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Clostridium difficile has rapidly emerged as the leading cause of
antibiotic-associated diarrheal disease, with the transcontinental
spread of various PCR ribotypes, including 001, 017, 027 and 078.
However, the genetic basis for the emergence of C. difficile as a
human pathogen is unclear. Whole genome sequencing was used
to analyze genetic variation and virulence of a diverse collection of
thirty C. difficile isolates, to determine both macro and microevo-
lution of the species. Horizontal gene transfer and large-scale
recombination of core genes has shaped the C. difficile genome
over both short and long time scales. Phylogenetic analysis demon-
strates C. difficile is a genetically diverse species, which has evolved
within the last 1.1-85 million years. By contrast, the disease-causing
isolates have arisen from multiple lineages, suggesting that viru-
lence evolved independently in the highly epidemic lineages.

homologous recombination | horizontal gene transfer | single nucleotide
polymorphism

lostridium difficile is a Gram-positive, spore-forming anae-

robe that has emerged as a major cause of healthcare- and
antibiotic-associated diarrhea. After antibiotic therapy, the pro-
tective intestinal microbiota is disrupted, whereupon ingested
or resident C. difficile hypercolonize the gastrointestinal tract and
produce toxins and transmissible spores (1). C. difficile was rec-
ognized as a pathogen only three decades ago (2), and a number
of emergent PCR ribotypes (a common typing scheme) have been
responsible for outbreaks worldwide (3), with different PCR
ribotypes dominating both temporally and geographically (4-6).
A major outbreak occurred in Canada in 2003 (7, 8), caused by a
previously rare PCR ribotype 027. This 027 ribotype has spread
globally and now accounts for ~50% of isolates in United
Kingdom and North American hospitals (6, 9, 10). Other re-
cently emerging ribotypes include 001, 017, and 078 (4, 6, 11—
15). The epidemiology of C. difficile is evolving rapidly; yet,
despite this continued threat, we have a poor understanding of
how or why particular variants emerge.

A comparative genomic hybridization (CGH) approach (16)
revealed four major clades, including a hypervirulent clade, which
mostly consists of so called B1, NAP1 or 027 strains (based on
restriction endonuclease analysis, pulse-field type or ribotype,
respectively). Although such typing methods are generally efficient
in differentiating isolates, a genome sequence-based approach is
more discriminatory and can reveal phylogenetic relationships
within specific groups. The C. difficile genome is highly dynamic
and readily undergoes genetic exchange of mobile elements (16,
17). However, the impact of homologous recombination between
strains is unclear.

High-throughput sequencing technologies have proved to be a
powerful approach for studying genetic variation and evolution
of monomorphic pathogens such as Salmonella Typhi (18). Here,
we generated whole genome sequences from a diverse collection
of eight C. difficile human and animal isolates using combined
Roche 454 and Sanger sequencing to explore the macroevolution
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of the C. difficile genome. In addition, we also sequenced 21 iso-
lates representing the hypervirulent clade identified by Stabler
et al. (16) with Illumina (Solexa) to investigate the microevolution
within this group. We describe a previously unappreciated level of
genome variation in terms of both mobile elements and homol-
ogous recombination, and confirm the importance of genetic
exchange in the evolution of this species. Our results suggest that
the core C. difficile genome has been primarily shaped by purifying
selection pressure, and that environmental as well as genetic
effects may be responsible for its recent expansion as a major
pathogen. This study also opens avenues for the development of
new epidemiological tools for studying C. difficile transmission
routes and for developing interventions to reduce the burden
of disease.

Results and Discussion

Macroevolution of the C. difficile Species. Previous phylogenomic
analysis identified four genetically distinct C. difficile clades (16);
based on this, we selected six strains representing the broad genetic
diversity of C. difficile for whole genome sequencing (Table S1).
Genome assemblies were created based on combined 454 (Roche)
and Sanger sequencing to increase accuracy and coverage. A con-
sensus whole-genome alignment was used to build a maximum
likelihood phylogenetic tree that also includes the published ge-
nomes of C. difficile strains 630 (ribotype 012), R20291 and CD196
(both ribotype 027) (Fig. 14). To minimize the impact of recom-
bined sequences on the tree building, we also used a concatenated
alignment of nonrecombining core coding sequences (CDSs) to
build a tree of six isolates representing the deep-branching phy-
logeny, resulting in the same topology (Fig. S1 and SI Text). The
resulting phylogeny recapitulates the four major lineages based
upon microarray analysis (16) but provides much more depth.
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Fig. 1. Phylogenetic trees of C. difficile based on whole-genome sequences. Arrows and unfilled circles denote insertion and deletion events, respectively.
Genomic islands carrying drug resistance genes are shown with asterisks. (A) Deep-branching phylogeny that illustrates the relationships between different
lineages/ribotypes are shown by different colors. The four 027 ribotype isolates are collectively represented as node “027s". Scale bar indicates number of
substitutions per site. The root connects to C. bartlettii and C. hiranonis. (B) Split decomposition network indicating microevolution within the hypervirulent
lineage. Strain names are colored according to countries of isolation (blue, United States; red, United Kingdom; green, France). Bootstrap values are labeled

along branches. The root connects to strain 630.

The phylogenetic tree reveals that the broad genetic diversity
of C. difficile is predominantly reflected in the ribotyping scheme.
For example, the four 027 ribotype sequences occupy a single
lineage (unresolved in Fig. 14 but separated in Fig. 1B). Strains
CF5 and M68, which are historic and recent representatives
respectively of the 017 ribotype, occupy a distinct lineage. Isolate
BI-9, verified as ribotype 001, is more closely related to isolate
630 (ribotype 012), compared with isolate M120 (ribotype 078)
that appears to be highly divergent as indicated by its long branch
length. The average sequence divergence between M120 and the
other isolates is 2.4%, indicative of an old species.

The sequence data were used to estimate the age of the C.
difficile species. Dating methods for microbes are imperfect and
the subject of controversy, so to find the range of possibilities, we
used two independent methods based on different underlying
assumptions. One is based on an average synonymous substi-
tution per site (dS) of 0.032 in concatenated nonrecombining
core CDSs and a synonymous substitution rate of 2.50 x 107 —
1.50 x 107® per site per year (Methods). This indicates an age of
1.1-6.4 million years before present. As an alternative, we used
BEAST software (193 and specified a calibrated molecular clock
rate of 1.15 x 107" (Methods). This was calculated based on
a sequence divergence of 0.54 between orthologous CDSs of
C. difficile and C. tetani, and the hypothesis that the Clostridium
lineage diverged 2.34 billion years ago (Ga) (20). Therefore,
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although C. difficile and C. tetani diverged relatively early in the
Clostridium lineage, the divergence time between them should not
exceed 2.34 Ga. This analysis resulted in a divergence time of 85
million years. Clearly these methods produce highly divergent
estimates, indicating high levels of uncertainly, but which could be
viewed as maximum and minimum boundaries.

Our findings have interesting implications on the emergence of
C. difficile as a human pathogen. Although the common ancestor
of C. difficile dates back millions of years, highly epidemic and
disease-causing isolates (017s, 027s, and 078s) are found in all
lineages. This suggests there may be certain genetic elements
common to all C. difficile strains that underlie virulence. Although
C. difficile appears to be an ancient species, it was recognized as a
pathogen only three decades ago, indicating that besides genetic
modifications, changes in interaction between host and pathogen,
as well as other factors such as human activity, hospital design,
and antibiotic use, may have contributed to the emergence of C.
difficile as a major pathogen.

Microevolution within the Hypervirulent Clade. To study micro-
evolution within the hypervirulent clade and recent ribotype 027
isolates, a collection of 25 isolates spanning 1985-2007 (Tables
S1 and S2) were sequenced using multiplexed Illumina (Solexa)
or a combination of 454 (Roche) and Sanger sequencing tech-
nologies. SNPs were detected by comparing the sequence of each
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isolate with the early 027 ribotype isolate CD196 (21). We dis-
covered a total of 1847 SNP differences among 25 isolates; how-
ever, 1670 (90.4%) of these SNPs appear in tight clusters and are
present only in isolate BI-4 or BI-11 (Fig. 2), indicating that they
could have resulted from recent recombination events. We
excluded these SNPs from phylogenetic analyses as they could
mask the true phylogenetic signal. A split-decomposition network
based on remaining SNPs is shown in Fig. 1B. No conflict between
placements of branches was identified by split decomposition
analysis. A lack of bipartitions in certain parts of the lineage and
low bootstrap values can be explained by the scarcity of genetic
variation between isolates, and some recombinant sites poten-
tially remaining in the analysis. The placement of the root for this
lineage cannot be uniquely determined. This also suggests
recombination between isolates sitting at the basal branches of
this phylogeny and those outside this group. Interestingly, a
Bayesian skyline plot analysis (22) suggests this hypervirulent
group has undergone a population expansion around the start of
the century (Fig. S2), which coincides with the time when hospital
outbreaks caused by this C. difficile ribotype were first reported.

Extensive Role of Horizontal Gene Transfer in C. difficile Evolution.
The establishment of a rooted phylogeny for C. difficile allowed us
to trace various evolutionary events such as genomic insertions and
deletions back to where they occurred in the phylogenetic tree.
Putative conjugative transposons and bacteriophages account for
a large proportion of the mobile elements present within the C.
difficile genomes. Many of these mobile elements code for a variety
of antibiotic resistance genes (Fig. 1), suggesting a significant role
for horizontal gene transfer in resistance acquisition. In isolate
630, CTnCDI1, CTnCD3, CTnCD6, and CTnCD7 are closely

Fig. 2. SNPs between CD196 and 24 other hypervirulent C. difficile isolates.
Outer circle: CDSs of C. difficile CD196 genome, shown on a pair of con-
centric rings representing both coding strands; two inner circles: G+C%
content plot and GC deviation plot (>0% olive, <0% purple); in between:
SNPs (blue and red) between CD196 and other isolates, from outer to inner:
2004013, 2004102, 2004118, 2004163, 2006439, 2007140, 2007218, 2007825,
2007833, 2007837, 2007855, BI-1, BI-2, BI-3, BI-4, BI-5, BI-6, Bl-6p, BI-7, BI-10,
BI-11, BI-13, BI-15, and R20291. The rings representing isolates with large
homologous recombination blocks (BI-4 and BI-11) are shown in red.
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related to Tn916 in Enterococcus faecalis (17). We found the
similarity also extends to CTnCD25 and CTnCD11, but these carry
different drug-resistance determinants (CTnCD3, tetracycline;
CTnCD?25, chloramphenicol; CTnCD11, erythromycin). In both
the deep-branching phylogeny and the lineage of hypervirulent
isolates, we observed evidence for the same genomic island entering
different parts of the phylogenetic tree (SI Text). There are also
cases of new insertions occurring within existing genomic islands.
For example, copies of the conjugative transposon CTnCD5 found
in 2004102, 2006439, 2007855, and BI-13 all contain an extra 7.5-kb
cassette (Fig. 1B and Fig. S3). This region contains CDSs encoding a
DNA recombinase and aminoglycoside resistance genes aph(2’)-Ib
and aac(6’)-Im. Combining the information from our phylogenetic
tree, this suggests that the insertion event within CTnCD5 occurred
in the common ancestor of these isolates. M120, which is divergent
from the other isolates, harbors a number of unique genomic
regions, two of which exhibit >80% sequence similarity to Strepto-
coccus pyogenes and Thermoanaerobacter species, respectively,
suggesting gene transfer across very large phylogenetic distances.

Large Chromosomal Region Exchange by Homologous Recombination.
Besides horizontal transfer of mobile elements, bacteria can also
evolve through exchange of common chromosomal segments by
homologous recombination (23). We examined the distribution
of SNPs along the conserved C. difficile genome to test for sig-
natures of recombination. Strikingly, we identified strong evi-
dence for exchange of very large chromosomal regions both
within the deep-branching phylogeny and the recent hyperviru-
lent group.

The distribution of SNPs along the genomic backbone of the
hypervirulent isolates demonstrates dense SNP clusters in strains
BI-4 and BI-11, suggesting imports from different phylogenetic
backgrounds into these isolates (Fig. 2). The sizes of these regions
range from 9 kb to 170 kb. Further investigation of sequence
similarity implies the donors for these recombined regions are not
closely related to known C. difficile isolates (SI Text). To identify
recombination between ribotypes, SNPs in nonrepetitive regions
of the genome were identified between all pairwise combinations
of the six isolates (CD196, 630, BI-9, M120, CF5, and M68S).
Figure 3 shows, as an example, the distribution of SNPs between
isolate CF5 and each of the others. A very low level of diversity was
observed between isolates CF5 and M68 across the entire chro-
mosome except for several discrete regions, characterized by
significantly increased SNP numbers with clear-cut boundaries,
which suggests that these regions were acquired through homol-
ogous recombination events. The largest of these regions was
around 300 kb. The complementary pattern of SNP peaks and
valleys between M68 and BI-9, CD196 and 630 indicates a donor
similar to BI-9, CD196, and 630 in these chromosomal regions,
suggesting this recombination has occurred across a relatively
large phylogenetic distance. Similar large blocks of homologous
recombination were recently identified in Streptococcus agalactiae,
where it was shown that they may arise from Hfr-like conjugation
driven by origins of transfer in mobile genomic islands (24). This is
also a possible explanation in C. difficile, given the large numbers
of mobile elements in the chromosome.

The rate of homologous recombination varies hugely among
species (25). To assess the impact of homologous recombination
on sequence diversification, we calculated the ratio of recombi-
nation/mutation (r/m) within the deep-branching phylogeny,
which gives the relative probability that a nucleotide has changed
as the result of recombination relative to point mutation (26, 27).
The r/m ratio for C. difficile is between 0.63 and 1.13 based on
our data. Vos et al. previously compared r/m for different bac-
teria based on MLST data (28). They calculated this ratio to be
13.6 for Helicobacter pylori, 7.1 for Neisseria meningitidis, and 0.1
for Staphylococcus aureus. Their estimated r/m for C. difficile is
0.2. The difference between their and our estimates may be due
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Fig. 3. Signatures of recombination in the deep-branching phylogeny. The genome-wide distribution of SNPs is shown for each strain against the core
genome (excluding repetitive sequences) of strain CF5, which is indicated along the x axis. The y axis gives the number of SNPs in each 500-bp window.

to sampling of loci and strains, as the recombination events we
have detected seem to be very localized. Despite this, our data
suggest that recombination plays a significant role in C. difficile
sequence diversification.

Selective Forces Acting upon the C. difficile Genome. To investigate
the selective forces acting on the C. difficile genome, dN/dS, the
ratio of nonsynonymous vs. synonymous substitution rate was
calculated. A ratio significantly smaller than 1 suggests strong
purifying selection, whereas a ratio close to 1 is usually taken as
indicating a neutral selection pressure. However, it has been
shown that for very closely related genomes, dN/dS can be close
to 1 (29), either because time has been too short for selection to
act (29) or because nucleotide substitutions within a species may
represent segregating polymorphisms rather than fixed differ-
ences (30).

dN/dS was calculated for concatenated alignments of CDSs from
the nonrepetitive, core genome for each pairwise combination of 9
isolates (630, BI-9, CF5, M68, M120, CD196, BI-1, 2007855, and
R20291). It was previously suggested when effective population size
is infinite or sufficiently large; the trajectory of 1/(dN/dS) exhibits a
linear trend with time, but when population size decreases, the
increase of 1/(dN/dS) with time reaches a plateau (29). S (number
of synonymous substitutions) or dI (number of intergenic SNPs)
have been used as a measure of time since divergence, although
synonymous changes and intergenic regions could also be subject to
selection forces that deviate from neutral. The 1/(dN/dS) trajectory
of C. difficile appears to be nonlinear, regardless of dS or dI being
used as the indicator of time (Fig. 4). This pattern is similar to the
trajectories reported for Streptococcus pyogenes and the Bacillus
cereus +anthracis+thuringiensis complex (29).

Our data show that between deeply diverging lineages, there is
evidence for strong purifying selection (the average dN/dS
between strain M120 and the rest is ~0.08). However, for recently
diverged lineages, dN/dS is very close to 1, in agreement with
previous analyses (29). This 1/(dN/dS) trajectory suggests non-
synonymous substitutions were purged less efficiently in C. difficile
than in E. coli, whose trajectory appears to be linear (29), or that
the effects of purifying selection on the C. difficile genome are
somewhat delayed. This could be explained by a relatively small
effective population size for C. difficile compared with E. coli,
which has a broader host-range.

7530 | www.pnas.org/cgi/doi/10.1073/pnas.0914322107

We also investigated genes under positive selection, and iden-
tified 12 positively selected CDSs (Table S3), which seems rela-
tively small for such a diverse species. However, among these CDSs
are response regulators and surface proteins, including predicted
membrane and exported proteins, which are likely candidates for
diversifying selection driven by the host immune system. It is very
likely that many more variable and positively selected genes exist,
but that these are part of the accessory gene pool and therefore not
captured in this analysis. Still, our finding does suggest that host
immune selection plays a role in C. difficile evolution.

Conclusions

We explored phylogeny, horizontal gene transfer, recombination,
and the evolutionary history of C. difficile at the whole genome level
and demonstrated significant diversity, with disease-associated
isolates emerging from multiple lineages, contradicting the idea
that a single lineage evolved to become pathogenic. The level of
horizontal gene transfer and recombination confirms that C. dif-
ficile has a highly dynamic genome. However, we show that the
effect of horizontal exchange extends beyond mobile genetic ele-
ments to include large core chromosomal regions transferred over
considerable phylogenetic distances. Selection in core CDSs rela-
ted to surface components was identified, albeit to a limited extent,
and investigation of selection pressures acting upon the genome
confirms that the majority of the genes are subject to delayed
purifying selection.

Methods

Bacterial Isolates. Isolates were provided by the following individuals: Dale
Gerding, Hines VA Hospital, IL (CF5 and BI isolates); Jon Brazier, Anaerobe
Reference Laboratory, Cardiff, UK (R20291); Michel Popoff, Institut Pasteur,
Paris, France (CD196); Denise Drudy, Centre for Food Safety, University
College Dublin, Ireland (M68 and M120); Peter Mullany, Eastman Dental
Institute, London, UK (630); and Glenn Songer, Department of Veterinary
Science and Microbiology, University of Arizona (all other isolates).

DNA Sequencing and Assembly. Genomic DNA was prepared according to
Wren et al. (31). Isolates were sequenced using 454 Life Sciences GS-20
sequencer (Roche) (R20291), 454 Life Sciences GS-FLX sequencer (Roche) (all
other isolates in Table S1), and Illlumina (Solexa) Genome Analyzer System
(isolates in Table S2) with multiplexed protocol according to the manu-
facturer’s specifications. Paired-end reads were generated for all isolates
except CF5, M68, M120, BI-1, 2007855, R20291, and CD196, for which single-

He et al.


http://www.pnas.org/cgi/data/0914322107/DCSupplemental/Supplemental_PDF#nameddest=st03
http://www.pnas.org/cgi/data/0914322107/DCSupplemental/Supplemental_PDF#nameddest=st01
http://www.pnas.org/cgi/data/0914322107/DCSupplemental/Supplemental_PDF#nameddest=st02
www.pnas.org/cgi/doi/10.1073/pnas.0914322107

12

10
|

8

1/(dN/dS)

6
1

T T T T T T T
0 2000 4000 6000 8000 10000 12000

Number of Intergenic SNPs

T T T T T T T T
0 5000 10000 15000 20000 25000 30000 35000
S

Fig. 4. Trajectory of 1/(dN/dS) within the C. difficile phylogeny over time.
The number of intergenic SNPs (A) and synonymous changes (B) serve as
measures of time since divergence.

end reads were produced. 454 reads were assembled de novo into contigs
using newbler (Roche). For isolates with capillary data available, 454 contigs
were shredded into reads of comparable length to capillary reads, and
assemblies were created using data from both platforms using Phrap. The
order of contigs was estimated by comparison with the reference sequence
using the MUMmer package (nucmer program) (32), implemented in ABACUS
(33). Although some manual error checking was performed, these should still
be considered to be draft genomes. Reads from Illumina (Solexa) were directly
mapped back to a reference sequence using MAQ version 0.7.1 (34).

Genome Comparison and Identification of Unique Genomic Regions. Genomic
sequences of different isolates were annotated in Artemis (35) and compared
with each other using Artemis Comparison Tool (ACT) (36). Orthologs were
identified using a FASTA reciprocal-best-hit algorithm, with lower bounds of
30% identity and 80% sequence length. Unique regions were identified
using a combination of these approaches.

Phylogenetic Analyses. The genomic sequences of nine C. difficile isolates
(630, BI-9, CF5, M68, M120, CD196, BI-1, 2007855, and R20291) were aligned

1. Lawley TD, et al. (2009) Proteomic and genomic characterization of highly infectious
Clostridium difficile 630 spores. J Bacteriol 191:5377-5386.

2. Bartlett JG, Chang TW, Gurwith M, Gorbach SL, Onderdonk AB (1978) Antibiotic-
associated pseudomembranous colitis due to toxin-producing clostridia. N Engl J Med
298:531-534.

3. Bartlett JG (2006) Narrative review: The new epidemic of Clostridium difficile-
associated enteric disease. Ann Intern Med 145:758-764.
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with ProgressiveMauve (37). Consensus alignments were used to build a
maximum likelihood tree with RAXML (38) with 100 resamplings of align-
ment data. To root the phylogenetic tree, the genomic sequences of Clos-
tridium bartlettii strain DSM 16795 (a close relative of C. difficile) and
Clostridium hiranonis DSM 13275 were used. Phylogenetic relationships
between hypervirulent isolates were inferred using PHYML (39) and the split
decomposition method implemented in SplitsTree4 (40) with 100 bootstraps.

SNPs and Gene Alignments. Between isolates of different ribotypes, SNP
calling was performed using the nucmer program in the MUMmer package
(32). All primary SNPs were further checked by FASTA (41) to validate alleles
(S/ Text). Orthologous CDSs were retrieved from the whole genome align-
ment of nine C. difficile isolates generated using progressiveMauve (37),
with the guide of the fully annotated reference strain 630. We inspected the
genome manually and excluded CDSs in bacteriophages, transposons and
other mobile elements, as these regions are generally repetitive and can
confound SNP finding programs. A multiple sequence alignment for each
CDS was obtained by aligning SNP alleles against the sequence of strain 630.

For analysis between hypervirulent isolates, we used MAQ (34) to align
Solexa reads to the reference genome CD196 and call SNPs. The identities of
hypervirulent isolates were validated by PCR. All SNPs in repetitive regions
and mobile elements were excluded. Preliminary SNPs were confirmed for
each isolate in all sequencing reads (S/ Text). A multiple sequence alignment
formed by the concatenated variable positions from all isolates was then
used for phylogenetic analyses.

Recombination and Selection Analysis. We used CLONALFRAME (42) to infer
recombination events and calculate r/m ratio within the deep-branching
phylogeny. Pairwise dN/dS for concatenated orthologous CDSs was calcu-
lated using the method of Nei and Gojobori (43). We used site models M1a
and M2a implemented in PAML (44) to identify genes under positive selec-
tion, and used individual gene trees built in RAXML (38) to correct for
homologous recombination. M1a assumes neutral evolution, and M2a
allows positive selection. Likelihoods from the two models were compared
by a likelihood ratio test.

Estimates of Age and Population Size. We used two methods to calculate the
age of C. difficile. The first method follows the formula:

dy

Age rate X2

where ds is the mean synonymous substitutions per site calculated from
concatenated nonrecombining core CDSs after Jukes-Cantor correction (45).
The rate represents a synonymous molecular clock rate of 2.50 x 107°-1.50 x
1078 per site per year, which is equivalent to a universal mutation rate of
0.0001-0.0002 per genome per generation proposed by Ochman et al. (46).
Here we assume 100-300 generations per year (47). As a second measure, we
used BEAST (19) to estimate the age of the whole C. difficile collection. To
obtain an independent estimate of the molecular clock rate, we identified
orthologs between C. difficile and C. tetani, and calculated their sequence
divergence following the model of Jukes-Cantor (45). The age of the Clos-
tridium lineage was previously estimated to be 2.34 billion years (20), and
we took this to be a maximum divergence time for these two species. This
gave rise to a molecular clock rate of 1.15 x 107'° per site per year. The
population history of hypervirulent isolates was inferred using Bayesian
skyline plot (22).
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