aureus. The method is unambiguous and 
portable, making data transfer to, and comparison between, labs around the world 
simple. The technique is, however, intolerant to sequencing errors, as a single nucle-
otide change can lead to an incorrect ST assignment. Cost is another drawback to 
the method, as it requires high-quality sequences for 7 loci, requiring 14 sequenc-
ing reads.

Fig. 9.2  Demonstration of eBURST analysis showing the relatedness of MLST types identified in 
the Canadian and US epidemic strains CMRSA1-10 and USA100-800 in the global Staphylococcus 
aureus population. Clonal complexes are marked in black font for the strains of interest, while ST 
types are marked in red (Generated on December 1, 2018)
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This makes it less appealing as a tool for studying outbreaks or for use in 
smaller facilities with limited sequencing capability. Caution also has to be 
taken when relating MLST types to epidemiology, as strains with significantly 
different epidemiological significance can share a common MLST type. For 
example, the major epidemic strain in North America, USA300, belongs to 
MLST type ST8, a type also found in the infrequently encountered Canadian 
lineages, CMRSA9 and CMRSA5 (USA500) (Fig. 9.1). Despite the drawbacks, 
MLST is highly reproducible with high discriminatory power and, in conjunc-
tion with SCCmec type, remains the gold standard for publishing S. aureus epi-
demiological data.

9.5.4	 �Microarray

DNA microarrays use DNA probes attached in a known order to a solid surface to 
type bacterial isolates [98]. The probes can be oligonucleotides or gene segments 
(PCR amplicons) and can occur in low (100 s) or high (100,000 s) density. Bacterial 
DNA is labelled and allowed to hybridize to the microarray, such that complemen-
tary sequences present in the strain will bind to the probe. The microarray is scanned, 
and labelled spots are detected and then compared to known strains.

Microarrays are an effective means of typing and, indirectly, assigning lineage 
for S. aureus, simultaneously targeting a large number of strain-specific markers 
such as genes for antimicrobial resistance, exotoxins, surface components, regu-
lators, and hsdS variants [42, 99, 100]. They are also well suited to the detection 
of complex patterns of virulence genes, mobile genetic elements, and extrachro-
mosomal elements [101, 102] and have been used to understand the molecular 
mechanisms of pathogenesis, studying regulons such as Agr, Sar, SigB, and Mgr 
[103–105]. As such, microarrays permit strains to simultaneously be assigned to 
a lineage while having their resistance and virulence capabilities investigated at 
the same time.

Numerous microarrays have been designed specifically for S. aureus typing, 
and several companies make it possible to design custom arrays to meet specific 
needs [106–110]. The Alere StaphType DNA microarray is a commercially avail-
able system that covers 334 targets, including 170 genes and their allelic variants 
[42, 111, 112]. Included are species markers, capsule and agr typing markers, 
toxin and microbial surface components recognizing adhesive matrix molecule 
(MSCRAMM) genes, resistance gene markers, and SCCmec markers. On a larger 
scale, the Sam-62 microarray was developed based on 62 S. aureus whole genome 
sequencing projects and 153 plasmid sequences. The array targets all open read-
ing frames in the sequences and includes over 29,000 probes, representing 6520 
genes and 579 gene variants [113]. Sam-62 has shown potential to identify 
MRSA, distinguish between extremely similar but non-identical sequences, and 
be able to identify MRSA transmission events unrecognized using other meth-
ods [101].
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While DNA microarray is highly accurate, specialized equipment and software 
are required meaning there is a significant cost associated with their use. Microarrays 
also suffer in that they cannot directly assign MLST group; strains can only be 
assigned to a given clonal complex group once the hybridization pattern of a refer-
ence strain with known MLST/spa types has been defined.

9.6	 �Whole Genome Sequencing (WGS) and the Future 
of MRSA Typing

WGS is a powerful tool for S. aureus typing, as well as for epidemiological and 
evolutionary studies, and next-generation sequencing (NGS) has provided a cost-
effective means of extracting large amounts of information and identifying 
genome-wide variations. Today, the most commonly used NGS platform is 
Illumina (Illumina, Inc., San Diego, CA, USA), which can generate reads up to 
300 bp in length. Assembly of a genome can be accomplished via de novo assem-
bly, whereby reads are matched based on overlapping regions, or with reference-
guided assembly, where reads are assembled against an existing WGS. De novo 
assembly in S. aureus is challenging, however, because of the small read sizes 
and the presence of dispersed or tandemly arrayed repeats in the genome. As 
such, the resulting genome is not continuous, but rather contains numerous con-
tigs with gaps between assembled regions, due in part to the inability to resolve 
contig order surrounding these repeat elements. Reference-guided assembly can 
also be challenging because genomic regions, such as mobile genetic elements 
(MGEs), that are not present in the reference will be assembled poorly, particu-
larly if they contain repeat elements, such as in SCCmec. Illumina data is still 
useful for querying genomic traits and variations, as well as for phylogenetic 
analysis, but for a complete genome assembly, sequencing platforms that gener-
ate longer reads are necessary.

Read lengths of >10 kb (and up to 60 kb) are possible with the “third-gener-
ation” PacBio sequencing platform (Pacific Biosciences, Menlo Park, CA, 
USA), while read lengths in the Mbp range have been achieved using nanopore 
sequencing technology (Oxford Nanopore, Oxford, UK). These systems suffer 
in that they can be more expensive and have lower read accuracy than Illumina; 
however, with tailored assembly methods (such as HGAP for PacBio reads), 
assemblies with higher accuracy are achieved. Hybrid assemblies, combining 
Illumina short reads and PacBio or Nanopore long reads, currently offer the 
most accurate and complete genomes.

A major drawback of WGS is the requirement for significant computer 
resources and bioinformatics support in order to extract meaningful information 
from the data. Software such as Lasergene exists for assembly and analysis of 
the genomes; however, in most cases, more complex pipelines are employed and 
require trained bioinformaticians. For WGS technology to become useful for 
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routine typing of S. aureus, tools for data analysis that are simple enough for use 
in clinical settings are required, and a number of web-based and downloadable 
programs are available to help in this regard. The Center for Genomic 
Epidemiology (Lyngby, Denmark, available at https://cge.cbs.dtu.dk/services/), 
for example, has web-based analysis tools that are useful for S. aureus WGS 
analysis and able to extract data from raw reads and assembled or draft genomes 
generated using Illumina, Ion Torrent, Roche 454, SOLiD, PacBio, or Nanopore 
platforms. Currently available on the site are MLST, for assigning ST type; 
spaTyper, for determining spa type; and SCCmecFinder, for classifying SCCmec 
type. Also available are ResFinder, for identifying acquired antimicrobial resis-
tance genes and/or chromosomal mutations, VirulenceFinder, and Restriction-
ModificationFinder. For phylogenetic analysis, CSI Phylogeny will call 
single-nucleotide polymorphisms (SNPs), filter and validate them, and then 
infer phylogeny based on the concatenated alignment of the SNPs, generating 
phylogenetic trees. Also available for phylogenetic analyses are the download-
able software, RAxML (Randomized Axelerated Maximum Likelihood), for 
sequential and parallel maximum likelihood-based inference of large phyloge-
netic trees [114], as well as BEAST (Bayesian Evolutionary Analysis Sampling 
Trees), for inferring rooted, time-measured phylogenies using molecular clock 
models [115, 116]. Available from the University of Alberta (at http://phaster.
ca/) is a web-based tool for rapid identification and annotation of prophage 
sequences within a bacterial genome, known as PHASTER (PHAge Search 
Tool – Enhanced Release). The program is able to work on raw DNA sequences 
as well as annotated GenBank formatted data, providing detailed tables and 
graphical displays of the phages, with high sensitivity and positive predictive 
value [117, 118].

WGS is the ultimate tool for the identification of diversity in an organism. In 
addition to extracting S. aureus typing information, WGS data can be used to track 
transmission events and outbreaks [119–121] and analyze variations between strains 
within a lineage by SNP analysis [122]. It has shown that related strains have well-
conserved core regions but differ in their accessory genetic elements [123] and, 
likewise, that geographically dispersed isolates of ST239, ST225, and CC30 are 
stable in their genetic backgrounds, differing by SNPs and MGEs [119, 124, 125]. 
In the future, we may see the application of extended MLST (eMLST) to S. aureus 
typing, extending typing beyond the seven housekeeping genes to include a subset 
or all of the genes in the genome. Ribosomal MLST (rMLST) (adding the ribosomal 
genes), core genome MLST (cgMLST) (including all core genes present in the 
majority of isolates, and not subject to selection pressure), whole genome MLST 
(wgMLST) (also including genes subject to selective pressure), and pan-genome 
approach (including the full complement of genes within the species) would pro-
vide the ultimate high-level genomic epidemiology. Available to facilitate eMLST 
analysis, the Bacterial Isolate Genome Sequence Database (BIGSdb) software 
stores and analyzes sequence data for bacterial isolates, allowing a large numbers of 
loci to be defined and allelic profiles for each strain to be determined. BIGSdb is 
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available within the PubMLST database at https://pubmlst.org/software/database/
bigsdb/.

As sequencing costs are reduced and genome analysis tools improve, WGS will 
almost certainly become the primary tool for S. aureus typing and evolutionary and 
epidemiological studies.

9.7	 �Conclusions

Each typing scheme for S. aureus is met with strengths and limitations, leaving no 
single method ideal for all situations. PFGE was once considered the gold standard 
for MRSA typing and remains an effective tool for characterizing outbreaks and 
understanding S. aureus epidemiology, particularly at the local level. With standard-
ization, it can be expanded to the international level; however, lineage cannot be 
inferred directly from the PFGE pattern. spa typing is capable of assigning lineage, 
is useful for analyzing both outbreaks and long-term molecular evolution, and is 
rapidly becoming the method of choice for clinical laboratories for epidemiological 
studies of S. aureus. With highly portable and standardized data, it is useful for 
investigations at both the local and international levels but is not always accurate 
when assigning lineages. MLST is also an effective tool for assigning lineage and, 
in combination with SCCmec typing, is considered the gold standard for publishing 
S. aureus epidemiological data. Similar to spa typing, the data is highly standard-
ized and portable, making it an effective tool for studies at both the local and inter-
national levels. However, the cost makes it less appealing for routine use. Microarrays 
can provide large amounts of strain information within a short timeframe and are 
well suited for both outbreak investigations and long-term epidemiological studies, 
particularly at the local level, but suffer in that they cannot directly assign strains to 
lineages. WGS is the ultimate tool for strain typing and epidemiological studies and 
will rapidly increase in use as sequencing costs decrease and as easy-to-use data 
analysis tools are developed.

Ultimately, the technique of choice will depend heavily on the goals and ques-
tions that need answering, with a combination of methods offering more detailed 
information and greater discrimination between isolates. For outbreak situations 
where speed is important, PCR-based methods may be the better choice, making 
spa typing an effective tool. However, for routine strain typing and epidemiological 
monitoring at the local level, PFGE and spa typing complement well, providing 
better strain and clone discrimination. For international comparisons, spa typing, 
MLST, and WGS are good for generating highly standardized and portable data, but 
when detailed strain characterization is desired, a combination of PFGE, agr typing, 
SCCmec typing, spa typing, and MLST provides a more complete picture. Finally, 
long-term epidemiological and evolutionary studies benefit from greater detail, 
making microarrays and WGS attractive options.
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9.8	 �Summary

Staphylococci are Gram-positive bacteria and commonly divided into coagulase-
negative staphylococci (CoNS) and coagulase-positive members, based on their 
ability to produce the free enzyme coagulase. The majority of staphylococcal spe-
cies are CoNS, with an increasing number of CoNS infections identified, boosting 
their clinical significance. Staphylococcus aureus is coagulase positive and has been 
the primary focus of clinical identification as it is commonly associated with human 
infection. Methicillin-resistant S. aureus (MRSA), in particular, has garnered much 
attention as it is resistant to all penicillins and most β-lactam drugs and is associated 
with higher morbidity and mortality rates and increasingly being recognized as pre-
senting a significant threat to public health. With the ever-changing prevalence and 
epidemiology of staphylococcal infections, reliable methods for characterizing 
strains are essential for outbreak investigations, for tracking clonal spreading, and 
for the implementation of effective treatment or control measures. In this chapter, 
we discussed various phenotypic and molecular methods used to discriminate 
staphylococci and S. aureus lineages. We first described the methods to identify 
staphylococcal species and to discriminate MRSA from methicillin-susceptible 
S. aureus (MSSA), including how to characterize different types of staphylococcal 
cassette chromosome mec (SCCmec) in MRSA. We then discussed various typing 
methods applied to study the molecular epidemiology and evolutionary nature of 
S. aureus, starting with the historical methods [phage typing, multilocus enzyme 
electrophoresis (MLEE), random amplification of polymorphic DNA (RAPD) and 
arbitrarily primed PCR (AP-PCR), repetitive element PCR (rep-PCR), amplified 
fragment length polymorphism (AFLP), and accessory gene regulator (agr) typing] 
and continuing to the current commonly used molecular typing methods [pulsed-
field gel electrophoresis (PFGE) typing, staphylococcal protein A (spa) typing, 
multilocus sequence typing (MLST), and microarray] and to the advanced genome 
approaches (whole genome sequencing). We also discuss the strengths and limita-
tions for each typing scheme and their suitable applications.
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10.1	 �Introduction

The genus Bartonella (in honor of Alberto L. Barton) is the only member of the 
family Bartonellaceae, which is classified on the order Rhizobiales, class 
Alphaproteobacteria, phylum Proteobacteria (https://lpsn.dsmz.de/family/
bartonellaceae).

Currently, the Bartonella genus accounts for 37 species with a standing in 
nomenclature (https://lpsn.dsmz.de/search?word=bartonella), resulting from the 
fusion of the former Bartonella, Grahamella, and Rochalimaea genera and with 
increasing and continuous descriptions of new species having been made from the 
early 2000 onward [1–3]. In addition, there is a large and undefined series of 
Candidatus Bartonella spp. in the literature. Of these, several have been cultured 
and fully characterized, but mostly remain described from partial DNA sequencing 
data obtained through molecular or metagenomic studies [4–8].

While Bartonella apis has been described as a honey bee symbiont [9], and in a 
few cases the host or vectors remain to be described [3], almost all Bartonella spp. 
are arthropod-vectorized, with different mammal species, including humans (i.e., 
Bartonella bacilliformis, Bartonella quintana, and perhaps Bartonella ancashensis) 
acting as reservoirs [3, 10]. Regarding B. apis, despite its symbiont role, it has been 
recovered from blood samples of apparent healthy dogs [11].

Several Bartonella spp. are recognized as human pathogens causing a wide vari-
ety of infections such as bacillary angiomatosis, bacteremia, Carrion’s disease, cat 
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scratch disease, chronic fatigue, culture-negative endocarditis, lymphadenitis, men-
ingitis, myocarditis, neuroretinitis, osteomyelitis, peliosis hepatica, pericarditis, and 
trench fever [3, 10, 12–14]. Of these, B. bacilliformis, Bartonella henselae, and 
B. quintana account for a majority of cases [3, 10, 14].

10.2	 �Phenotypic Techniques

Bartonella spp. are hemin-dependent pleomorphic non-fermentative fastidious fac-
ultative intracellular slow-growing microorganisms with a G  +  C DNA content 
ranging from 37 to 41 mol % [3, 10, 15]. A few exceptions include B. apis, with a 
G + C content of 45.5 mol % [9]. Bartonella spp. grow in aerobic or microaerophilic 
conditions with an optimal culture temperature ranging between 35 °C and 37 °C 
[10], with exceptions such as B. bacilliformis, which is usually cultured at 28–30 °C 
[3]. Bartonella spp. usually grows forming small colonies, which vary from trans-
lucent to opaque and from white to tan in color [3, 15]. Furthermore, intra-strain 
colony morphology variations may be observed during consecutive cultures [3]. 
The motility of Bartonella spp. is variable and is related to the presence or absence 
of a variable number of flagella. Thus, while most members of the genus lack fla-
gella and are non-motile, at least 9 Bartonella species with standing in nomencla-
ture, the most representative including B. bacilliformis or Bartonella clarridgeiae, 
present a varying number of flagella conferring motility [3]. In addition, several 
non-flagellate Bartonella, such as B. henselae or B. quintana, present pili-related 
twitching motility [16].

While a few biochemical tests, such as L-proline and L-lysine peptidase activity 
tests, cannot identify the final species, they can contribute to discarding a series of 
species. In fact, Bartonella are typically almost inert to biochemical approaches, 
which are thereby of no use for identification purposes. Of note, in 1993 Drancourt 
and Raoult reported that the addition of 100 μg/ml of hemin to different Analytical 
Profile Index strips enabled the identification of differential biochemical patterns 
for B. quintana, B. henselae, and Bartonella vinsonii [17]. However, to our knowl-
edge these studies have not been expanded to the vast majority of Bartonella spp.

Although Bartonella spp. are Gram-negative bacteria, Gram-staining provides 
poor results, with the most reliable methods being Giemsa, Gimenez, Romanowsky, 
or Warthin-Starring staining [14, 15]. These techniques may allow direct detection 
of the presence of Bartonella spp. in tissues or blood samples, but they cannot iden-
tify Bartonella species [10]. It is of note that despite being mostly expertise-
dependent, Giemsa staining is the standard diagnostic tool for identifying 
B. bacilliformis in Carrion’s disease which is endemic in the rural areas of the South 
American Andes [3].

Similar to staining techniques, the use of gas chromatography analysis of fatty 
acids may be used to identify Bartonella spp. at a genus level [18]. In addition, fatty 
acid composition may differ among different Bartonella spp. and while it does not 
allow univocal identification, it may be useful to rule out several species.
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In summary, phenotypical techniques have a very limited usefulness for differen-
tiating Bartonella spp.

10.3	 �Molecular Techniques

A series of molecular techniques have been explored in order to identify species or 
to type isolates at different clonal levels, with most of these techniques being based 
on different approaches of DNA analysis. While several molecular tools may be 
used in the absence of bacterial cultures [19, 20], the characteristics of Bartonella 
spp. prevent several classical approaches, such as plasmid typing, because of the 
scarce number of plasmid descriptions of members of this genus having been 
made [21, 22]. In addition, most studies have been focused on the main pathogenic 
species (B. henselae, B. quintana and B. bacilliformis), with a limited number of 
studies having focused on other Bartonella spp. with their subsequent under-
representation in typing studies.

10.3.1	 �Species Identification

10.3.1.1	 �16S-Based Techniques
The 16S ribosomal RNA (rRNA) gene is highly conserved and has been extensively 
used in phylogenetic studies. Regarding Bartonella spp., different typing approaches 
have been developed based on the use of this gene.

16S sequencing: Sequencing of the 16S rRNA gene is an important tool for bacterial 
detection and identification. The following features make this a useful molecular 
target to study bacterial phylogeny and taxonomy: (i) it is present in almost all 
bacteria; (ii) its functions have not changed over time; and (iii) the length of this 
gene (1500 bp) is large enough for informatic purposes [23]. In fact, the first 
association of Bartonella with bacillary angiomatosis was due to the detection of 
Bartonella 16S rRNA gene sequences in the lesions of patients [24]. Similarly, 
the association of Bartonella spp. with cat scratch disease was established by the 
detection of B. henselae 16S rRNA gene sequences in skin test antigen prepara-
tions used to diagnose this illness [25]. Later, a rapid, sensitive, and reliable 
method to generate partial 16S rRNA sequences of B. henselae and B. quintana 
directly from normally sterile clinical specimens was proposed by Goldenberg 
and colleagues [26]. The amplification of the 16S rRNA gene has also been pro-
posed for the diagnosis of Carrion’s disease in Peru. The authors suggest using 
both Bartonella-specific and universal 16S rRNA gene primers to detect B. bacil-
liformis, and the use of universal 16S rRNA gene primers facilitating the detec-
tion of other bacterial pathogens [27]. Indeed, in an outbreak of Carrion’s disease 
the identification of Bartonella rochalimae was determined by molecular 
characterization of the 16S rRNA gene [28].
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Some Bartonella species, can be clearly differentiated by ribosomal gene 
sequences [29], but this ability can be problematic for some related species. In 
fact, the use of the 16S rRNA gene sequences for differentiating Bartonella spe-
cies has led to unsatisfactory results due to the high degree of conservation of 
this gene [3, 30]. An example is the study by La Scola and colleagues comparing 
the ability of 7 gene targets (16S rRNA, gltA, groEl, rpoB, ftsZ, ribC, its) to dis-
criminate among Bartonella species. The authors demonstrated that 16S rRNA 
was the least discriminating gene among those tested in the discrimination of 
Bartonella species [31]. Thus, some studies have suggested the use of a com-
bined phylogenetic analysis incorporating other genes to study the phylogenetic 
relationships among the genus Bartonella [32, 33].

16S–23S rRNA intergenic spacer region amplification: This method consists 
in the polymerase chain reaction (PCR) amplification of 16S–23S rRNA inter-
genic spacer region (ITS) sequences. This region is considered to be a hypervari-
able region with amplicons of a species-specific size resulting in a specific 
pattern and has, therefore, been proposed as a rapid and reliable method for the 
detection and subtyping of Bartonella species according to their specific pat-
terns. These 16S–23S rRNA ITS amplicons are usually between 250 and 500 bp 
in size in prokaryote genomes, being longer in Bartonella species, mainly with 
sizes greater than 1200 bp (for instance, the ITS region of Bartonella elizabethae 
has 1529 bp). There are few exceptions, one being B. bacilliformis, which pos-
sesses an ITS region of 906 bp in length [34, 35]. Thus, in the 1990s this tech-
nique was used alone or combined with a subsequent DNA digestion to 
discriminate among the species of clinical interest as well as to perform intra-
species sub-classifications [35–37]. Furthermore, Bartonella-specific primers 
were designed to amplify variable portions of the ITS region of only small size 
of around 150–300 bp [34], or medium of around 650–700 bp [36, 38]. The tech-
nique has several limitations, such as the continuous increase of new Bartonella 
species, the possible amplification of other members of the order Rhizobiales 
such as Mesorhizobium spp. [39], as well as the difficulties inherent to the pres-
ence of Bartonella spp., such as B. henselae, presenting different 16S–23S rRNA 
ITS sizes which may lead to misidentification [40]. Thus, with the use of the 
primers proposed by Maggi and col. [39], Dillon and Iredell reported the pres-
ence of up to 5 different B. henselae 16S–23S rRNA ITS amplified products with 
sizes ranging from 648 bp to 693 bp [40]. To solve these problems, the combina-
tion of a 16S–23S rRNA ITS amplification with reverse line blotting was pro-
posed using specific probes for up to 20 Bartonella spp. [41]. Although this 
technique is highly specific, it does not distinguish among Bartonella birtlesii, 
Bartonella capreoli, Bartonella chomelii, and Bartonella schoenbuchensis [41]. 
All these findings highlight the need for accurate selection of primers and con-
tinuous revision of the literature to add new species to the 16S–23S rRNA ITS 
schemes.

Despite the above-mentioned limitations, this technique has been largely and 
successfully used for direct analysis of biological samples, remaining as one of 
the most used approaches to develop Bartonella studies, facilitating the 

J. Ruiz et al.



199

identification of Bartonella spp. as well as the detection of the presence of new 
Bartonella spp. in reservoirs or arthropods [38, 42]. More recent modifications 
have successfully adapted 16S–23S rRNA ITS amplification to quantitative PCR 
(qPCR) techniques for diagnostic purposes [43], which thereafter have also been 
applied in the detection of known and undescribed species in non-human sam-
ples, as in animal reservoirs such as bats [4]. Other authors have included the 
amplification and sequencing of a portion of the 16S–23S rRNA ITS on MLST 
panels as an additional locus to be considered [44].

10.3.1.2	 �Amplified Ribosomal DNA Restriction Analysis
The use of Amplified Ribosomal DNA Restriction Analysis (ARDRA) (also found 
in the literature under other denominations such as restriction analysis of the 16S 
rRNA amplified gene or restriction fragment length polymorphism – RFLP – of the 
16S rRNA gene) approaches to identify related bacterial species has been largely 
described, with two main strategies being considered: (a) a series of sequential 
digestions with different restriction enzymes guided by a decision-tree based on the 
fragment sizes obtained [45] and (b) a series of parallel digestions resulting in a 
series of patterns which on reading in combination are specific to each species [46].

Regarding Bartonella spp., the first strategy was developed in silico in 2014 to 
identify the 29 Bartonella species (including a few Candidatus Bartonella) for 
which 16S rRNA data were recorded in GenBank at that time [47]. This approach 
needed a maximum of 6 consecutive enzymatic digestions to univocally identify 31 
Bartonella species/subsp. (including 5 Candidatus Bartonella spp.), with two of the 
most relevant species of clinical interest, B. bacilliformis and B. quintana, being 
identified in the first digestion step, and B. henselae needing 2 additional digestions 
[47]. While the technique is ductile and, if necessary, may be modified in parallel to 
new species descriptions by either changing or adding enzymatic digestions, no 
other attempt to update a fully16S rRNA RFLP scheme has been made.

Meanwhile, the second strategy was applied in 1999 to discriminate between 
B. elizabethae, B. henselae, and B. quintana [48]. The authors amplified a Bartonella 
genus-specific 296 bp fragment, which was thereafter digested in parallel with DdeI 
and MseI [48]. As above, this approach allows adding other digestions if needed to 
differentiate among newly added species, but no further attempt to extend the meth-
odology to other Bartonella spp. has been found in the literature.

Other authors have used a single 16S rRNA scheme (alone or combined with the 
digestion of other genes) for preliminary analysis of isolates recovered in order to 
select different RFLP patterns to proceed with full sequencing of 16S rRNA gene 
(this approach may be extended to other genes analyzed by enzymatic digestion), 
optimizing economic resources [49].

10.3.1.3	 �Ribotyping
Ribotyping is based on the use of different restriction enzymes to digest bacterial 
DNA followed by hybridization with 16S rRNA and 23S rRNA probes.

Regarding Bartonella spp., this technique has been only used once to type 
B. henselae. Thus, Melter et al. tested the applicability of ribotyping using HindIII, 
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BglI, and PvuII in 5 cat recovered B. henselae [50]. The authors obtained a single 
ribotype using HindIII and were able to differentiate 2 different ribotype patterns 
using BglI and PvuII. In all cases, the B. henselae ribotype patterns differed from 
those of B. quintana, B. clarridgeiae, and B. elizabethae, which were used as 
controls.

10.3.1.4	 �DNA-DNA Hybridization
This technique has been largely used as a key technique in the description of new 
bacterial species. It is based on the reassociation of DNA, with a cut-off of 70% 
being considered to define a new species [51]. In the case of Bartonella spp., this is 
one of the classical determinations used in the description of new species, being 
surpassed in recent years by the development of whole genomic sequencing (WGS), 
with which the inclusion of a percentage of WGS differences has been proposed as 
a new (or alternative) parameter to define species/subspecies.

10.3.1.5	 �Matrix-Assisted Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 
(MALDI-TOF MS, or usually reported as MALDI-TOF) has emerged as a new 
protein-based technique for the identification of bacterial species, providing species-
specific protein fingerprinting.

MALDI-TOF applications in Bartonellaceae are scarce, first approach having 
been performed in 2009 [52]. The authors obtained unique MALDI-TOF profiles 
for each of the 17 Bartonella species included in the study with no overlap with the 
bacterial species included in the Bruker database, demonstrating the reliability of 
the use of this technique for identification purposes.

This technique is also being explored to detect the presence of Bartonella-
carrying vectors. Studies experimentally infecting different vectors with B. hense-
lae or B. quintana were able to determine the presence or absence of the infecting 
Bartonella by MALDI-TOF as well as differentiate arthropods infected with 
B. henselae or B. quintana [53, 54].

10.3.1.6	 �Specific PCRs
Several studies in the literature have reported the use of specific PCR approaches to 
detect and discriminate among Bartonella species.

In this sense, the ialB gene was considered as specific to B. bacilliformis and was 
proposed for the diagnosis of Carrion’s disease [55]. Nevertheless, further studies 
revealed its presence in other members of the genus, such as B. henselae and 
B. birtlesii, making it a useful tool for several Bartonella spp. infection [56] but not 
discriminatory for B. bacilliformis.

Most efforts have been addressed to the development of class-PCR targeting 
either to detect the presence of Bartonella spp. (mostly for clinical purposes) or to 
discriminate at species levels. Furthermore, this approach has also been used in 
paleomicrobiology, with the hbpE, htrA, or groEL genes as targets to detect B. quin-
tana in ancient samples, such teeth from Napoleon’s Grand Army soldiers died on 
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Vilnius (Lithuania) or from prehistoric (~4000 years) burial [57, 58]. Thus, the ribo-
flavin synthesis genes, such as ribC, ribD, and ribE, are absent in humans, thus 
being useful for bacterial DNA detection in human samples as well as allowing 
differentiation of Bartonella species. In this sense, species-specific PCR assays 
based on differences within the ribC gene were successfully developed to differenti-
ate B. henselae, B. clarridgeiae, B. quintana, and B. bacilliformis [59]. The use of 
the amplification of the ribC as a diagnostic tool was also useful for the recent 
detection of B. quintana DNA from a patient with endocarditis [60]. Other targets 
has also been explored; thus, in one study by La Scola and colleagues amplification 
of the rpoB and gltA genes was one of the most effective PCR approaches for dis-
criminating Bartonella at a species level [31].

Several modifications have allowed additional approaches, including the use of 
nested PCRs or several PCR-RFLP methods. Thus, a nested PCR using the cell divi-
sion gene ftsZ to differentiate among B. bacilliformis, B. quintana, and B. henselae 
has also been described [61]. Meanwhile, RFLP methods have been applied to the 
amplified products of the RNA polymerase beta subunit (rpoB) gene [62], the ftsZ 
gene [63], and the citrate synthase (gltA) gene [64, 65].

More sensitive tools such as real-time PCR have been used in other studies. A 
301 bp region of the ssrA gene amplified by real-time PCR was able to discriminate 
over 30 Bartonella species, subspecies, and strains [66]. Furthermore, a two-step 
protocol combining the amplification of the gltA gene by real-time PCR followed 
by pyrosequencing of the rpoB gene has also been described for rapid differentia-
tion of at least 11 medically relevant Bartonella spp. [67]. A real-time PCR target-
ing the NADH dehydrogenase gamma subunit gene (nuoG) was found to be sensitive 
and specific enough to detect diverse Bartonella species [68]. More recently, a PCR 
platform targeting the gltA, and rpoB genes, was developed for B. rochalimae, with 
the potential to be used for the detection of B. rochalimae infections in humans, and 
it can be used for surveillance studies of vectors and reservoirs [69].

10.3.2	 �Clonal Determination

10.3.2.1	 �Multilocus Sequence Typing
Multilocus sequence typing (MLST) was developed in l998 to overcome the diffi-
culty of comparing clonality studies performed by different laboratories [70]. Initial 
technique validation was performed using Neisseria meningitidis [70], having cur-
rently been expanded to more than 100 microorganisms. In contrast to PFGE or 
PCR typing, MLST cannot distinguish between recent epidemiological events, its 
utility lies in the analysis of long-term epidemiology [70]. The technique is based 
on the amplification and sequencing of a series (usually around 5–9) of highly con-
served housekeeping genes, with each different sequence of a specific gene being 
numbered, and the combination of all the numbers obtained resulting in a numeric 
profile which defines a Sequence Type (ST).

Regarding Bartonella spp., the first MLST scheme, was designed in 1998 for the 
epidemiological analysis of B. henselae [71]. This scheme was originally based on 
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the analysis of 9 genes [71]. Further studies modified the MLST scheme using only 
7 genes [72], with the current MLST scheme including 8 genes (16S rRNA, batR, 
ribC, groEL, gltA, nlpD, ftsZ, and rpoB) [73]. The MLSTs of B. henselae are hosted 
on the webpage https://pubmlst.org/bhenselae/, with 446 strains classified into 37 
B. henselae STs.

Subsequent to its first use in B. henselae, MLST was expanded to other species, 
among others, B. quintana (9 gene-based scheme: atpF, bqtR, ftsZ, gap, gltA, 
groEL, nlpD, ribE, and rpoB) [74]. Interestingly, MLST studies of B. quintana have 
demonstrated the ancient divergence among human and macaque isolates which are 
classified within different and species-specific MLST patterns [75, 76]. These 
results suggest the possible zoonotic origin of B. quintana [75]. Thus, at present at 
least 22 B. quintana STs have been described, with ST1 to ST7 being of human 
origin, ST8 to ST14 from cynomolgus macaques, ST15 to ST21 from rhesus 
macaques and ST22 from Japanese macaques [74.76]. Despite the clinical relevance 
of B. quintana [14], no MLST webpage has been developed.

The other two Bartonella spp. for which a MLST webpage has been developed 
are B. bacilliformis (https://pubmlst.org/bbacilliformis/) and Candidatus Bartonella 
washoensis (https://pubmlst.org/bwashoensis/). Both schemes were designed in 
2011, with B. bacilliformis using a 7 gene scheme (bvrR, rnpB, flaA, ribC, ftsZ, 
rpoB and groEL) and Candidatus B. washoensis a 6 gene scheme (16S rRNA, ftsZ, 
gltA, groEL, ribC,and rpoB) [77, 78]. At present, 14 B. bacilliformis and 21 
Candidatus B. washoensis STs have been validated in a bacterial population of 64 
and 21 isolates, respectively. Although it cannot be used in vector-samples, MLST 
analysis of Bartonella spp. in infected blood (or possibly other sterile fluids or tis-
sues) may be done. Thus, Pons et al. determined the MLST patterns of 9 B. bacil-
liformis by direct processing of blood samples in the absence of bacterial culture [19].

While no webpage has been developed for other Bartonella spp., MLST 
approaches have also been extended to other Bartonella spp. For instance, in 
Bartonella bovis, 27 different ST patterns obtained from 38 isolates analyzed have 
been described [79–81] and 9 different STs have been detected in 18 isolates of 
B. chomelii, with the presence of more than one infective clone being confirmed in 
the same biological sample [79]. In both cases the MLST scheme was based on the 
amplification of 8 different loci (16S rRNA, ftsZ, groEL, nuoG, ribC, rpoB, ssrA, 
and ITS). Of note, the adjudication of the same ST pattern for 2 different allelic 
combinations highlights the need to organize specific repositories to avoid nomen-
clature mistakes [79, 81].

In addition to classical analysis of intraspecific clonal relationships, MLST may 
also be used to establish the phylogenetical relationships among different Bartonella 
spp. For this purpose, the housekeeping genes selected should be amplified, concat-
enated (either in  vitro or in silico), and the results obtained analyzed using a 
neighbor-joining tree or other similar tools. This approach also allows preliminary 
screening of possible new species or analysis of the presence of possible Bartonella 
subspecies structures [44, 82].
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10.3.2.2	 �Multispacer Typing
Multispacer typing (MST) has been proposed to increase the discriminatory power 
of MLST. This technique was conceived as a combination of MLST and 16S–23S 
rRNA ITS amplification, in which a series of intergenic spacers placed between two 
highly conserved genes are amplified. The intergenic regions are thereafter 
sequenced and each different sequence of a specific intergenic region is numbered, 
and the combination of all the numbers obtained results in a numeric profile which 
defines a specific MST. The technique was developed in 2005 [83] and was thereaf-
ter expanded to B. henselae, with 9 intergenic spacers being established [84]. In 
addition to B. henselae and B. quintana this technique has also been used on 
B. ancashensis [85].

Despite its discriminatory power and an attempt to design a webpage database 
(http://ifr48.timone.univ-mrs.fr/MST_BHenselae/mst), which remained unavail-
able at the time of writing this chapter, the number of studies using this technique is 
scarce, and none posterior to 2013 being found searching the terms “MST, 
Bartonella” or “Multispacer Typing, Bartonella” in PubMed.

10.3.2.3	 �Multilocus Variable Copy Numbers of Tandem 
Repeats Analysis

Multilocus variable copy numbers of tandem repeats analysis (MLVA) is a molecu-
lar typing method with high discriminatory power which was developed in 1997 
[86, 87] to subtype microbial isolates. This technique reveals insights about the 
phylogeny within highly homogenous bacterial species subgroups by analyzing the 
copy number of a selected set of tandem repeats. Even among highly related bacte-
rial strains, the copy number of tandem repeats is usually very diverse. This tech-
nique gained importance with the availability of whole genome sequences and free 
online resources that facilitate the setting-up of new MLVA [88], developed for 
practically all medically relevant bacterial species. Regarding Bartonella spp., the 
first study developing a MLVA was performed in 2007 for B. henselae in which 5 
variable number tandem repeats were selected due to the high level of polymor-
phism provided. In fact, in the same study 31 different profiles were observed in 42 
feline and 2 human isolates of B. henselae [89]. MLVA has a higher discriminatory 
power as compared to MSLT and has been proposed for use in epidemiological 
studies [90, 91]. To date several epidemiological studies analyzing the MLVA pro-
files of B. henselae isolates circulating in reservoir hosts, patients, and vectors have 
been performed [90–92]. Interestingly, MLVA allowed clear separation between 2 
distinct B. henselae genotypes; genotype I which is most frequently associated with 
human infections and genotype II which is most often present in isolates from cats 
[92]. As far as we know, no MLVA has been developed for other Bartonella spp.

10.3.2.4	 �Pulsed-Field Gel Electrophoresis
Pulsed-field gel electrophoresis (PFGE) consists in electrophoresis of the whole 
bacterial genome after the application of a restriction enzyme generating a limited 
number of high-molecular-weight restriction fragments. The analysis of 
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macrorestriction patterns by PFGE represents the gold standard among band-based 
typing techniques to establish recent clonal relationships among different bacterial 
isolates.

While recent reports on the use of PFGE for the typing of Bartonella spp. are 
limited, PFGE has frequently been used for the evaluation of genetic relatedness 
among Bartonella spp. isolates, with the use of different restriction enzymes having 
been explored (e.g., EagI, NotI or SmaI) [93, 94]. These reports showed differences 
in the efficiency to determine the presence of different clones related to higher or 
lower number of bands obtained, with SmaI being considered as one of the best 
enzymes for typing purposes [93]. Further optimization of the method performed in 
2009 confirmed the use of SmaI as an elective restriction enzyme, with EagI as a 
second option [94]. Most studies have been focused on B. henselae [72, 95–97], but 
the PFGE approach has also been validated for other species such as B. quintana 
[93] and B. vinsonii [98].

An unexpected problem was described in 2007, when the rapid in vivo emer-
gence of genetic variants of B. henselae was observed, leading to the detection of up 
to three different PFGE patterns (differences ranging from 1 to 3 bands) from pri-
mary bacterial cultures [99]. During a study designed to optimize the use of PFGE 
for typing Bartonella spp., Xu et al. also reported this phenomenon in B. henselae 
[94]. Thus, B. henselae may mutate frequently, making this a possible limitation for 
the usefulness of PFGE for typing this microorganism. Notwithstanding, the pres-
ence of this high mutation frequency has not been reported in other Bartonella spp.

Beyond the classical uses of PFGE, several authors have also applied this tech-
nique to validate the presence of genetic differences among isolates of Bartonella 
spp. in the course of studies aimed at describing the presence of Bartonella species 
in different mammal reservoirs [100].

10.4	 �Whole Genomic Sequencing

WGS is the ultimate typing approach. This technique provides complete informa-
tion of bacterial genetic material in order to better identify new species and subspe-
cies or to establish phylogenetic relationships among them. The main limitation of 
this technique (common to several of the techniques described in the present chap-
ter) is the need for a Bartonella culture.

The average nucleotide identity (ANI) [101] measures the level of identity to 
define a species using algorithms modified to the current OrthoANIu with a pro-
posed cut-off value of 95% [102]. This approach has been used in the most recent 
Bartonella spp. descriptions such as those of Bartonella kosoyi and Bartonella kras-
novii [21].

In addition, WGS has been used to analyze intraspecific variability and interspe-
cific relationships by the analysis of single nucleotide polymorphisms (SNPs) and/
or orthologous genes [103, 104]. Thus, Guy et al. analyzed 13 Bartonella genomes 
belonging to 16 Bartonella spp. [103], while Tay et al. analyzed 27 genomes belong-
ing to 21 different Bartonella genomes [104]. These studies allow the Bartonella 
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species analyzed to be classified within different clades. It was of note that the 
ruminant-adapted bacteria analyzed were consistently classified in a common clade 
while B. bacilliformis and Candidatus B. australis were classified within this rumi-
nant clade or as singletons [103, 104].

While highly specific and potent, this approach is currently challenging because 
of the lack of representative genomes of a high number of Bartonella spp., as well 
as the limited number of sequenced genomes of most of the species. As mentioned 
above, 37 Bartonella species have standing in nomenclature, but the real number of 
Bartonella spp. is predicted to be extremely high. An example of this is that in 
September 2021 the number of possible Bartonella spp. based on DNA sequences 
(including whole genomes and partial DNA sequences) was 1396 (https://www.
ncbi.nlm.nih.gov/taxonomy/?term=txid773[Subtree]; https://www.ncbi.nlm.nih.
gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=773&lvl=3&keep=1&src
hmode=1&unlock). Meanwhile, at present, the genomes of 191 Bartonella spp. iso-
lates belonging to 28 species with standing in nomenclature (https://lpsn.dsmz.de/
genus/bartonella), 10 Candidatus Bartonella spp. and 36 “unclassified Bartonella” 
isolates, are recorded in GenBank (https://www.ncbi.nlm.nih.gov/genomes/
GenomesGroup.cgi?taxid=773). Nonetheless, half of these sequences belong to 
only 3 species, with 30 B. henselae, 18 B. quintana genomes, and 17 B. bacillifor-
mis genomes. The remaining species are represented by a maximum of 6 genomes, 
and mainly by a single sequenced genome.

10.5	 �PCR Typing-Based Techniques

Similar to PFGE, these techniques provide information about recent genetic events, 
being therefore of special usefulness to differentiate among bacterial strains. 
Different PCR typing techniques (see next sub-sections) have been used for typing 
Bartonella spp. Although PCR typing is largely absent in the most recent studies 
because of the use of other more modern molecular approaches, it should be consid-
ered, especially due to its cost/effectiveness, which makes it attractive for the typing 
of Bartonella. Furthermore, the use of more than one PCR typing method or in 
combination with other techniques may enhance epidemiological analysis with 
more detailed analysis of clonal relationships [105].

10.5.1	 �Amplified Fragment Length Polymorphism

The amplified fragment length polymorphism (AFLP) technique is based on selec-
tive PCR amplification of DNA restriction fragments obtained from a total digestion 
of genomic DNA. Due to differences in restriction fragment lengths separated by 
gel electrophoresis, different patterns are created, revealing genetic relationships 
among various isolates.

While having a high degree of reproducibility and discriminatory power, AFLP 
has rarely been applied to the typing of Bartonella spp. However, it has been applied, 
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with satisfactory results, in the study of B. henselae, digesting the chromosomal 
DNA with HindIII [106], and B. bacilliformis using PstI for restriction pur-
poses [107].

10.5.2	 �Repetitive Extragenic Palindromic PCR

Along the bacterial genome there are multiple interspersed noncoding repetitive 
sequences that can be used to design primers to amplify the inter-sequence DNA 
fragments creating a unique DNA profile or fingerprint for individual bacterial 
strains. This technique is named repetitive extragenic palindromic (REP-PCR) and 
has been useful for the identification and discrimination of Bartonella species [105, 
108, 109]. In particular, REP-PCR appears to be useful for subtyping B. henselae 
isolates. Rodriguez-Barradas et al. showed that by combining the results of REP-
PCR and enterobacterial repetitive intergenic consensus (ERIC)-PCR, 5 different 
fingerprint profiles were identified among 17 isolates of B. henselae, but only 1 
profile was identified among 5 isolates of B. quintana [105]. The technique allowed 
discrimination among Bartonella species and among different strains within a spe-
cies [105]. In a study by Sander and colleagues [109], 17 isolates of B. henselae 
from Germany obtained from blood cultures of domestic cats were subtyped by 
REP-PCR as well as other typing techniques. Although all the typing methods 
allowed subtyping of the B. henselae isolates, PFGE and ERIC-PCR provided the 
highest discriminatory power [109]. The results exhibited a high genetic heteroge-
neity among the B. henselae strains studied, showing that these typing techniques 
can be useful for epidemiological and clinical follow-up studies [109]. Regarding 
other Bartonella spp. only a few reports are available, such as a study on B. bacil-
liformis typing methods in which REP-PCR was concomitantly used with ERIC-
PCR [110].

10.5.3	 �Enterobacterial Repetitive Intergenic Consensus PCR

ERIC sequences are repetitive, short, and highly conserved extragenic palindromic 
DNA sequences that are widely disseminated among microorganisms. The ERIC-
PCR technique consists in the amplification of the DNA region present within two 
ERIC sequences. The amplification results in a variable number of bands with an 
indeterminate size, which are used for genomic fingerprinting of bacterial isolates.

The use of this technique was first described in Bartonella spp. in 1995, analyz-
ing 17 B. henselae, 5 B. quintana, and 2 isolates each of B. bacilliformis, B. eliza-
bethae, and B. vinsonii. The study showed good results suggesting better 
discriminatory power among B. henselae compared to B. quintana [105]. The pres-
ence of a band of 1.3 kb common for B. henselae and another of 1.1 kb present in 
all B. quintana was reported with these bands being absent in the remaining 
Bartonella spp. analyzed [105].
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Thereafter, ERIC-PCR has been scarcely used. It has been reported in different 
studies focused on B. henselae [111] being considered as discriminatory as PFGE 
[109]. Similarly, as mentioned above, ERIC-PCR has also been described in B. bac-
illiformis, being used together with REP-PCR to define different profiles [110]. 
ERIC-PCR has also been used in the characterization of new Bartonella species 
such as B. schoenbuchensis [112] and more recently in the analysis of the diversity 
of B. bovis [81].

10.5.4	 �Randomly Amplified Polymorphic DNA PCR

Randomly amplified polymorphic DNA (RAPD)-PCR (or arbitrarily primed PCR – 
AP-PCR) is a genotyping method that uses a single primer of arbitrary nucleotide 
sequence, which requires no previous knowledge of the DNA template and results 
in the amplification of random strain-specific segments of DNA products. Regarding 
Bartonella spp. the M13 primer (5′-GAGGGTGGCGGTTCT-3′) has been used.

The number of studies using this technique is very scarce, having been explored 
for the typing of B. henselae [109, 113, 114]. The results, however, were not very 
satisfactory, suggesting that it has limited value as a genotyping tool of B. henselae 
[114]. Meanwhile, Li et al. used this technique to characterize a strain of Bartonella 
isolated from a domestic cat in China, identifying the strain as B. clarridgeiae [115]. 
In addition, Ciervo et  al. used RAPD-PCR to differentiate among B. henselae, 
B. quintana, and B. clarridgeiae [113].

10.5.5	 �16S rRNA Type-Specific Amplification

This technique has been used to differentiate two main clusters of B. henselae. This 
microorganism present two different 16S rRNA sequences differing in three nucleo-
tides located at positions 172 to 175 [116–118]. In this region the so-called Cluster 
I (with the Houston I strain being representative) presents the “-TAG” sequence 
while Cluster II (with the Marseille strain being representative) possesses the 
“ATTT” sequence (note the presence of an additional nucleotide in Cluster II) [116]. 
This difference has been used to design an easy PCR approach to detect the pres-
ence of these clusters using a universal 16S rRNA upper primer and the differential 
172–175 nucleotide region as 3′-terminal of the lower primer (primer 1 (BH1): 
5′-CCGATAAATCTTTCTCCCTAA-3′ and primer 2 (BH2): 5′-CCGATAAATC 
TTTCTCCAAAT-3′) [119].

While largely surpassed by more discriminative techniques, several studies have 
showed geographical differences in the distribution of these clusters, with cluster I, 
for instance, being predominant in Japan [120].
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10.5.6	 �Infrequent Restriction Site PCR

The infrequent restriction site PCR (IRS-PCR) is based on fully genomic DNA 
digestion with 3 different enzymes, followed by the use of oligonucleotide adapters 
and subsequent PCR. This technique allows the use of fluorescent markers, and then 
the products may be analyzed in DNA sequencers for fingerprinting purposes. Its 
use in Bartonella spp. has only been sporadically reported, with the first study vali-
dating its usefulness to differentiate 7 Bartonella spp. being performed in 2000 
[121]. Nonetheless, subsequent analyses suggested its limited value for the analysis 
of B. henselae isolates [114]. Further analysis confirmed the lack of reproducibility 
of IRS-PCR related to B. henselae phase variation, with this phenomenon not affect-
ing the reproducibility of other PCR-based typing methods such as 16S–23S rRNA 
ITS amplification, RAPD,  ERIC-PCR or that of methods such as gltA or16S rRNA 
sequencing [122]. To the best of our knowledge, IRS-PCR has thereafter only been 
used in a B. bacilliformis fingerprinting analysis, describing the presence of geo-
graphical clonal differences as well as the presence of the same clone among rela-
tives living in the same household [123].

10.6	 �Summary

Bartonella spp. is an arthropod-vectorized bacterial genus responsible for a wide 
array of vector-borne diseases. Although potentially lethal, Bartonella spp. has 
remained for years out of scope of clinicians. While challenged by the fastidious 
nature of Bartonella spp., the development of molecular tools has allowed identify-
ing an increasing number of fully or partially characterized new Bartonella species, 
contributing to the knowledge of its epidemiology and the further understanding of 
its pathogenicity. The present chapter summarizes the most relevant approaches to 
type Bartonella spp.
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11.1	 �Introduction

11.1.1	 �Brucellosis

Bacteria of the genus Brucella are responsible for causing brucellosis infections in 
humans, livestock and wildlife. Brucellosis remains one of the most significant zoo-
notic infections globally, which is endemic across a wide geographic range [1]. In 
many low- and middle-income countries, brucellosis represents a dual burden, caus-
ing significant human morbidity [2, 3], as well as substantial impacts on livelihoods 
due to reduced livestock productivity (e.g. Ref. [4]). Furthermore, in those industri-
alised nations where it has been eradicated from livestock populations, brucellosis 
remains an infrequent but significant human disease, associated primarily with 
travel to, or migration from, endemic regions (e.g. Ref. [5, 6]).

In humans, brucellosis is characterised by a severe febrile illness, with chronic 
debilitating conditions such as arthralgia, myalgia and back pain affecting a signifi-
cant proportion of individuals [7]. In livestock, the disease is characterised by abor-
tions and infertility [8]. Transmission of brucellosis to humans occurs primarily 
through occupational exposure to material from infected animals (e.g. when assist-
ing with parturition) or through consumption of unpasteurised dairy products [9]. 
Hence, the most effective mechanism for controlling human brucellosis is to control 
the infection in livestock populations [2, 10]. This may be achieved by a variety of 
means, including the application of test and slaughter policies, and livestock 
vaccination.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-83217-9_11&domain=pdf
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11.1.2	 �The Genus Brucella

The genus Brucella belongs to the family Brucellaceae (order Rhizobiales), within 
the alphaproteobacteria class of Gram-negative bacteria. The Brucellaceae are a 
diverse bacterial family, containing species with a wide range of habitat or host 
preferences, encompassing obligate intracellular pathogens of animals, opportunis-
tic pathogens, plant-associated pathogens and symbionts, and environmental 
organisms.

For several decades, the genus Brucella was described as consisting of six “clas-
sical” species (B. abortus, B. melitensis, B. ovis, B. suis, B. canis and B. neotomae), 
with well-characterised mammalian host preferences [2]. Of these, three species 
(B. melitensis; B. abortus and B. suis) are responsible for the vast majority of human 
illness and loss of domestic livestock productivity [11]. Latterly, six additional spe-
cies have been described, with the genus expanding to include B. pinnipedialis and 
B. ceti isolated from marine mammals [12], B. microti from voles [13], B. inopinata 
isolated from a human infection [14], B. papionis from baboons [15] and B. vulpis, 
isolated from foxes [16]. Both B. inopinata and B. vulpis have been described as 
genomically atypical of the "core" Brucella species, whilst B. microti exhibits a 
number of atypical phenotypic characteristics. Furthermore, there is an expanding 
body of literature describing the isolation of Brucella from amphibian hosts (e.g. 
Ref. [17]). These species and strains reflect an ongoing expansion of the known host 
range and genetic diversity of the genus (Table 11.1).

The genome of Brucella melitensis is 3.2 Mb in length, and is organised in two 
circular chromosomes, of approximately 2.1 Mb and 1.2 Mb, respectively, encoding 
~3,200 coding sequences [18]. The majority of species and strains sequenced to 
date share a similar genomic arrangement, though some exceptions do exist [19]. 
Comparative genomics has demonstrated that Brucella genomes are characterised 
by high levels of synteny, with large insertions, inversions or deletions occurring 
relatively rarely [19]. Similarly, horizontal gene transfer has been shown to be rela-
tively rare within the core Brucella species, which are considered to be largely 
clonal [20]. However, recently described atypical strains incorporate genomic 
regions exhibiting sequence identity to various soil living bacteria [17, 21]. At the 
sequence level, the genus Brucella is characterised by very low levels of genetic 
diversity. Whole-genome analyses demonstrate that average nucleotide identity 
(ANI) values amongst all members of the genus exceed the commonly recognised 
threshold for distinguishing between species [22, 23].

11.1.3	 �Significance of Molecular Typing Approaches to Brucella 
Control and Eradication

A well-established biotyping system exists for classical Brucella spp., which applies 
a suite of phenotypic assays to identify species, and further distinguish a number of 
“biovars” within the three species of greatest zoonotic significance [24]. Prior to the 
advent of molecular typing methods, these biovars represented the only sub-species 
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categorisation available for use in epidemiological investigations [25]. However, 
whilst biotyping has been widely applied in brucellosis research and control, the 
methods involved are labour-intensive and a potential biological safety hazard to 
laboratory personnel. In addition, the suite of biotyping assays requires consider-
able experience in their application, and their interpretation can be somewhat sub-
jective [25]. Furthermore, the biotyping scheme was initially developed on the basis 
of characteristics observed amongst isolates of the six classical Brucella species and 
is therefore of limited value for more recently described strains [25]. Similarly, 
there are numerous examples of strains of the classical species, which do not adhere 
well to the biotyping scheme, particularly those arising from geographical regions 
poorly represented in established strain collections (e.g. Ref. [26]). The 

Table 11.1  Currently recognised Brucella species and biovars, highlighting natural host prefer-
ences and pathogenicity for humans, where known

Species Biovar Straina

Year 
described Host species

Zoonotic 
potential?

B. abortus 1 544T 1920 Cattle High
2 86/8/59
3 Tulya
4 292
5 B3196
6 870
9 C68

B. melitensis 1 16MT 1920 Sheep and goats High
2 63/9
3 Ether

B. suis 1 1330T 1929 Pigs High
2 Thomsen Wild boar, hare No
3 686 Pigs High
4 40 Reindeer, caribou High
5 513 Rodents Unknown

B. ovis 63/290T 1956 Sheep No
B. neotomae 5K33T 1957 Desert woodrat Nob

B. canis RM6/66T 1968 Dogs Moderate
B. ceti B1/94T 2007 Cetaceans Unknownc

B. pinnipedialis B2/94T 2007 Pinnipeds Unknown
B. microti CCM4915T 2008 Vole, fox Unknown
B. inopinata BO1T 2010 Unknown Unknownd

B. papionis F8/08-60T 2014 Baboon Unknown
B. vulpis F60T 2016 Fox Unknown

aStrain identifier of species type, or biovar reference, strain
bPreviously considered non-zoonotic but human cases recently reported
cMLST genotype ST27 has been associated with a number of human infections
dSpecies is currently represented by a single isolate, which was recovered from a human
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epidemiological value of biotyping has been further questioned as it has become 
increasingly clear that biovars do not necessarily reflect genetic groupings [27].

Molecular typing methods provide a more reliable approach to the identification 
and sub-species characterisation of Brucella, and can provide a far greater degree of 
resolution than previously available. Additionally, molecular typing methods can 
provide a direct link to the phylogeny of a given isolate, and hence are of greater 
value in informing epidemiological investigations. This chapter summarises the 
most significant methods currently employed for the molecular detection of Brucella 
and for discrimination between existing species. Widely applied molecular typing 
methods for characterising below the species level are then described in fur-
ther detail.

11.2	 �PCR-Based Molecular Detection Methods

Whilst not strictly molecular typing, PCR-based methods for confirming the iden-
tity of Brucella spp. play a critical role in the application of molecular methods to 
surveillance and research activities for brucellosis. The application of PCR-based 
detection enables the presence of Brucella spp. to be confirmed without the need for 
extensive phenotyping, and the associated practical and biological safety implica-
tions of these procedures [28]. Initial applications of these methods utilised conven-
tional end-point PCR approaches, in which the amplified product is visualised by 
agarose gel electrophoresis. Subsequently, real-time (or quantitative) PCR 
approaches have been developed, which have been widely adopted for diagnostic 
purposes.

Real-time PCR provides a number of benefits over conventional PCR approaches 
in a diagnostic laboratory environment [29]. The method is more rapid, as post-
amplification electrophoresis is not required. Additionally, as amplification and 
detection are performed simultaneously, the reaction tube remains closed. This sub-
stantially reduces the risk of amplicon contamination occurring, which presents a 
significant hazard to the reliable application of PCR in a diagnostic environment. 
Furthermore, the sensitivity of real-time PCR is generally greater than conventional 
PCR assays for the same target (e.g. Ref. [30]).

11.2.1	 �Brucella Genus-Specific PCR Targets: bcsp31

A number of different genomic targets have been evaluated and applied for the 
PCR-based detection of Brucella organisms. Perhaps the most widely used of these 
is the gene encoding the 31 kDa Brucella cell surface protein, bcsp31. An initial 
study using this genomic target applied a conventional PCR assay and focused on 
only B. abortus and B. melitensis, with specificity assessed using a small panel of 
Gram-negative pathogens [31]. Subsequent studies demonstrated that the specificity 
of primer pairs amplifying this genomic target was not always perfect, with cross-
reactions observed with some closely related members of the genus Ochrobactrum 
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[32, 33]. However, subsequently developed probe-based real-time PCR assays tar-
geting the same locus appear to exhibit greater specificity. Al Dahouk et al. [34], for 
example, developed a dual FRET hybridisation probe (LightCycler) assay targeting 
bcsp31. This was evaluated with DNA from all classical Brucella species and 
biovars, and a large panel of non-Brucella organisms, and exhibited no cross-
reaction in non-target organisms. Similarly, Probert et  al. [35] reported a probe-
based real-time PCR assay for confirmation of presumptive Brucella spp. isolates, 
which they evaluated using an extensive panel of non-Brucella isolates without 
reporting any non-specific amplification.

11.2.2	 �Brucella Genus-Specific PCR Targets: IS711

A second genomic locus that has been widely employed as a target for Brucella 
spp.-specific PCR assays is the insertion sequence IS711 [36]. This insertion 
sequence has been identified in all Brucella species and strains investigated to date 
and is considered to be specific to the genus. Initial conventional PCR assays target-
ing IS711 made use of species-specific insertion locations to identify Brucella to the 
species level (see section 4.2 for further details). Subsequently, the IS711 sequence 
has been used as a target for a number of genus-specific real-time PCR assays. For 
example, Hinić et al. [37] describe an IS711 sequence-based assay, which they eval-
uated with Brucella reference and field strains, as well as a panel of non-Brucella 
isolates. Similarly, Matero et al. [38] developed an IS711-based qPCR assay, which 
they validated using Brucella sp. strains covering six classical species, plus clini-
cally relevant or phylogenetically related non-Brucella bacterial isolates.

11.2.3	 �Brucella Genus-Specific PCR Targets: 16S rRNA, omp, 
per and Others

Several other genomic targets for Brucella PCR confirmation have been applied. 
Romero et al. [39] performed an early evaluation of the use of a 16S rRNA-based 
PCR assay, using a primer pair derived from the 16S rRNA sequence of B. abortus. 
This detected all Brucella isolates tested, but also amplified a product in a closely 
related Ochrobactrum sp. strain. Other authors have employed primers targeting the 
16S–23S intergenic spacer region [40]. Outer membrane protein (omp) genes have 
also been used in a number of studies, as targets for genus-specific PCR assays. 
Several different omp loci have been used for this purpose, including omp2 [41] and 
omp28, also known as bp26 [42]. Finally, the perosamine synthetase (per) gene has 
also been used as a target for genus-specific PCR assays. This gene is involved in 
the synthesis of the lipopolysaccharide O-chain and has been reported to be con-
served amongst Brucella strains [43]. Lübeck et al. [44] reported the development 
of a conventional PCR assay targeting the per gene, which Bogdanovich et al. [45] 
adapted by incorporating a TaqMan probe. This assay detected all Brucella strains 
included in the evaluation, but none of the non-Brucella organisms, including a 
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number of serologically cross-reactive organisms known to possess a per gene 
homolog (e.g. Escherichia coli O157 and Yersinia enterocolitica 0:9).

11.2.4	 �Application of PCR to Clinical Samples

A very large number of studies have applied PCR-based detection methods directly 
to clinical samples arising from both humans and livestock. In the case of human 
brucellosis, for example, a large body of literature exists regarding the performance 
of PCR detection of Brucella DNA in blood or serum samples. In livestock species, 
other sample types, which may be more readily collected (e.g. milk) or present a 
greater likelihood of the target pathogen being present (e.g. foetal material), have 
also been the focus of considerable research. The diagnostic performance of PCR in 
clinical samples, relative to other methods, is considered to be outside the scope of 
this chapter; however, a number of previous reviews have addressed this subject 
(e.g. Ref. [28]). It should be noted that the sample matrix, and its processing prior 
to PCR (storage, sample volume, DNA extraction method, etc.), is likely to play a 
very significant role in the diagnostic performance of PCR-based approaches in 
clinical samples [28].

11.3	 �Early Approaches to Molecular Typing

Early molecular typing of Brucella spp. organisms relied on approaches which did 
not require extensive prior knowledge of the organism’s genome sequence, but 
rather made use of restriction enzyme targets (e.g. pulsed-field gel electrophoresis 
[PFGE]; restriction fragment length polymorphism [RFLP]; amplified fragment 
length polymorphism [AFLP]) or the presence of short target sequences for hybridi-
sation probes (e.g. insertion sequence [IS] typing) for discrimination between iso-
lates. PFGE makes use of infrequently cutting restriction enzymes to generate large 
genomic fragments, which are then separated by gel electrophoresis, periodically 
switching the gel’s orientation to optimise separation of large fragments. Unlike a 
number of other bacterial pathogens, however, PFGE never found widespread use 
as a routine typing tool for Brucella, reflecting the very limited diversity identified 
at the sub-species level [25]. RFLP approaches have been more widely adopted for 
the study of Brucella diversity. In particular, outer membrane protein (omp) genes 
have been used as targets for RFLP analysis, and have been demonstrated to be 
capable of distinguishing Brucella species, and biovars in a number of cases [46]. 
AFLP is a whole-genome fingerprinting approach, based on selective PCR amplifi-
cation of restriction fragments. Application of the technique to Brucella was able to 
distinguish all of the classical species (with the exception B. suis and B. canis), but 
with only very limited diversity identified at the sub-species level [47]. A technique 
that has been more widely applied in Brucella research is insertion sequence (IS)-
based typing, which relies on the multiple genomic locations of IS711 elements, 
which can be used to discriminate between isolates [36].
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Application of these “DNA banding pattern-based” approaches emphasised the 
high degree of genetic homogeneity observed within the genus, such that whilst 
several methods were capable of differentiating Brucella species they provided very 
limited resolution at the sub-species level [25]. Furthermore, these approaches high-
lighted a number of taxonomic ambiguities within the genus, such as the frequent 
inability to reliably distinguish B. suis and B. canis. However, many of these early 
band-based methods were methodologically demanding, and therefore difficult to 
reliably replicate in different locations [25]. More recently developed methods gen-
erate data, which can be more easily compared between laboratories, thereby lend-
ing themselves to the development of publically accessible international 
databases [25].

11.4	 �Molecular Typing Assays Discriminating Between 
Brucella Species

As described above, the identification of Brucella species has formerly relied on the 
application of a suite of phenotypic tests, which can be time-consuming, subjective 
and a potential biosafety hazard. Consequently, a wide range of molecular typing 
assays have been developed, which are able to reliably distinguish Brucella species. 
Broadly, these methods have either adopted a comprehensive approach, attempting 
to cover the diversity of the genus Brucella at the time of development, or a targeted 
approach, focusing on specific species of most significance in the context for which 
they were intended. Hence, several techniques have been developed, which distin-
guish B. abortus and B. melitensis (and often B. suis and B. canis), as the most com-
mon causes of human and livestock brucellosis, but which cannot distinguish 
between other members of the genus.

11.4.1	 �Single Loci Discriminating Between Species

A number of single loci have been investigated as potentially discriminatory targets 
for distinguishing between Brucella species, though these typically lack sufficient 
resolution. The classical Brucella species exhibit identical 16S ribosomal RNA 
gene sequences [48]. Atypical mammal-associated species and amphibian-derived 
strains exhibit only a small degree of 16S ribosomal RNA gene sequence diversity, 
differing from the classical Brucella by just a few bases (e.g. Ref. [16, 49]). 
Consequently, 16S rRNA sequencing approaches are of very limited use for species 
typing of Brucella. Similarly, the recA locus has been used for investigating rela-
tionships between Brucella and closely related bacteria, but exhibits no diversity 
amongst classical Brucella species [50]. This target has, however, been shown to 
provide a degree of resolution amongst more recently described atypical Brucella 
species and strains [17, 21, 51]. Other authors have suggested that the rpoB gene, 
encoding the beta-subunit of the DNA-dependent RNA polymerase, may represent 
a valuable target for discriminating between Brucella species, and in some cases 
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biovars [52]. Whilst the robustness of this approach has not been extensively evalu-
ated, a number of authors have analysed rpoB gene sequences to investigate diver-
sity in collections of field samples (e.g. Ref. [53]).

11.4.2	 �Multiplex Conventional PCR Approaches Discriminating 
Between Species

One of the first such techniques to be developed and widely applied was the AMOS 
multiplex PCR, named after the Brucella species it identified (i.e. B. abortus, 
B. melitensis, B. ovis and B. suis: [54]). This assay made use of unique insertions of 
IS711 in the genomes of these species, by locating one primer in the insertion 
sequence and the accompanying primer in the unique chromosomal DNA adjacent 
to the insertion. However, this assay was developed specifically for the disease con-
text in the USA, and consequently, only some biovars of these species were identi-
fied (namely B. abortus biovars 1, 2 and 4 and B. suis biovar 1). A subsequent 
modification of the assay incorporated additional primers, which were able to dis-
tinguish B. abortus vaccine strains RB51 and S19 [55]. Ocampo-Sosa et al. [56] 
incorporated a further primer pair, based on the ery locus (AMOS-ERY), which 
amplified an additional product in Brucella abortus biovars 5, 6 and 9. Nonetheless, 
the AMOS assay retained the disadvantage that it failed to detect certain species 
and/or biovars. This study also provided early evidence for incongruity between 
phenotypic biovars and genetic data, as B. abortus biovar 3 was demonstrated to 
form two distinct groups based on amplification of the ery locus.

A similar, but more comprehensive, approach was adopted by García-Yoldi et al. 
[57] to develop a multiplex conventional PCR assay, which could differentiate in a 
single reaction all the classical Brucella species, including those found in marine 
mammals, and the S19, RB51 and Rev.1 vaccine strains. Subsequently, López-Goñi 
et al. [58] reported the results of an inter-laboratory ring trial of the multiplex PCR 
assay, which largely confirmed the consistency of the results with the identification 
of species by classical phenotyping. These authors also coined the commonly 
adopted term “Bruce ladder” referring to the banding pattern of multiplexed ampli-
fication products observed following agarose gel electrophoresis. However, López-
Goñi et al. [58] noted that the original assay was unable to distinguish some B. canis 
strains from B. suis. Mayer-Scholl et al. [59] published an advancement of the Bruce 
ladder multiplex PCR assay, incorporating an additional pair of primers targeting 
B. microti, which then allowed the differentiation of all recognised Brucella species. 
Most recently, López-Goñi et al. [60] proposed a further advancement to the Bruce 
ladder assay, to overcome the previously observed erroneous identification of some 
B. canis strains as B. suis. At around the same time, Kang et al. [61] proposed a 
similar amendment of the originally described Bruce ladder assay.

Previous Bruce ladder assay iterations did not seek to differentiate between 
biovars. However, López-Goñi et al. [60] additionally proposed a B. suis-specific 
multiplex assay (referred to as the Suis ladder), to distinguish B. suis at the biovar 
level and differentiate it from B. canis and B. microti. In this case, the distinction 

R. T. Ashford and A. M. Whatmore



225

between biovars is significant, as whilst biovars 1, 2 and 3 may cause disease in 
domestic pigs, biovar 2 is considered to pose a low risk of zoonotic transmission, 
and is endemic in wildlife across much of Europe [62].

The Bruce ladder is perhaps the most widely applied “molecular typing” tool for 
the study of Brucella, as demonstrated by the large number of published studies in 
which it is used. As such, it has been applied to strains isolated from a very wide 
geographic range and has been shown to be robust and reliable. One of the strengths 
of the method lies in its relative simplicity, requiring only commonly available labo-
ratory equipment and reagents. However, as a multiplex PCR, amplifying between 
four (B. abortus S19) and eight (B. microti) separate fragments, it requires relatively 
high concentrations of DNA for reliable results to be obtained. Additionally, the 
Bruce ladder assay was developed prior to recently described Brucella species and 
atypical strains, and consequently, it may fail to correctly identify these. For exam-
ple, Whatmore et al. [15] report that the profile of bands obtained for B. papionis is 
identical to that of B. melitensis and that the assay cannot reliably differentiate 
B. ceti from B. pinnipedialis [63].

11.4.3	 �Targeted Real-Time Assays

An alternative and widely applied approach to identifying Brucella species involves 
the use of real-time PCR assays specific to particular species. In several cases, such 
assays have been developed as multiplex assays targeting the Brucella species of 
greatest livestock significance and zoonotic potential. Similarly, several discrimina-
tory assays have made use of species-specific insertions of the IS711 element.

One such assay was described by Redkar et al. [64], which used three species-
specific dual FRET hybridisation probe (LightCycler) assays to differentiate 
B. abortus, B. melitensis and B. suis. In this case, the forward primer for each assay 
was located at the 3′ end of the IS711 element, whilst the reverse primers were 
located in species-specific loci for each species¸ as previously identified by Bricker 
and Halling [54]. Probert et al. [35] subsequently described a multiplexed real-time 
PCR assay capable of identifying organisms belonging to the genus Brucella, and 
differentiating between B. abortus and B. melitensis. Identification at the genus 
level was based on the detection of the bcsp31 genomic target (described above), 
whilst differentiation between species was based on the species-specific insertion of 
an IS711 element downstream of the alkB gene in B. abortus or of locus BMEI1162 in 
B. melitensis. Al Dahouk et al. [34], however, reported that neither of these assays 
performed with perfect sensitivity, failing to detect a significant proportion of 
B. abortus isolates, particularly those belonging to biovars 3 and 6.

Hinić et al. [37] reported a more comprehensive panel of PCR assays, targeting 
all six classical Brucella species, which the authors suggest would be suitable for 
use as either conventional or real-time assays. This panel of assays was based on the 
identification of species-specific loci in the case of B. melitensis, B. abortus, B. suis 
and B. ovis, whilst assays differentiating B. neotomae and B. canis targeted unique 
deletions. Results presented by Hinić et al. [37] indicated that these assays were 
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able to distinguish the majority of biovars and field strains of these six species, 
although B. suis biovar 4 and B. canis could not be differentiated.

11.4.4	 �Single-Species Assays

Finally, numerous authors have developed real-time PCR-based assays targeting 
single Brucella species of most relevance in the specific disease context of their 
research. Newby et al. [65], for example, reported a stand-alone B. abortus-specific 
real-time PCR assay, utilising the IS711 insertion element and the species-specific 
chromosomal locus, alkB as a target. However, Al Dahouk [34] subsequently dem-
onstrated that this failed to identify a significant number of B. abortus isolates. 
Hänsel et al. [66] applied a bioinformatic approach based on alignment of available 
genomes, to identify a 17 bp repeat within the 3’ end of the BS1330_II0657 locus, 
which was used for the design of a B. suis real-time assay. This assay was identified 
as specific for B. suis bv 1–4, with all other Brucella spp., including the closely 
related B. canis, lacking the insertion. However, it was also shown to be absent in 
B. suis biovar 5, meaning the assay was unable to detect all members of the species, 
as currently defined. Kaden et al. [67] developed a species-specific assay targeting 
a two base pair deletion in the acetyl-CoA acetyltransferase gene, which they 
describe as highly specific for B. melitensis.

11.4.5	 �Real-Time PCR Assays Based on Canonical SNPs

The availability of expanding databases of genomic sequence data from diverse and 
comprehensive panels of Brucella spp. isolates facilitated the development of a 
more phylogenetically robust approach to discriminating between Brucella isolates 
[25]. This approach utilised unique single nucleotide polymorphisms (SNPs) to 
define Brucella species or clades. Such “canonical” SNPs have been shown to be 
reliable for accurately describing phylogenetic lineages of bacteria with clonal pop-
ulation structures [68, 69].

Scott et  al. [70], Foster et  al. [71] and Gopaul et  al. [72] developed similar 
approaches for distinguishing Brucella species, based on the presence of canonical 
SNPs. In all three cases, the assays were intended to provide a rapid and robust 
method for distinguishing between the six classical Brucella species recognised at 
the time of publication, plus the marine mammal Brucella clade subsequently for-
mally described as two species (B. ceti and B. pinnipedialis).

Scott et al. [70] developed a multiplex SNP detection assay, based on a primer 
extension method targeting six SNPs in just three different loci (omp25, glk and 
trpE). The primer extension method involved the PCR amplification of the target 
loci, containing the canonical SNPs, followed by a reaction using “SNP interroga-
tion primers”, annealing one base short of the target SNP, to insert a dye terminator 
complementary to the SNP site. The extended product was then sequenced using 
capillary electrophoresis. The targeted SNPs were evaluated in 330 Brucella strains, 
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representing all species and biovars. The assay was able to reliably differentiate the 
six classical Brucella species plus the marine mammal clade. It was not, however, 
possible to identify SNP markers specific for B. suis, and therefore, members of this 
species were identified on the basis that they lacked any of the species-specific 
markers, and therefore had a profile distinct from other species.

Foster et al. [71] and Gopaul et al. [72] independently developed very similar 
approaches for distinguishing Brucella species using canonical SNPs. Both studies 
developed methods based on TaqMan minor groove-binding (MGB) probes, target-
ing SNP loci. In this approach, a TaqMan probe is designed for each allele state at a 
given SNP locus, targeting either the species-defining SNP, or the allele state found 
in all other members of the genus. Real-time PCR assays for each target locus incor-
porate probes for both allele states; the probe complimentary to the allele present in 
a given sample will amplify preferentially, thereby identifying the sample as belong-
ing to a given species or not. By combining several such assays, both Foster et al. 
[71] and Gopaul et al. [72] were able to differentiate classical species and Brucella 
isolated from marine mammals. The panel of assays developed by Foster et al. [71], 
however, did not distinguish between B. canis and B. suis. Gopaul et al. [72] were 
able to differentiate these two species, though a species-defining SNP encapsulating 
all B. suis biovars could not be identified (with biovar 5 identified solely by the 
absence of other species-defining SNPs).

In order to address issues with the identification and differentiation of B. suis 
biovars, highlighted above, Fretin et al. [73] developed a panel of real-time PCR-
based allelic discrimination assays. Using assays targeting four loci (ptsP, pyrH, 
dnaK and rpoB), allelic profiles unique for each B. suis biovar were defined. 
However, the closely related species B. canis remained indistinguishable from 
B. suis biovar 4 in this typing scheme.

11.4.6	 �High-Resolution Melt (HRM) Analysis Assays Based 
on Canonical SNPs

High-resolution melt (HRM) analysis provides an alternative approach to distin-
guishing between species-defining SNPs, which have been applied to differentiate 
bacterial strains and species. HRM employs an intercalating dye (typically SYBR 
Green) for real-time PCR amplification, which fluoresces when bound to double-
stranded DNA. Amplification is followed by a melt curve, during which double-
stranded DNA dissociates, with fluorescence levels recorded at fine-scale intervals 
across the temperature range. Differences in the nucleotide sequence of the product 
amplified from different strains influence the dissociation temperature, and hence 
fluorescence levels detected during high-resolution melt analysis.

Winchell et  al. [74] developed a combined real-time PCR and HRM analysis 
assay, which was able to detect and differentiate six classical Brucella species plus 
marine mammal Brucella. However, some biovars of B. abortus were poorly repre-
sented, or absent, in the panel used for evaluation of this assay. Subsequent work has 
demonstrated that the SNP in the glk locus identified as B. abortus-specific is absent 
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in a subset of isolates of African origin, including B. abortus biovar 3 type strain 
(Tulya) and field isolates of biovars 3 and 6 [75]. Winchell et al. [74] highlighted 
that a strength of the HRM approach they developed was the “plasticity” of the 
assay, such that novel strains could be identified by the unique melting profiles they 
generate. This was demonstrated by incorporating two atypical Brucella strains 
(BO1 and BO2, the former of which was subsequently formally described as the 
type species, and sole representative, of B. inopinata). Both strains exhibited unique 
profiles in the panel of species-defining HRM assays. Recently, Guzmán-Verri et al. 
[76] have further demonstrated this principle, by applying the same HRM approach, 
alongside a range of other molecular tools, to characterise an atypical Brucella sp. 
isolate from a dog suffering epididymitis, which they propose as a potential novel 
species.

Gopaul et al. [75] also adopted a HRM analysis approach to design a multiplex 
assay differentiating the five terrestrial Brucella species of most importance to 
human and livestock health (B. abortus, B. canis, B. melitensis, B. ovis and B. suis). 
This assay used five separate targets, optimised to allow amplification and melt 
curve analysis in a single tube. Whilst this approach provided potential savings in 
reagent costs, it presented a number of technical difficulties, such as requiring a 
quantified and standardised concentration of DNA template [75].

11.4.7	 �Vaccine Strain-Specific Assays

Globally, three Brucella vaccine strains have been most widely applied (B. abortus 
RB51 and S19; B melitensis Rev1) and are currently recommended by the World 
Organization for Animal Health (Office International des Epizooties [OIE]) for bru-
cellosis control. These vaccine strains retain the capacity to cause abortion in live-
stock (depending on when administered) and infection in humans. Consequently, it 
is important to be able to clearly distinguish vaccine strains from wild-type strains 
of the same species circulating in the population. Whilst vaccine strains can be dis-
tinguished by their growth characteristics in culture, the issues relating to biotyping, 
described above, remain.

A number of conventional PCR assays have been developed, targeting a deletion 
within the eryCD locus for B. abortus S19 [77], an IS711 insertion in the wboA gene 
of B. abortus RB51 [78] and a SNP within the rpsL locus in B. melitensis Rev1 [79]. 
Furthermore, the multiplex conventional PCR approach distinguishing between 
species [57–60], described above, incorporates targets which discriminate these 
three vaccine strains. Additionally, Gopaul et  al. [80] adopted the SNP-based 
approach previously applied to discriminating Brucella species in order to develop 
assays specific for Brucella vaccine strains S19, RB51 and Rev1.
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11.5	 �Approaches to Sub-Species Molecular Typing

Two approaches, in particular, have emerged as providing powerful tools for molec-
ular typing of Brucella spp., namely multi-locus sequence typing (MLST) and 
multi-locus variable number tandem repeat analysis (MLVA). Both of these molecu-
lar typing approaches provide resolution below the species level, and therefore have 
been applied in numerous phylogenetic and epidemiological studies. Additionally, 
both approaches benefit from standardised methods, which can be readily applied in 
different locations to generate directly comparable data [28]. In both cases, publi-
cally accessible databases exist, allowing results to be widely accessed and 
compared.

11.5.1	 �Multi-Locus Sequence Typing (MLST)

Multi-locus sequence typing (MLST) has become one of the most widely employed 
methods for characterising bacterial relationships, typically at the intra-species 
level [81]. MLST relies on sequencing a short section of a defined number of house-
keeping genes (typically seven). Unique sequences at each locus are assigned an 
allele number, in order of discovery. Alleles described for each of the selected loci 
are combined into an allelic profile, which is assigned a sequence type (ST) desig-
nation [81].

In the case of Brucella, the first published MLST scheme incorporated nine loci, 
equating to 4,396 bp of sequence [20]. In addition to seven housekeeping genes, the 
Brucella scheme also included an outer membrane protein (omp25) and a partially 
intergenic region (int-hyp). This scheme was initially evaluated on 160 isolates rep-
resenting the known diversity of the genus, including all biovars and vaccine strains. 
At that point, the genus was represented by 27 distinct sequence types (STs). 
However, subsequent application of the scheme to further isolates has expanded the 
described diversity of the genus, which is now represented by 99 STs in the 9-locus 
scheme (sequence database last updated 2020-07-28). Data generated using the 
Brucella MLST scheme can be submitted, along with relevant metadata (e.g. host 
species and country of isolation), to a publically accessible online database (https://
pubmlst.org/brucella/), which is curated to avoid the inclusion of sequence errors 
that could generate spurious alleles and STs [81, 82]. This database currently con-
tains data for 882 individual isolates, of which 63% belong to the three species of 
greatest zoonotic significance (isolate database last updated 2020-07-28).

Later work extended the 9-locus Brucella MLST scheme to incorporate a further 
12 loci, examining diversity at 21 independent genetic sequences (10,257 bp of 
sequence), in order to increase discriminatory power [27]. Originally evaluated on a 
geographically diverse collection of over 500 isolates, representing all recognised 
Brucella species, the 21-locus scheme identified 101 STs (Fig. 11.1). Subsequent 
application of the scheme to further isolates has expanded this diversity, which is 
now represented by 150 STs (sequence database last updated 2020-07-28). This 
work highlighted the poor association evident between ST and biovar for both 
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B. abortus and B. melitensis. In the case of B. melitensis, for example, many 
sequence types contained isolates belonging to several biovars, with no clear asso-
ciation between MLST clades and specific biovars. Furthermore, application of the 
extended MLST scheme also demonstrated that specific STs of some Brucella spe-
cies exhibit a degree of geographical linkage. In the case of B. abortus, two clades, 
each containing several STs, were identified as comprised of isolates predominantly 
of African origin. Similarly, three broad geographical clusters of B. melitensis were 
identified based on 21-locus MLST data, approximately corresponding to the East 
and West Mediterranean and American clades originally identified by MLVA [83] 
(though isolates in the latter cluster in the MLST study were predominantly of 
African origin). However, there remains insufficient resolution to use MLST for 
epidemiological investigations at a regional, national or local geographical scale.

One of the strengths of a multi-locus sequencing approach is that it is inherently 
phylogenetic, therefore particularly useful for placing novel isolates in the context 

Fig. 11.1  Minimum spanning tree of 21-locus Brucella MLST profiles [27]. Each circle denotes 
a particular ST type with the size of the circle illustrating the number of isolates of that particular 
type. The colouring inside the circles indicates the Brucella species. Thick solid lines joining two 
types denote types differing at a single locus, thinner solid line types differing at two or three loci 
and the thinnest solid line types differing at four or five loci. Dashed lines indicate types differing 
at >5 loci. The grey halos surrounding groupings represent clusters created if neighbours differed 
in no more than 5 of 21 loci. (Reproduced from Ref. [27])
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of the known diversity of the genus. For example, Whatmore et  al. [15] applied 
multi-locus sequence analysis, alongside a suite of other molecular approaches, to 
describe the novel species Brucella papionis, isolated from baboons, and to demon-
strate its relationship with existing species and biovars. This approach has more 
recently been used to characterise novel atypical Brucella sp. strains from amphib-
ians [21, 51].

11.5.2	 �Multi-Locus Variable Number Tandem Repeat 
Analysis (MLVA)

The very low rates of genetic heterogeneity observed within the Brucella, even 
when using multi-locus sequencing methods, have limited the application of such 
approaches for investigating local epidemiology. Consequently, multi-locus vari-
able number tandem repeat analysis (MLVA) has emerged as the most widely 
adopted molecular typing tool for such studies. Variable number tandem repeat 
(VNTR) loci accumulate variation at a much greater rate than SNP loci, due to their 
mechanism of mutation [68]. Furthermore, the intrinsic rate of mutation differs 
between VNTR loci, generating different levels of diversity for different markers, 
and therefore making them suitable for investigating relationships at different evo-
lutionary scales [68].

Several MLVA schemes have been independently developed for Brucella [84–
87], though there is considerable overlap in the loci used in these. However, the 
scheme developed by Le Fleche et al. [86] has become the most widely adopted 
[88]. This scheme typically employs 16 VNTR loci (MLVA-16), which are divided 
into two panels. The first panel consists of eight loci characterised by larger, more 
stable, repeat units (“minisatellites”), whilst the second panel (further divided into 
2A and 2B) contains loci with smaller repeat units (“microsatellites”), and generally 
greater levels of diversity. The adoption of a consistent MLVA scheme, using the 
same loci, enables data generated in different locations to be easily compared. This 
is further facilitated by the existence of a publically accessible online database 
(http://microbesgenotyping.i2bc.paris-saclay.fr/databases/public). The most recent 
update of this database (Brucella_4_5; created 19/12/2019) contains 6987 entries 
from taxonomically and geographically diverse Brucella isolates.

Alleles of VNTR loci may be visualised by agarose gel electrophoresis, as origi-
nally described [86], which permits high-resolution molecular typing data to be 
generated with laboratory equipment available in most locations. However, it can be 
challenging to accurately differentiate neighbouring alleles of loci with small repeat 
units using this method. For this reason, a number of studies have attempted to 
employ automated electrophoresis systems (e.g. Ref. [89]). Alternatively, PCR 
amplification can be undertaken using fluorescently labelled primers, allowing the 
size of the amplified fragment to be estimated by capillary electrophoresis [90, 91]. 
The use of different fluorophores additionally permits amplification and/or frag-
ment sizing to be performed in multiplex, thereby providing cost savings and 
increasing efficiency.
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VNTR loci are generally not considered appropriate genetic markers for phylo-
genetic analyses, as they may exhibit high levels of homoplasy (i.e. a shared allele 
state arising independently in separate lineages). However, in the case of genetically 
homogeneous Brucella, the inclusion of both moderately variable and highly dis-
criminatory loci in the MLVA-16 scheme enables meaningful analyses at a broad 
geographical and temporal scale [91]. This can be achieved either by performing 
analyses using only the more stable loci (MLVA-8 or MLVA-11 [92–94]) or by plac-
ing greater “weighting” on stable markers during clustering analyses (e.g. Ref. 
[83, 95]).

This approach has recently been adopted to describe the global population struc-
ture of Brucella, based on the analysis of MLVA-11 data from more than 4,900 
isolates [91]. This work demonstrated that analysis of these VNTR loci was able to 
delineate a number of major clusters within the main Brucella species, which exhib-
ited substantial geographical association and were broadly consistent with the popu-
lation structure described by MLST [27]. In the case of B. melitensis, for example, 
three major clusters were identified (Fig.  11.2a), broadly characterised as “East 
Mediterranean” (comprising strains from Europe, the Middle-East and Asia), “West 
Mediterranean” (strains from Mediterranean Europe and to a lesser extent Africa) 
and “Americas” (mainly composed of strains from the Americas and Europe). 
Clusters with broadly the same geographical linkages were also identified in analy-
sis of MLST data, though in this case the “Americas” cluster contained many 
African isolates [27]. Also consistent with MLST, MLVA data revealed no clear 
relationship between genotype and biovar in the case of B. melitensis (Fig. 11.2b). 

Fig. 11.2  Minimum spanning tree based on MLVA-11 data for B. melitensis isolates (n = 3903) 
retrieved from the publically accessible online Brucella MLVA database (reproduced after Ref. 
[91]). The same minimum spanning tree is colour-coded according to (a) continent of origin of 
isolate and (b) biovar of isolate. Grouping descriptions referred to in Figure a are taken from Ref. 
[91]. The size of each circle reflects the number of isolates of that MLVA genotype
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In the case of B. abortus, three main clusters were identified by MLVA, which cor-
responded to clades identified by MLST analysis (clades B, C1 and C2 from Ref. 
[27]). Again, clear geographic associations were identified, with MLVA clade B 
comprised primarily of isolates from sub-Saharan Africa, mostly belonging to a 
single MLST sequence type, and clade C exhibiting a more widespread distribution 
from the continents of America, Asia and Europe.

The greatest value of the MLVA method, however, lies in its ability to provide 
fine-scale resolution between Brucella isolates. A very large number of studies have 
employed the high discriminatory capacity of MLVA to investigate Brucella epide-
miology or population structure at a regional, national or local scale. For example, 
De Massis et al. [96] used MLVA-16 to investigate a B. melitensis outbreak in a 
region of Italy officially free from brucellosis in sheep and goats. MLVA-16 showed 
that the isolates belonged to a distinct genotype, absent from the rest of Italy, indi-
cating that they were likely to have been introduced from Spain, where this lineage 
was endemic. Similarly, Hanot Mambres et al. [97] employed MLVA of B. meliten-
sis strains isolated from patients in Belgium, in order to identify the likely source of 
infection, where such information was missing.

A further strength of the MLVA approach lies in its capacity to be adapted for a 
specific epidemiological context or research question. For example, Munoz et al. 
[62] applied MLVA-16 to investigate B. suis biovar 2 in European wildlife and 
domestic swine, selecting 11 informative loci from the broader panel of 16, which 
they referred to as MLVA-11suis2. They were able to identify four major clades with 
a strong association with their geographic distribution across the continent. These 
clades were further broken down into clonal complexes (CCs), with more restricted 
geographical ranges, typically restricted to a single country.

11.6	 �Whole-Genome Sequencing-Based Approaches

11.6.1	 �Early Whole-Genome Sequencing Studies

Early applications of whole-genome sequencing to Brucella focused primarily on 
phylogenetic analyses (e.g. Ref. [98]) and comparative genomics (e.g. Ref. [99, 
100]). Such studies highlighted the genetic homogeneity characteristic of the genus, 
in particular the classical species and more recently described core Brucella (e.g. 
Ref. [101]). Atypical strains exhibited greater diversity, and formed an early diverg-
ing basal group, though they remained distinct from other closely related bacterial 
species [101].

Subsequently, sequencing costs have decreased significantly, in large part due to 
developments in sequencing technologies [102]. Alongside the reduced costs, there 
have also been significant developments in bioinformatic methods available for ana-
lysing the arising sequence data. Such developments have encouraged the wide-
spread application of whole-genome sequencing (WGS) to bacterial strain typing 
[102]. The increasing application of WGS approaches has expanded the number of 
strains for which whole-genome data are available in publically accessible 
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databases (e.g. European Nucleotide Archive [ENA]; National Centre for 
Biotechnology Information [NCBI]; DNA Data Bank of Japan [DDBJ] or 
Pathosystems Resource Integration Center [PATRIC]). This has, in turn, facilitated 
more detailed phylogenetic and epidemiological analyses.

11.6.2	 �High-Resolution Strain Typing Using 
Whole-Genome Sequencing

Broadly, two approaches are most commonly applied for high-resolution bacterial 
strain typing using WGS data [103–105]. The first is an extension of the MLST 
approach, which describes the diversity of isolates based on alleles identified for 
defined loci of the species, or genus, of interest [106]. Such a “gene-by-gene” 
approach can either be applied to all loci common to a selected panel of isolates 
(including both the core and accessory genome), referred to as whole-genome 
MLST (wgMLST), or to those loci that are conserved amongst all (or nearly all), 
members of the taxon, referred to as core genome MLST (cgMLST) [103].

In the case of cgMLST, a scheme is defined for the taxon of interest, typically 
comprising >1000 targets, and a curated database of known alleles at all loci is 
maintained. Sequenced isolates are compared against the database, and novel alleles 
are assigned a unique identifier. Hence, the strength of the approach lies in the scope 
to develop standardised typing schemes accessible through online databases [107]. 
As character-type data, wgMLST and cgMLST results are frequently represented as 
minimum spanning trees (MST), which represent connections linking groups of 
isolates by the shortest possible distance. Such analyses can be used to define the 
maximum number of allele differences defining epidemiologically linked isolates 
within a cluster.

The second approach to high-resolution bacterial strain typing using WGS data 
involves using high-quality SNPs observed amongst the genomes of interest to infer 
phylogenetic relationships. Most often, this is achieved by using a reference genome 
for aligning either short sequencing reads or previously de novo assembled genomes 
(typically as contigs), with SNP variants identified in samples of interest relative to 
the selected reference [108]. However, alignment- and reference-free approaches to 
identifying high-quality SNPs amongst panels of isolates have also been developed 
(e.g. Ref. [109]).

Whole-genome SNP analyses have the potential to provide a high level of resolu-
tion, as they differentiate isolates based on SNPs across the entire genome, includ-
ing intergenic regions. However, the approach lacks the standardised methodology 
and transferrable nomenclature that MLST-based approaches offer [107]. The set of 
SNPs identified in a given analysis is dependent on the specific isolates included, 
and therefore may not be directly comparable between different sample sets. 
Additionally, SNP panels identified in analyses are typically filtered, to ensure only 
high-quality variants are utilised, with differing criteria and levels of stringency 
applied by different pipelines. Furthermore, where a reference-based SNP calling 
pipeline is used, the results of the analysis will be highly dependent on the selection 
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of the reference genome, which should ideally be as closely related to the strains of 
interest as possible, in order to facilitate accurate and efficient read mapping [105]. 
These factors make whole-genome SNP analyses attractive for high-resolution typ-
ing of closely related isolates, but currently challenging to apply as a unified typing 
approach [103, 104].

11.6.3	 �Genome-Scale MLST Approaches (cgMLST and wgMLST)

A number of studies have attempted to apply genome-wide MLST schemes for 
Brucella, or for individual species within the genus. Janowicz et al. [110] developed 
a cgMLST scheme for B. melitensis and compared its performance to both whole-
genome SNP and MLVA-16 approaches. This scheme was designed using the com-
mercially available SeqSphere+ software (Ridom GmbH, Münster, Germany), 
based on reference genomes from all three B. melitensis biovars, to identify 2,704 
targets. These authors concluded that both cgMLST and whole-genome SNP analy-
sis provided greater resolution than MLVA-16, particularly for strains belonging to 
the same lineage [110]. The nomenclature for this scheme is available online via a 
public database (https://www.cgmlst.org/ncs/schema/6398355/). However, the sub-
mission of new alleles is presently only possible using the SeqSphere+ proprietary 
software.

Janowicz et al. used data from epidemiologically related isolates to define the 
maximum number of cgMLST allele differences (or SNPs) for inclusion of a given 
isolate into a brucellosis outbreak cluster. Putative thresholds of 6 cgMLST genes 
(or 7 SNPs) were identified, though the authors caution that these values should be 
interpreted in the context of available epidemiological information. This B. meliten-
sis cgMLST scheme has been applied in a number of subsequent studies (e.g. 
Ref. [6]).

An alternative Brucella genome-wide MLST scheme has been developed by the 
commercial software company BioNumerics (Applied Maths, Sint-Martens-Latem, 
Belgium). This scheme differs from those described above in that it employs a 
genus-wide “trunk” scheme of 3246 loci, with eleven “branch” sub-schemas, con-
taining locus panels for separate Brucella species. Hence, these schemes can be 
applied to investigate the position of unknown isolates relative to the diversity of 
existing genomes, and to provide greater resolution within Brucella species. 
However, the scheme is currently maintained by a commercial company, and there-
fore, access requires the use of proprietary software.

Finally, a B. melitensis-specific wgMLST scheme has been developed using 
open-source tools [111]. In this scheme, 2656 target loci were identified using the 
B. melitensis 16M reference genome and all complete and draft B. melitensis 
genomes available within the NCBI database at the time. Strains isolated in Portugal 
were used to identify clusters of genetically related strains with epidemiological 
support. A threshold corresponding to between 6 and 11 allelic differences was 
identified as providing the maximum discriminatory power. Additionally, the 
wgMLST scheme was compared to a previously published 164 locus Brucella spp. 
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cgMLST scheme [112], and exhibited significantly greater resolution. This scheme 
has been made publically available (https://doi.org/10.5281/zenodo.3575026).

11.6.4	 �Whole-Genome SNP Approaches

The studies of both Georgi et al. [5] and Pelerito et al. [111] provide examples of 
approaches to selecting reference genomes for alignment-based SNP calling meth-
ods. In the former case, Georgi et al. [5] selected five de novo assemblies of their 
sequenced strains and compared these to complete B. melitensis genomes available 
in the NCBI database, in order to identify a suitable reference genome. The refer-
ence genome was then used for short-read alignment of all sequenced strains, and 
extracting informative SNP positions for phylogenetic analysis. An alternative 
approach was adopted by Pelerito et  al. [111] who utilised representative draft 
genome assemblies of their own strains for reference-based mapping. Furthermore, 
these authors applied clade-specific reference genomes for mapping and variant 
calling of isolates belonging to two distinct clusters, previously identified through 
wgMLST analysis.

A number of studies have applied whole-genome SNP analysis to undertake 
high-resolution strain typing of Brucella, for purposes such as source attribution 
and phylo-geographic analyses. One such study employed a whole-genome SNP 
approach to identify the likely origin of a human B. suis infection in the USA [113]. 
The infected patient had both occupational exposure to commercial swine in the 
USA and epidemiological links to Tonga. A detailed whole-genome SNP phyloge-
netic analysis was performed, using field isolates from the USA and human isolates 
from patients from Tonga. This analysis demonstrated that the patient was likely to 
have been infected in Tonga rather than the USA, with only 7 SNPs distinguishing 
the index case isolate from the most closely related Tongan strain. These authors 
emphasised the value of international databases of WGS data that can be used in 
such epidemiologic investigations.

Allen et al. [114] presented a high-resolution whole-genome SNP analysis of a 
B. abortus outbreak in Northern Ireland, which occurred between 1997 and 2012, 
and which had previously been the subject of a detailed epidemiological investiga-
tion using MLVA [115]. The previous study employed a customised MLVA panel of 
hyper-variable VNTR loci, to maximise genetic discrimination of the B. abortus 
population. In the whole-genome sequencing study, a total of 345 SNPs were identi-
fied across 76 B. abortus isolates. Phylogenetic analysis of SNP data indicated that 
the outbreak was caused by two distinct lineages. The first of these contained a 
small number of isolates from the disease outbreak, as well as a single earlier iso-
late, consistent with the 1997–2012 outbreak being linked to previous endemic 
infection in Northern Ireland. The second lineage contained the majority of the 
isolates from the recrudescent outbreak, but exhibited very little population sub-
structure, with a pairwise average of only 2.6 SNPs differentiating all isolates. This 
was incompatible with findings of the earlier MLVA-based analysis, which indi-
cated that seven distinct clonal complexes were present. The authors of the later 
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study concluded that the selection of hyper-variable VNTR loci may have resulted 
in the overestimation of pathogen diversity.

11.6.5	 �In Silico Extraction of Data for Existing Typing Schemes

A major benefit of WGS approaches to molecular typing is that data for existing 
typing schemes can often be extracted simultaneously, allowing the wealth of infor-
mation previously generated to be further exploited [116]. In the case of Brucella, 
numerous studies have employed WGS data to retrieve MLST results consistent 
with the existing 9 and 21 locus schemes. Jaý et al. [51], for example, determined 
21-locus MLST profiles in silico from WGS data, in order to characterise atypical 
B. microti like Brucella sp. isolates from frogs. Similarly, Sacchini et al. [6] retrieved 
9-locus MLST data from whole-genome sequencing results and compared these to 
allele profiles of B. melitensis strains available in the public database and containing 
metadata regarding their geographic origin.

Similarly, an increasing number of published studies have used whole-genome 
sequencing data to generate MLVA profiles in silico. Reconstructing VNTR loci is 
more bioinformatically challenging than retrieving coding sequences, however, due 
to their repetitive nature [107]. Nonetheless, a number of software solutions have 
been developed for this task, though these rely to a significant degree on the quality 
of the genome assembly. Georgi et  al. [5] employed in-house Python scripts to 
extract MLVA-16 allele calls for B. melitensis strains isolated in Germany, which 
they then compared to genotypes retrieved from the Brucella MLVA database. In a 
similar study of Swedish B. melitensis strains [6], a tool designed for in silico MLVA 
typing of Salmonella strains was adapted for use with Brucella. Finally, Vergnaud 
et al. [91] employed a tool developed specifically for in silico MLVA typing Brucella 
from WGS data and made publically available (https://github.com/dpchris/MLVA). 
Although not yet extensively evaluated, existing studies have demonstrated that the 
short-read sequencing protocol employed can be critical in the success of retrieving 
MLVA-16 profiles from WGS data [91]. In particular, where Illumina paired-end 
reads are employed, longer read lengths (250–300bp) may be more accurate than 
shorter (e.g. 150bp) reads.

11.7	 �Conclusions and Future Directions

Modern molecular typing approaches have contributed hugely to understanding of 
the agents causing brucellosis, in particular to understanding the relationships 
within and between groups and in offering tools that can potentially aid control of 
the disease by better understanding epidemiology from global to local levels. This 
chapter charts the move from early methods, requiring no detailed knowledge of 
sequences, to methods based on detailed sequence knowledge that now dominate 
this area. Multi-locus-based approaches such as MLST, and particularly MLVA, 
have now become mainstays of molecular typing applied to Brucella. 

11  Brucella

https://github.com/dpchris/MLVA


238

Whole-genome sequencing will continue to become increasingly accessible, and 
the use of genome data, either in its entirety, or to extract MLST or MLVA data 
directly and more efficiently, will become increasingly frontline. Various stand-
alone assays will likely continue to be used as rapid tools to categorise isolates into 
species or other subtypes. However, it needs to be remembered that the performance 
of these assays is only as good as the panel of isolates against which they were 
developed and validated. Historically, such panels have been biased towards North 
America and Western Europe, as the first areas to establish control programmes for 
brucellosis in livestock. Molecular typing is increasingly revealing previously unin-
dexed diversity in under-sampled areas of the globe, such as Africa, that may com-
promise the utility of existing assays. Similarly, many of these assays were developed 
and evaluated prior to the recent expansion of the genus and as such may not be 
comprehensive. An ongoing challenge remains in developing molecular approaches 
directly applicable to field material—whilst this is possible for material where bac-
terial load is high (such as birthing/abortion materials), it remains challenging for 
more routinely accessible samples such as blood and milk. Further developments in 
this area would increase the utility of molecular typing for the group and help reduce 
the potential hazard and need for specialist facilities associated with handling this 
pathogen.
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12.1	 �Introduction

In general, molecular epidemiology and surveillance based on methods which can 
discriminate between strains is an important and somehow mandatory technique 
when tracing back infections and outbreaks to their source. In addition we must not 
forget the biocrime and bioterrorism aspect due to the fact that Coxiella burnetii was 
a pathogen used in bioweapon programs of the cold war era and remains classified 
on the CDC list as a category B potential bioterrorism agent [1].

Since the first PCR-studies with C. burnetii in 1991 [2], several sophisticated 
molecular-based typing methods have been developed and applied [3–9] – mostly in 
research studies, sometimes in veterinary medicine and epidemiological investiga-
tions, seldomly in human medicine. The reason for this is that this “query” pathogen 
has a challenging history given its diverse interactions with different hosts. Looking 
to the animal reservoirs, especially small ruminants (goats and sheep) and cattle, we 
realized that regular small and sometimes larger outbreaks occur frequently world-
wide. Due to an established veterinarian surveillance and notification system, 
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C. burnetii is often identified in animal reservoirs, frequently manifesting through 
abortions, low birth weight offspring, and so on. Typically, it is these events that are 
associated with the liberation of huge amounts of C. burnetii being released into the 
environment, creating opportunity for human infection and outbreaks [10–13].

Despite access to heavily contaminated infectious material, isolation, strain attri-
bution, and sequencing including molecular typing are not routine procedures in 
veterinary medicine. On the other hand, human diagnostics for Q fever are reliant 
upon serology. Once specific antibodies against C. burnetii become detectable, 
C. burnetii DNA is rarely detectable in human samples. Coxiella burnetii-specific 
DNA can be detected by PCR, but generally only during the very early stages of 
human infection, before the production of an elevated antibody response. Human 
molecular diagnostics for Q fever are further challenged by the low amount of DNA 
obtained compared with animal samples, thus preventing the application of advanced 
sequencing techniques like typing or whole genome sequencing [14–18]. In conse-
quence, human diagnostics should rely on a very early suspicion of acute Q fever, 
combining both PCR and serology. For those suspected of having chronic Q fever, 
mainly presenting as a subacute bacterial endocarditis, DNA detection can be recov-
ered from heart valves [19–21].

Management of C. burnetii infection fully aligns with the “one health” concept 
whereby veterinary and human medicine must be tackled collectively for the pre-
vention of zoonotic diseases. This was strikingly demonstrated between 2007 and 
2010 when the world’s largest Q fever outbreak was seen in the Netherlands. 
Starting from infected and aborting goats, a vast amounts of C. burnetii were spread, 
contaminating the environment and resulting in the infection of more than 4,000 
people [22]. This was also the first time that molecular typing methods (mainly 
MLVA) were applied regularly to trace back to the source and location of infection 
and also to identify regional clonal clusters in an extensive manner [23, 24]. 
Realizing that for a small country like the Netherlands, such a large-scale outbreak 
posed a threat not only for health, but also for the nationwide economy, a national 
strategy coupled with investment resulted in the establishment of a long-lasting con-
trol and monitoring program. But this model was an exception compared to other 
countries that have only experienced much smaller infection outbreaks.

Collectively C. burnetii molecular typing and sequencing still presents real 
challenges, not only in veterinary medicine, but especially in human medicine, 
and is far beyond becoming a routine diagnostic tool for molecular epidemiology 
and surveillance. In this chapter we give a short summary and utility of estab-
lished typing methods, showing efforts to overcome the inherent problems of low 
target DNA-amounts, and providing insights into current database networks facil-
itating typing and sequencing information applicable to those from a broad range 
of stakeholders from researchers, veterinarians and those working in human medi-
cal disciplines.
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12.2	 �The Pathogen

Q fever is a zoonosis caused by the Gram-negative coccobacillus C. burnetii belong-
ing to the class Gammaproteobacteria. Despite the worldwide distribution of the 
agent, Q fever is rarely reported, probably as a result of both clinical and diagnostic 
challenges presented by C. burnetii infection compounded by the lack of require-
ment for reporting cases in many countries [25]. Despite this, it persists with a large 
reservoir among multiple species, regularly leading to outbreaks.

The organism is highly infectious, with experimental estimates suggesting an 
infectious dose of less than 10 organisms. Furthermore, they are highly resistant 
against both heat and desiccation, have a ubiquitous distribution, are relatively easy 
to cultivate, and remain infectious over several kilometers when aerosolized. These 
characteristics resulted in the inclusion of C. burnetii among agents tested in the old 
biological weapon programs of the United States and the former Soviet Union. 
Similarly, this was also the justification for its inclusion on the CDC-list as a cate-
gory B potential bioterrorism agent [1].

Against this background, recent attention focused upon C. burnetii has high-
lighted our limited understanding of its epidemiology, population diversity, ecology, 
and basic biology. Huge improvements in diagnostic capabilities have been achieved 
with the introduction of molecular techniques, although serological methods still 
play a vital role in diagnosing human infections and for population screening. 
Whole genome sequence data has demonstrated the genetic diversity among strains 
of C. burnetii, and this diversity has enabled the design and application of high-
resolution molecular typing systems that can be useful for epidemiologic investiga-
tions of infectious episodes.

In addition, these methods have also the potential to differentiate between natural 
and deliberate release of the pathogen. Another important aspect is the appreciation 
of the background level of this pathogen in the environment whereby it might circu-
late through natural ecological interactions. Due to the ubiquitous occurrence of 
Coxiella throughout the world, relevant “traces” of this pathogen could complicate 
the interpretation of bio-forensic investigations.

Molecular epidemiological investigations can be hindered by diagnostic delays 
resulting from the very low amounts of DNA often seen in clinical human material; 
consequently trace back analysis of cases is rarely performed. In recent years some 
promising publications presented data that could make it possible to do such epide-
miological analysis as seen in other diseases (e.g., tuberculosis, salmonellosis) in 
the future (Driscoll 2009; Malorny et al. 2008).

12.3	 �Molecular Typing Methods

Due to the zoonotic nature of the pathogen veterinary-based strains are mostly iso-
lated from various animal species. Beyond hen eggs, animal inoculation and cell 
culture techniques have played a valuable role, complemented in recent years by 
successful new axenic culture media providing the ability to isolate Coxiella strains 

12  Coxiella burnetii



250

with less cumbersome laboratory work [26, 27]. These techniques are very 
important to gain enough material for genomic typing, overcoming the limitations 
of restricted amounts of DNA from acute and chronic human disease samples.

12.3.1	 �History – Typing Is an “Old” Science in Q Fever

Shortly after the publication of the first specific C. burnetii PCR in 1991, different 
genomic targets were used for differentiation issues of strains. Some of them are 
still in current use. The determination of the plasmid type was the first attempt to 
identify markers synonymic for acute or chronic disease [42]. Although this hope 
has not been confirmed and the real impact of the four different plasmid types to the 
course and outcome of the Q fever disease is still not known [28], differentiation 
into plasmid types became an accepted method to categorize strains, isolates, and 
their prepared DNA [8]. Most of the Coxiella pathogens worldwide harbor the 
QpH1-plasmid. But QpRS [29] is seen on the Australian continent, and clusters of 
QpDV-positive strains have been reported from France [30]. A very limited number 
of Coxiella possess QpDG, with some isolates showing a chromosomal integrated 
plasmid [31].

Other parts of the genome that have been targeted for typing include mucZ [32], 
com1 [33], icd [34], and 16S/23S rRNA [35, 36], and also restriction fragment length 
polymorphisms (RFLP) subsequently analyzed with SDS-PAGE and pulsed-field 
gel electrophoresis (PFGE) [8, 37–39]. These techniques are no longer used due to 
their minimal or variable discriminatory power or lack of standardization to achieve 
reproducible results (inter- and intralaboratory reproducibility).

12.3.2	 �Today – Reduced to the Max – A Lot of Epidemiological 
Studies – No Use in Routine Diagnostics

A reliable and more reproducible typing method for C. burnetii was published 2005 
by Glazunova, Multispacer-Sequence-Typing (MST) [7]. For the first time discrimi-
nation to geographical regions and/or disease-associated patterns were possible, not 
in a perfect manner, but for orientation issues acceptable. Another important 
resource was introduced from this French group enhancing molecular epidemiology 
and surveillance of Q fever: a web-based database containing typing results and also 
with the ability to update the information by the database hosting institute in 
Marseille. Shortly after this publication the second technique still today widely used 
was introduced and published 2006 – the multiple loci variable number of tandem 
repeat analysis (VNTR or MLVA) [3, 40] – and also establishing a web-based data-
base, which we will discuss later.

The MLVA method exploits the variability in copy numbers of tandem repeats 
that exist within a chromosome. In C. burnetii, up to 17 different target regions have 
been used for strain characterization [18]. Recent work from Frangoulidis et al. [6], 
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where they exploited 14 MLVA markers revealed that the MLVA method is highly 
discriminative enough to even characterize strains from similar geographic loca-
tions (Fig. 12.1). Another study by Svraka et al. also revealed that the MLVA method 
has higher discriminatory power than MST methods [40].

Fig. 12.1  Distribution of genotypes in Germany and representative genotypes of neighboring 
countries [6]
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Clinical application of this method for diagnostics was exploited with success 
during the Q fever outbreak in Netherlands between 2007 and 2010. Klassen et al. 
[41] used a three-marker panel to analyze clinical samples from both acute and 
chronic Q fever cases; they collected swabs, sputum, urine, and plasma samples 
from both humans and animals. They reported that they could characterize four dif-
ferent genotypes. This was a great milestone as this was the first time that a non-
serological method was applied in a clinical diagnostics setting in human medicine.

Nevertheless several challenges for this method remain, one of which is the lack 
of consensus for individual markers, essentially making harmonization of results 
error prone and not compatible between laboratories [18], also genomic instability 
of repeat markers means that they can theoretically fluctuate although the selected 
MLVA markers in C. burnetii have been deemed stable [40], future fluctuations can-
not be completely ruled out. Nevertheless, through selecting a subset of MLVA-
markers good discriminatory power providing a suitable and fast way for strain 
classification was demonstrated (Fig. 12.2) [6].

Another PCR-based method that has been used to characterize C. burnetii strains 
utilizes adaA gene detection and variation. Identified in 2005 [9] it was thought to 
be a specific marker for acute Q fever disease (acute disease antigen A = adaA). In 
a more detailed analysis of the gene region, a much more variability was identified 
(Fig. 12.3) [5]. Today this method gives additional information to discrimination 
patterns in animal and human derived materials.

A variation and enhancement upon the MST-techniques described above is pro-
visioned through the use of a SNP (Single Nucleotide Polymorphism)-based method 
applied not only to the intergenic regions like the MST but additionally using SNP-
variations in the whole genome sequence (Hornstra et al. 2014). It shows a good 
correlation with other typing methods, particularly providing good concordance 
with the existing plasmid type distributions, but discriminatory power is variable. 
As we discuss later, SNP-based pattern analysis is especially interesting when 

Fig. 12.2  Classification 
tree grouping the 
genotypes into four 
clusters according to the 
alleles of the C. burnetii 
VNTR markers ms33, 
ms34 and ms24 [6] 
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analyzing whole complete genomes and has the potential to provide the most robust 
comparative molecular epidemiological method. Beside an existing bioinformatic 
bottleneck, there are considerable other challenges that need to be tackled before 
whole genome sequencing techniques are suitable for diagnostic and routine use.

Finally, the IS1111 typing method, based on a paper from 2007 [4], is worthy of 
discussion. Using 10 different upstream regions from the repetitive IS1111 element 
in C. burnetii, strain discrimination was possible and produced reliable results. 
Though less popular when compared to MST and MLVA, this method has the poten-
tial to be a typing standard in a large number of diagnostic laboratories. Recent data 
from our group (unpublished) suggests over 80 genomic target points that could be 
explored, suggesting a high discriminative power. Remembering that this is a PCR-
product-based method, it would be technologically feasible for most diagnostic 
laboratories to implement, providing promising potential for the future application 
in clinical diagnostic settings.

12.3.3	 �On the Edge to Tomorrow – Whole Genome Sequencing 
and Enrichment Techniques

The genomics of C. burnetii dated 35  years back to 1985 where the QpRS and 
QpH1 plasmids were analyzed by Samuel et al. using restriction enzymes [42]. The 
first DNA sequences of the heat-shock operon and the 16S rRNA were published in 
1988 [43, 44]. Five years later, in 1993, the first complete sequence of the plasmid 

Fig. 12.3  Polymorphisms of the adaA genetic region demonstrated using seven C. burnetii refer-
ence genomes [5]
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QpH1 was published [45]. Then it took almost 10 years to sequence the complete 
genome of C. burnetii reference strain Nine Mile RSA 493 [46]. In 2005, Seshadri 
and Samuel proposed the sequencing of six additional isolates [47] which were 
finally sequenced in 2008 by a whole genome random shotgun-sequencing approach 
[48] using the Sanger capillary sequencing technology. In 2009 the first compara-
tive genomics study of these five Coxiella genomes was published [49].

Thanks to the development of the axenic medium (Acidified Citrate Cysteine 
Medium [ACCM]) in 2009 [27] and its several improvements [50–53], C. burnetii 
can now grow outside of host cells. Despite the introduction and improvements of 
the axenic media, there are still some strains of C. burnetii more refractory, grow 
with lower efficiency, or sometimes show no growth in ACCM2 [26, 54]. 
Nevertheless, the number of sequenced isolates has now increased tenfold by using 
next-generation sequencing (NGS).

A downside of the simpler NGS approach is that the sequenced fragments are 
much shorter compared to Sanger sequencing reads and no complete genomes con-
taining several identical regions can be reconstructed from them. Therefore, a large 
part of the available C. burnetii genomes are fragmented, existing in the form of 
several contigs or few scaffolds with several gaps (Fig. 12.4). Also, many of them 
were aligned against the reference genome Nine Mile RSA 493 and artificially con-
catenated afterward, rather than aligning them to a genome graph constructed from 
all reference genomes. That leads to incorrectly assembled “whole” genomes and 
makes it difficult to analyze genome structure dynamics.

Obtaining sufficient amounts of DNA for sequencing remains a major constraint. 
With upstream cultivation in cell culture or axenic medium, only a limited amount 
of starting material with a maximum concentration of 109 copies/μl can be pro-
duced, even with repeated applications. Much more problematic, however, is the 
significant damage or loss of DNA during inactivation. Hence, only very new 
C. burnetii strains were sequenced [55–57] with the third-generation sequencing 
technology such as single-molecule real-time (SMRT) sequencing [58] introduced 
by Pacific Biosciences. Currently, only the attenuated strain Nine Mile RSA 439 has 

Fig. 12.4  History of C. burnetii genome sequencing (red triangles = incomplete genomes, green 
triangles = complete genomes)
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also been sequenced using nanopores [59] introduced by Oxford Nanopore and 
uploaded to the NCBI BioProject (accession PRJNA541166).

Another approach to obtain higher amounts of DNA is whole genome amplifica-
tion (WGA) using either rolling circle amplification [60] or multiple displacement 
amplification [61]. Technologies such as WGA can produce sufficient amounts of 
DNA from very low starting material even from single cells [62], but conversely 
introduces several problems like coverage bias or chimera formation [63], causing 
artificial rearrangements and inversions [64] and copy-number alterations [65] lead-
ing to mis-assemblies.

The first whole genome amplification of Coxiella DNA was performed by Kumar 
et al. and evaluated by the comparison of un-amplified and amplified DNA tem-
plates at 20 selected loci with a fold-amplification in the range of 3 × 102 to 192 × 102 
[66]. Reis investigated the influence of three different WGA kits on the Coxiella 
genome and specific loci used for MLVA and IS1111 typing. If the DNA is highly 
fragmented (<2 kb) like after heat inactivation, GenomiPhi® can be used if the start-
ing concentration is at least 1000 genome copies/μl. GenomePlex® also performed 
well but introduced many errors at the MLVA loci just by not amplifying them. The 
best-performing kit introducing the least errors and producing the highest yield of 
DNA was REPLI-g® but requires less fragmented DNA only [67]. Based on these 
studies, the genome sequence of C. burnetii strain Namibia was assembled using a 
hybrid approach by combining amplified DNA sequences with IS1111 typing infor-
mation. Therefore, any chimeric IS1111 element introduced by MDA could be cor-
rected [68].

One drawback of WGA is that not only the DNA of interest gets amplified; any 
background DNA (i.e., host DNA in case of clinical samples) gets amplified as well. 
In many cases, the starting material contains much less Coxiella DNA (target) than 
background DNA. Because the higher amount of background DNA is more acces-
sible during amplification, the ratio of target to background DNA can become 
worse, even the total amount of Coxiella DNA is increased after amplification. That 
makes it harder to sequence and a higher sequence depth is necessary. To overcome 
this problem, one can try to deplete host DNA for instance with the NEBNext® 
Microbiome DNA Enrichment Kit, which depletes CpG-methylated host DNA, but 
works well only for human DNA. More promising is the application of selective 
whole genome amplification (SWGA) which amplifies target genomes using nucle-
otide sequence motifs that are common in the target microbe genome, but rare in the 
background genomes [69]. This was already tested to sequence C. burnetii directly 
from environmental samples resulting in a 68- to 147-fold enrichment but is limited 
to non-degraded DNA [70] and likely produce an uneven breath of genome coverage.

Even more promising is the application of target enrichment strategies such as a 
custom hybridization-based capture process where an adapter-ligated DNA sequenc-
ing library is hybridized to single-stranded biotinylated oligonucleotides (baits) 
complementary to the region of interest. Once the hybridization is complete, the 
baits are captured using streptavidin magnetic beads and washed to remove nonspe-
cific fragments. The captured fragments are eluted and PCR amplified to obtain 
enough material for sequencing [71]. Several manufactures offer custom 
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enrichment kits based on baits designed to target a specific region or whole genome. 
A study comparing the different kits for Coxiella genome sequencing is ongoing. 
Currently, this target enrichment approach is limited to next-generation sequencing 
libraries and cannot be used with third-generation sequencing platforms. To 
sequence long target regions of interest, a Cas9-guided adapter ligation approach 
using nanopore sequencing was developed [72]. This technique still requires a sig-
nificant amount of input DNA and is currently not applicable to whole bacterial 
genomes but likely can be used to sequence longer repetitive elements like the IS 
elements of C. burnetii.

Every typing method described above can also be applied in silico to the steadily 
increasing number of available (near-) complete Coxiella genomes fitting them back 
into the established typing schemes or even used to rapidly classify them during 
outbreak investigation. So, when solving the above-described problems according 
to the quality and quantity of specific DNA, this will maybe the solution for typing 
issues of C. burnetii in the future.

12.3.4	 �Database Issues

Molecular genotyping of pathogenic species is a data-generating process with pub-
lic health implications; hence, it is essential that a platform for storage, retrieval, 
analysis, and sharing of generated data should accompany this process. This is often 
in the form of a publicly available database where historical strains as well as their 
typing results are collated alongside meaningful metadata. This resource often 
serves as the warehouse for future typing inquiries as well as strain discovery. 
Before 2005, no such resource was available for C. burnetii genotyping data, 
whereas public database resources were already available for other pathogens like 
Staphylococcus aureus [73].

Molecular genotyping methods for C. burnetii are varied, differing in their out-
put data and often incompatible with other methods; hence, there is a challenge to 
collate all the available methods within a single resource, which can serve as a 
repository for future isolates and for data interrogation during outbreaks.

The first open Coxiella genotyping resource was made available in 2005 by 
Raoult’s group in France (URL https://ifr48.timone.univ-mrs.fr/mst/coxiella_bur-
netii). It focused solely on the MST typing method developed by the same group. 
This resource provided comprehensive data regarding the MST method that included 
a list of all available spacer allele sequences in FASTA format, strain lists of histori-
cal isolates and their MST genotyped groups, a static UPGMA tree for all known 
MST groups, a MST in silico sequence typing method, and instruction on how to 
submit novel spacers. This resource failed to address the challenge to provide fur-
ther genotyping resources aside the MST methods. Also to highlight some other 
challenges, there was no facility to query MST groups based on spacer information. 
Although a comprehensive list is provided, scanning this table visually to locate the 
MST group of multiple spacers would be a time-consuming task. Also the only 
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provided metadata for the strain list is the origin of the strain and the geographic 
source with no filter feature to exclude certain strains for investigative purposes.

The second resource is MLVA bank from Vergnaud’s group, also from France, 
published in 2008 (https://microbesgenotyping.i2bc.paris-saclay.fr). This database 
is a resource that houses MLVA data for several bacterial species including C. bur-
netii. It includes a private space for users to analyse data they do not want to show 
to the public. The MLVA method has been developed across several laboratories 
using different methods; this resource caters for the different methods and offers a 
query method based on MLVA repeats.

Dynamic UPGMA trees can also be created based on MLVA profiles, and it was 
the first resource that extended Coxiella genotyping data with map graphics, making 
it easier for researchers and interested users to gather insights based on geographical 
locations. It also failed to address the challenge of providing other genotyping 
resources for C. burnetii essentially only focusing on the MLVA typing method.

The third and most recent Coxiella genotyping resource is CoxBase which is 
from the Frangoulidis group based in Germany [74]. It was made available to the 
public in 2019 and it is available at URL https://coxbase.q-gaps.de. It is a compre-
hensive resource that attempts to solve the challenge to provide multiple Coxiella 
typing resources under the same platform alongside comprehensive metadata for 
annotation purposes. This provides the opportunity to compare different genotyping 
methods with as little interruptions as possible. As of October 2020, the CoxBase 
platform can be used for the analysis of six different Coxiella genotyping methods: 
MLVA [6], MST [7], adaA [5], SNP [75], IS1111 [4], and plasmid typing. This 
approach allows a researcher to cover all areas of Coxiella typing within a few min-
utes. Aside from the novel approach of combining the varied typing methods, it is 
also the first platform which provides a retrieval function for Coxiella genotyping 
data, in which completed genotyping analysis can be retrieved at a future date from 
any location across the globe for reproducibility purposes. It houses genotyping 
data from more than 400 Coxiella isolates and provides several means of isolate 
discovery and comparison such as query aggregation as well as search features. It 
also provides visualization features for the distribution of typing data across several 
countries (Fig. 12.5).

The CoxBase platform also extends the generation of dynamic phylogenetic 
trees from genotyping analysis, enabling researchers and other stakeholders to com-
pare new isolates to historical isolates based on their MLVA profiles and also meta-
data analysis using features such as genotype group, MLVA, MST, IS1111, adaA, 
plasmid type, source of the isolate, as well as year of isolation to generate hypoth-
esis for epidemiological research. CoxBase also provides submission features for 
MLVA and MST profiles via web interface; it would be promising to extend the 
submissions for IS1111 as well as SNP data.

Database management for Coxiella typing data is still challenged by the total 
number of available Coxiella isolates as well as a comparison bias as a result of 
most of the isolates being of European origin. Active surveillance as well as manda-
tory reporting and sharing of data especially in geographic regions with little known 

12  Coxiella burnetii

https://microbesgenotyping.i2bc.paris-saclay.fr/
https://coxbase.q-gaps.de


258

C. burnetii data might help to tackle this challenge since C. burnetii is globally 
distributed.

12.4	 �Conclusions

Reflecting the different issues, we presented and discussed in our chapter, molecular 
typing of the Q fever pathogen C. burnetii remains far away becoming a routine 
method in daily diagnostic work, widely accepted from other pathogenic microbes, 
e.g., MRSA. But realizing the impact of this zoonotic disease in nearly all the coun-
tries of the world, molecular, sequencing data is an important resource, which must 
be created and updated. Starting with veterinary specialized laboratories, the 
sequence information of strains and variations must be the backbone of a universal, 
global open database. Reference laboratories in countries spanning veterinary and 
human medicine should facilitate and offer specialized typing power to the stake-
holders to enlarge existing sequencing data. Furthermore, they should be encour-
aged to conduct whole genome sequencing and share the resulting data with the 
wider community through data repositories. In addition, all these data should be 
deposited in centralized databases, like NCBI, but also a more pathogen focused 
modern and intuitive way to handle sequencing and typing data is mandatory in the 
future to overcome the barriers between basic research, applied science and stake-
holders in biology, veterinary and human medicine. This will overcome most of the 
existing problems in Coxiella typing. Data, information, and finally knowledge 
management will be the key feature for future work in a one health approach against 
infectious, zoonotic diseases like the Q fever disease of C. burnetii.

Fig. 12.5  Distribution of Coxiella isolates in the CoxBase database visualized on the world map. 
A cluster of isolates is apparent in the European continent; this can be attributed to several factors, 
chiefly among them will be due to the legislation of mandatory reporting of C. burnetii outbreaks 
as well as data from previous outbreaks
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