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Convergent Molecular Evolution of Genomic Cores in Salmonella
enterica and Escherichia coli

Sujay Chattopadhyay, Sandip Paul, Dagmara I. Kisiela, Elena V. Linardopoulou, and Evgeni V. Sokurenko

Department of Microbiology, University of Washington, Seattle, Washington, USA

One of the strongest signals of adaptive molecular evolution of proteins is the occurrence of convergent hot spot mutations: re-
peated changes in the same amino acid positions. We performed a comparative genome-wide analysis of mutation-driven evolu-
tion of core (omnipresent) genes in 17 strains of Salmonella enterica subspecies I and 22 strains of Escherichia coli. More than
20% of core genes in both Salmonella and E. coli accumulated hot spot mutations, with a predominance of identical changes
having recent evolutionary origin. There is a significant overlap in the functional categories of the adaptively evolving genes in
both species, although mostly via separate molecular mechanisms. As a strong evidence of the link between adaptive mutations
and virulence in Salmonella, two human-restricted serovars, Typhi and Paratyphi A, shared the highest number of genes with
serovar-specific hot spot mutations. Many of the core genes affected by Typhi/Paratyphi A-specific mutations have known viru-
lence functions. For each species, a list of nonrecombinant core genes (and the hot spot mutations therein) under positive selec-
tion is provided.

Bacterial genome evolution is shaped via several mechanisms,
such as the acquisition of novel genes by horizontal transfer,

homologous recombination, gene deletion, gene amplification,
and point mutation. A complex network of these evolutionary
mechanisms drives adaptive divergence of microorganisms, espe-
cially of bacterial pathogens, in the course of niche differentiation.
For instance, uropathogenic Escherichia coli behave as commen-
sals in the human intestine but as pathogens in the urinary blad-
der. Zoonotic pathogens also follow similar evolutionary dynam-
ics, commonly behaving as commensals in animal hosts but as
pathogens in humans. The primary focus to understand evolution
of bacterial virulence had been on the genes acquired by horizon-
tal gene transfer (in particular, on the acquisition of pathogenicity
islands) rather than on the genes shared by pathogenic and non-
pathogenic strains. Only recently, pathogenicity-adaptive (patho-
adaptive) mutations that result in specific functional changes of
genes were also identified as an important mechanism of virulence
evolution. However, very limited genome-level analysis has thus
far been performed to investigate the role of point mutations in
common (core) genes for their potential contribution in the dif-
ferential adaptation of pathogenic bacterial species.

In the present study, we focused on the adaptive microevolu-
tion of Salmonella enterica subspecies enterica (i.e., subspecies I),
one of the most important human pathogens. Unlike E. coli, Sal-
monella does not generally circulate as a commensal among hu-
mans, and most serovars are transmitted by ingestion of contam-
inated food or by contact with infected animals. The majority of
Salmonella infections are self-limited gastroenteritis caused by
broad host-range serovars such as Enteriditis or Typhimurium.
These serovars are frequently associated with disease in a wide
variety of animals. In contrast, a small number of serovars infect
only specific animal-hosts and do not persist or cause disease in
other vertebrate species. Such narrow-host-range (host-adapted
or host-restricted) Salmonella typically produces severe invasive
infections. For example, human-restricted Salmonella (e.g., Typhi
and Paratyphi A and C) causes typhoid fever, and avian-restricted
S. Gallinarum cause fowl typhoid; both diseases are characterized
by septicemia over intestinal symptoms.

Our earlier studies reported that virulence habitats impose
positive selection on bacteria for point mutations in their core
genes to increase pathogenicity (7, 40, 51). This was demonstrated
by specifically designed microevolutionary analysis approach,
termed zonal phylogeny (ZP), that identifies the occurrence of
repeated phylogenetically unlinked mutations at same amino acid
positions. The presence of these so-called structural hot spot mu-
tations is considered a very strong evidence of positive selection in
particular habitats, indicating repeated selection in different
strains that compete for survival in the same or similar environ-
ments (20, 34). Using this approach for E. coli genomes, we de-
tected the presence of positive selection in a large fraction of core
genes that, in part, was pathotype specific (8).

Here, we performed a comparative genome-wide analysis of
strains from over a dozen of pathogenic Salmonella serovars to
evaluate the extent to which mutations in the core genes could
contribute to the pathoadaptive evolution. For comparison, we
analyzed in parallel genomes from 22 strains of E. coli, the bacterial
species known to evolve extensively via pathoadaptive mutations.

MATERIALS AND METHODS
Selection of strains. For each species, out of all fully assembled genomes
available at the time, the selected strains included those that are clonally
distinct, i.e., having different alleles of housekeeping genes used for mul-
tilocus sequence typing (MLST) analysis (http://mlst.ucc.ie) (Fig. 1). The
only exceptions were two pairs of clonally identical strains, one for Sal-
monella (serovar Paratyphi A strains ATCC 9150 and AKU_12601) and
one for E. coli (extraintestinal pathogenic E. coli [ExPEC] strains S88 and
UTI89).

Received 3 April 2012 Accepted 6 July 2012

Published ahead of print 13 July 2012

Address correspondence to Evgeni V. Sokurenko, evs@u.washington.edu, or Sujay
Chattopadhyay, sujayc@u.washington.edu.

Supplemental material for this article may be found at http://jb.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JB.00552-12

5002 jb.asm.org Journal of Bacteriology p. 5002–5011 September 2012 Volume 194 Number 18

 on S
eptem

ber 4, 2012 by U
niversity of W

ashington
http://jb.asm

.org/
D

ow
nloaded from

 

http://mlst.ucc.ie
http://jb.asm.org/
http://dx.doi.org/10.1128/JB.00552-12
http://jb.asm.org
http://jb.asm.org/


Phylogenetic analysis and extraction of core genes. To assess the evo-
lutionary relationship of strains in each species, the corresponding set of
seven housekeeping gene sequences were concatenated for each strain and
used for reconstructing a maximum-likelihood (ML) phylogenetic tree,
using the general time reversible (GTR) substitution model with esti-
mated base frequencies site-specific by codon position distribution imple-
mented in PAUP* (45) to depict an average neutral diversity among the
strains. The pairwise p-distance matrix was calculated using MEGA (46).

During the extraction of core genes using annotations of one reference
strain in each species, we excluded all annotated pseudogenes in reference
genome. The BLAST hits with either internal stop codon or non-ACGT
characters were also excluded. To construct each gene data set, we per-
formed stand-alone BLAST against the rest of the genomes and extracted
homologs with nucleotide sequence identity as well as sequence length
coverage values of �95% relative to the reference sequence. For each of
the extracted core genes, BLAST was repeated against all genomes (includ-
ing the reference) using the same threshold values for sequence identity
and coverage, and any gene with multiple copies in any genome was ex-
cluded as probable nonorthologs from further analysis.

Molecular evolutionary analysis. Rates of nonsynonymous (dN) and
synonymous (dS) mutations were computed by using mutation-fraction
method (33). To assess any significant difference between dN and dS, we
approached nonparametric bootstrap procedure (14) by simulating 1,000
data sets by sampling with replacement DNA sites of the multiple se-
quence alignment, thereby disrupting the codon structure of real data set.
This led us to calculate the distribution of dN/dS under the null hypothesis

of neutrality (dN/dS � 1). The rank of the observed dN/dS in the distri-
bution of simulated data set values suggested any presence of positive (i.e.,
a higher observed value for �950 cases), negative (i.e., a higher observed
value for �50 cases), or neutral selection at a 95% significance level.

For the analysis of core gene data sets, zonal phylogeny software (ZPS)
(6) was used to perform CLUSTAL W-based sequence alignment, fol-
lowed by PAUP*-based, ML tree topology reconstruction for the genome-
wide gene data sets in batch mode, using the GTR substitution model with
estimated base frequencies site specific by codon position distribution.
ZPS reconstructs an unrooted protein phylogram from the corresponding
DNA phylogram, distinguishing two categories of protein variants: those
encoded by multiple alleles with synonymous diversity (i.e., evolution-
arily long-term variants) and those encoded by one allele only (i.e., evo-
lutionarily recent variants). Separate scripts were written to calculate the
frequencies of parallel and coincidental hot spot mutations of different
nature (long-term or recent hot spots), the frequency and sharing of hot
spot mutations within or between pathotypes or serovars.

We detected probable recombination events using software package
PhiPack (1) that included three recombination-detection statistics: pair-
wise homoplasy index (Phi), maximum �2 (MaxChi), and neighbor sim-
ilarity score (NSS). A gene was considered to be recombinant if P values
for all of the three statistics were �0.1 (4).

Simulations. EvolveAGene3 (18) was used to perform random simu-
lations of mutations on nonrecombinant core genes with hot spots. For
each gene, the reference genome sequence was considered as the root
sequence to simulate the data set and to generate a random tree topology

FIG 1 Phylograms of concatenated sequences of seven housekeeping genes of S. enterica subsp. I (A) and E. coli/Shigella (B). The housekeeping genes used in
MLST were selected for analysis. The Salmonella genes were aroC (chorismate synthase), dnaN (DNA polymerase III, �-subunit), hemD (uroporphyrinogen III
synthase), hisD (histidinal dehydrogenase), purE (phosphoribosylaminoimidazole carboxylase), sucA (2-oxoglutarate dehydrogenase decarboxylase), and thrA
(aspartokinase I). The E. coli genes were adk (adenylate kinase), fumC (fumarate hydratase class II), gyrB (DNA gyrase subunit B), icd (isocitrate dehydrogenase),
mdh (malate dehydrogenase), purA (adenylosuccinate synthetase), and recA (recombinase A). Serovars and host specificity ranges were shown for the Salmonella
strains, while pathotypes were mentioned for the E. coli strains. EAEC, ExPEC, EHEC, ETEC, and EPEC stand for enteroaggregative, extraintestinal pathogenic,
enterohemorrhagic, enterotoxigenic, and enteropathogenic E. coli, respectively.
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where each branch had equal probability to lead to either a terminal node
or an internal node. For simulations, average branch lengths and average
selection on amino acid replacements (i.e., dN/dS) were estimated from
corresponding real data set phylogeny. No indels were allowed in the
simulated data sets. Selection over sequence, as well as over branches
along the tree, was set to be constant with the default modifier value of 1.

Analysis of functional category enrichment. Functional annotation
clustering for different sets of candidate genes under positive selection was
performed using DAVID (10). For the analysis, a “medium” classification
stringency was used. Annotation clusters with an enrichment score of
�0.5 and a P value of �0.05 were selected as enriched functional catego-
ries.

Detection of interspecies orthologs. Orthologous protein-coding
genes between Salmonella and E. coli were detected by using the Roundup
Orthology Database (http://roundup.hms.harvard.edu/ [9]), in which the
orthologs were computed using reciprocal smallest distance algorithm
(50). A “retrieve” option of this database was used with stringent BLAST
E-value of 1e-20 and a global pairwise sequence divergence of 0.2 to re-
cover a set of orthologs between Escherichia coli CFT073 and Salmonella
enterica serovar Typhi Ty2 genomes. From this set of orthologs, genes
accumulating recent hot spot mutations in both species were identified.

RESULTS AND DISCUSSION
Decreased nucleotide diversity but an increased number of core
genes in Salmonella relative to E. coli. Salmonella and E. coli
strains analyzed here were phylogenetically diverse based on con-
catenated sequence of seven housekeeping genes: for Salmonella,
aroC, dnaN, hemD, hisD, purE, sucA, and thrA loci (total, 8,985
bp), and for E. coli, adk, fumC, gyrB, icd, mdh, purA, and recA
(total, 9,093 bp). These genes are present in all strains of the cor-
responding species and internal fragments of them are used for
their MLST analysis (http://mlst.ucc.ie). The Salmonella set had
16 clonally distinct strains each represented by a unique MLST
sequence type, with no specific clustering of serovars based on the
host specificity range (Fig. 1A). The E. coli was represented by 21
clonally distinct strains and, although some E. coli strains of same
origin (e.g., ExPEC, Shigella or commensal) clustered in a some-
what distinct fashion, the clades were not fully pathotype specific
(Fig. 1B). The pairwise nucleotide diversity of the Salmonella
genes was 1.0% � 0.1%, whereas the E. coli genes diversity was
1.5% � 0.1%.

We next extracted protein-coding genes shared by all strains
within each species. As a reference for the BLAST analysis, we
selected for each species a genome with well-annotated assembly
and with well-preserved backbone gene-set (i.e., without too
many genes deleted). Since we performed a phylogenetic analysis
of each gene, it is not important to select either a commensal or a
laboratory strain as a reference. Genomes of S. Typhimurium
strain LT2 (a total of 4,451 open reading frames [ORFs]) and
ExPEC strain CFT073 (5,378 ORFs), respectively, were used.
Threshold values of �95% for both nucleotide sequence identity
and length coverage were used to extract the orthologous gene
copies. A total of 2,797 genes were found in all strains of Salmo-
nella and were defined as the species core genes (Fig. 2). Among
the rest, 1,472 genes were defined as mosaic genes since they were
shared by only some strains in the species, and 181 genes were
uniquely found only in the reference strain LT2 (Fig. 2). In E. coli,
1,488 genes were identified as species core, 3,452 genes were of
mosaic nature, and 430 were unique to the reference strain
CFT073 (Fig. 2).

Among the core genes, 15 Salmonella and 5 E. coli genes were
found in multiple copies in various positions in the chromosome

in at least one strain (see Table S1 in the supplemental material)
and were excluded from the analysis as potentially nonortholo-
gous. The rest were found in one copy and in syntenic position
(sharing at least one neighboring locus) in every genome of the
corresponding species and were considered to be of both core and
orthologous nature for each species.

The almost 2-fold greater number of core genes in Salmonella
was in contrast to average size of genomes analyzed, which was
somewhat lower for the Salmonella strains (4.78 Mb on average,
ranging from 4.58 to 4.89 Mb) than E. coli (4.94 Mb on average,
ranging from 4.37 to 5.53 Mb). One possible explanation for the
larger genomic core in Salmonella strains is their closer evolution-
ary relatedness. Indeed, subspecies I of Salmonella is considered to
have evolved from the rest of the species by the acquisition of
horizontally transferred genomic elements, such as Salmonella
pathogenicity islands SPI-3 (17 kb), SPI-4 (25 kb), and SPI-5 (9
kb) (15). Thus, parts of the genomes that are overall of a mosaic
nature in Salmonella species are likely to be shared by all of the
subspecies I strains and are defined here as core genes. This expla-
nation is consistent with the fact that frequency of mosaic genes
(defined here as shared by some strains only) was significantly
lower in the Salmonella strains (33%) than E. coli strains (64%).
Only 20 of the core genes in Salmonella and 7 genes in E. coli were
identical in all strains of the corresponding species (see Table S2 in
the supplemental material). In other core genes, the average nu-
cleotide diversity values were estimated to be 1.0% � 0.01% for
Salmonella and 1.6% � 0.02% for E. coli (Table 1, P � 0.0001), i.e.,
very similar to the diversity of corresponding seven MLST genes
above.

The lower diversity of the Salmonella genes is also likely to
reflect the fact that all of the analyzed strains belonged to just one
major phylogenetic clade within the species: S. enterica subsp. en-
terica or I. The subspecies I strains are considered to be adapted to
warm-blooded animals and cause the majority of Salmonella-re-
lated diseases in humans, whereas strains from the other subspe-
cies II, IIIa, IIIb, IV, and VI are adapted to cold-blooded animals
and cause few infections in humans. In contrast, the E. coli strains
analyzed represented all major phylogenetic clades of the species
that are divided into the so-called E. coli reference (ECOR) phy-

FIG 2 Venn diagrams showing unique (to reference genome), mosaic, and
core genes in S. enterica subsp. I and E. coli.
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logenetic groups A, B1, B2, and D and a diverse number of patho-
types.

To test whether there could be indeed a direct correlation be-
tween the reduced diversity and increased number of core genes
(as observed in Salmonella), we examined the diversity of core
genes in a subgroup of six E. coli strains that form phylogenetic
group B2 (Fig. 1B). The average pairwise nucleotide diversity of
the B2 strains was 0.6% � 0.1%, based on the MLST genes, i.e.,
lower than the MLST diversity of either E. coli or Salmonella
strains. At the same time, in the group B2 strains, a total of 3,447
core genes were identified (see Fig. S1 in the supplemental mate-
rial); this was significantly higher than the number of core genes
found in E. coli or even in Salmonella species. Thus, resemblance
in the pattern of core gene diversity between Salmonella and B2 E.
coli strains supports the hypothesis that a relatively large core ge-
nome in Salmonella subspecies could be due to the relatively close
relatedness of the strains.

The variability of core genes in both Salmonella and E. coli is
primarily due to synonymous mutations rather than to nonsyn-
onymous changes. The nucleotide diversity of coding genes is
both nonsynonymous (amino acid replacement) and synony-
mous (structurally silent) in nature. The number of nonsynony-
mous or synonymous changes per nonsynonymous or synony-
mous site, respectively, defines the nonsynonymous mutation rate

(dN) or synonymous mutation rate (dS) in a gene. For Salmonella
core genes, the average dN (0.3% � 0.01%) and dS (3.4% �
0.03%) were lower than the corresponding values for E. coli (dN �
0.4% � 0.01% and dS � 5.5% �0.08%) (Table 1). However,
because dS was �10-fold higher than dN for both species and the
differences in dS between the species (calculated as dSE. coli �
dSS. enterica/dSS. enterica) were more pronounced than in dN (i.e.,
dNE. coli � dNS. enterica/dNS. enterica), the synonymous mutations
contributed significantly more (P � 0.01) than the amino acid
replacement mutations into the differences in the overall nucleo-
tide diversity between Salmonella and E. coli.

As defined above, across all shared genes, the average rate of
nonsynonymous mutations is much lower than the rate of synon-
ymous changes, indicating a prevalence of negative selection
against amino acid changes. When the dN and dS values of each
core gene were compared by using the z-test (at P � 0.05), dN/dS
was significantly less than 1 in the vast majority of individual
genes, reflecting the overall predominance of synonymous
changes. We found only 11 genes in Salmonella (0.4% of the total
core genes) that showed dN values significantly higher than the dS
values (dN/dS �� 1), i.e., well within the range of the gene fraction
randomly expected at a P � 0.05 significance level. Although the
number of genes with dN/dS �� 1 was 7-fold higher in E. coli (77
genes, P � 0.0001), the overall fraction (5.2%) was found to barely
exceed the randomly expected range. Moreover, when a more rig-
orous nonparametric bootstrap analysis was applied to both sets
of the genes with dN/dS �� 1, the numbers dropped significantly,
with only 1 Salmonella and 24 E. coli genes showing a dN signifi-
cantly higher than the dS (see Table S3 in the supplemental mate-
rial).

Thus, according to the dN/dS test, very few of the core genes in
Salmonella and E. coli have accumulated replacement mutations
under positive selection. One needs to note, however, that the
dN/dS test is considered to be highly conservative and mostly de-
tects an action of positive selection over a relatively long period of
time (e.g., between species) but not on a microevolutionary (with-
in-species) scale.

High frequency of amino acid hot spot mutations in the core
genomes of Salmonella and E. coli. We next examined the action
of positive selection on amino acid changes in core genes by the
detection of convergent mutations, i.e., repeated, phylogenetically
unlinked nucleotide changes that result in mutation of the same
amino acid positions. These so-called hot spot mutations can be of
two types: (i) “parallel mutations” that lead to a same amino acid
change in the same position and (ii) “coincidental mutations” that
lead to a different amino acid change in the same position. The
convergent evolution (evolutionarily independent acquisition of
the same biological trait) is a very strong indicator of adaptive
nature of the associated phenotypic changes, either at the organ-
ismic or at the molecular level (20, 34).

Detection of hot spot mutations is based on sequence phylog-
eny and not via a mere mismatch with the reference genome se-
quences. Since this approach requires the reconstruction of phy-
logenetic trees, it can be done only in genes that have four or more
alleles. A total of 2,646 of the Salmonella genes and 1,404 of the E.
coli genes met such a criterion. A total of 849 Salmonella and 596 E.
coli core genes accumulated hot spot changes. In both species, the
rate of parallel hot spot changes was significantly higher than the
rate of coincidental mutations (Table 1).

The parallel hot spot mutations could not arise due to a hori-

TABLE 1 Comparative analysis of diversity and hot spot mutations in
core genes between S. enterica subspecies I and E. coli

Parameter S. enterica E. coli

No. of core orthologs
Total 2,782 1,483
No. identical 20 7
No. with �4 alleles 2,646 1,404

Nucleotide diversity (mean no. � SD)
MLST genes, � 0.01 � 0.001 0.015 � 0.0001
Core genes, � 0.01 � 0.0001 0.016 � 0.0001
Core genes, dN 0.003 � 0.0001 0.004 � 0.0001
Core genes, dS 0.034 � 0.0003 0.055 � 0.0008

Total no. of genes with hot spot
mutations of different nature

Parallel only 577 323
Coincidental only 97 85
Mixed 175 188

No. of nonrecombinant genes with
hot spot mutations

Parallel only 447 166
Coincidental only 87 61
Mixed 128 90

No. of simulated data set genes with
hot spot mutations

Parallel only 3 8
Coincidental only 30 40
Mixed 5 10

Evolutionary time origin of genes with
hot spot mutations (%)

Long-term only 14.6 10.7
Recent only 73.2 69.9
Mixed 12.2 19.4

Convergent Evolution in Core Genes of Pathogens
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zontal gene transfer of entire gene, followed by further allelic di-
versification, because they would be phylogenetically linked and,
thus, not show up as a hot spot change in our analysis. However,
gene changes that appear as parallel hot spot changes could be due
to homologous intragenic recombination, i.e., exchange of small
internal regions in orthologous genes. So, to remove alleles with
such potentially false (nonmutational) hot spot changes, recom-
bination detection analysis was performed for each gene with the
hot spot-like mutation. Recombination was detected in 187 (22%)
Salmonella genes and 279 (47%) E. coli genes with apparent hot
spots, indicating significantly (P � 0.0001) higher rate of homol-
ogous recombination in the latter. The increased recombination
rate in E. coli has been reported in previous studies (12, 17, 47, 49,
52, 54). Genes affected by recombination (even if detected just in
one of the alleles) were removed from the analysis, leaving 662
Salmonella genes (24% of the total core genes) and 317 E. coli
(21%) where all hot spot changes were likely to be truly muta-
tional in nature (see Tables S4 and S5 in the supplemental mate-
rial).

Despite the removal of alleles with potentially false parallel
mutations, the frequency of genes with parallel mutations re-
mained significantly higher than those with coincidental muta-
tions (Table 1). In contrast, if hot spot mutations accumulate ran-
domly, the probability of a same mutation in the same position
(i.e., parallel hot spot mutations) would be significantly lower
than that of a different mutation in the same position (i.e., coin-
cidental hot spot mutations). Therefore, the predominance of
parallel hot spot changes cannot be expected from chance alone.
To confirm this, we performed 10 rounds of random simulations
of mutational changes in each of the nonrecombinant genes. As
expected, in simulated data sets the coincidental mutation fre-
quency was much higher than the parallel mutation frequency
(Table 1). However, even the simulated coincidental mutation
frequency was well below (P � 0.0001) the one in real data sets of
both Salmonella and E. coli (Table 1). Taken together, the simula-
tion analysis strongly suggests that the hot spot mutations in both
Salmonella and E. coli were acquired not randomly but under pos-
itive selection, i.e., the changes were adaptive in nature.

Also supportive of the function of positive selection is the fact
that genes acquiring hot spot mutations tend to do so multiple
times; there were, on average, 5.0 � 0.2 hot spot mutations in
2.1 � 0.1 positions per gene in Salmonella and 6.1 � 0.4 hot spot
mutations in 2.5 � 0.1 positions per gene in E. coli.

Finally, one of the distinctive characteristics of functionally
adaptive hot spot mutations in bacterial genes is their evolution-
arily recent nature, reflecting a recent emergence of the patho-
genic lineages and/or their relative evolutionary instability. The
latter could be due to the fitness trade-off functional mutations in
so-called “source-sink” dynamics of the pathogen microevolution
(41). The “source” is defined as an evolutionarily stable, reservoir
habitat (usually of environmental or of commensal nature), while
pathogen-targeted compartments are evolutionary “sinks” repre-
senting unstable, transient habitats. The sink habitats, therefore,
are compartments where bacteria are introduced occasionally and
then experience selection pressures to improve their ability as
pathogen. To define whether or not the hot spot mutations were
recent from evolutionary perspectives, we determined whether or
not, respectively, their acquisition was followed by accumulation
of synonymous changes in the corresponding alleles. This analysis
was done by using the zonal phylogeny software tool (6, 40). In

both Salmonella and E. coli, the vast majority of hot spot muta-
tions (in 85.4% and 89.3% of genes with hot spots, respectively)
were of evolutionarily recent origin (Table 1), i.e., the pattern
typical for pathoadaptive mutations in bacterial pathogens.

Taken together, these results indicate that the hot spot muta-
tions in both Salmonella and E. coli were acquired at a significantly
higher rate than expected under neutrality and with patterns
strongly suggestive of the action of positive selection.

Salmonella and E. coli share functional trajectories of adap-
tive evolution by hot spot mutations. Overall, ca. 44% Salmonella
and 48% E. coli genes with recent hot spot mutations were found
to have a defined function, while the rest were annotated only with
putative functions. We performed functional annotation-based
clustering analysis using DAVID (10) to identify what functional
categories of the adaptively evolving proteins are significantly en-
riched (or overrepresented), i.e., are targeted more frequently
than expected randomly.

In Salmonella, the hot spot-affected genes belonged to a total of
78 functional categories, 18 of which were significantly enriched
(Fig. 3, left). One major enriched category was secretion system
apparatus proteins encoded by genes in two pathogenicity islands:
invG and prgI in SPI-1 and ssaC, ssaJ, ssaQ, and ssaT in SPI-2 (19,
28). Some other notable genes demonstrated to be necessary for
the Salmonella virulence included pagC (encoding two-compo-
nent protein for survival in the macrophage [31]), purG (encoding
a purine biosynthetic enzyme [30]), eutG (encoding an enzyme
for carbon source degradation [43]), nfo (endonuclease IV coun-
teracting DNA damage by host nitric oxide [35, 44]), and rfaK
(encoding lipopolysaccharide biosynthesis enzyme for coloniza-
tion on chicken alimentary tract [48]), etc. Several other genes
were earlier shown to be associated with virulence in other bacte-
rial pathogens, such as ubiF in E. coli (involved in ubiquinone and
other terpenoid-quinone biosynthesis [27]), kdpA in Mycobacte-
rium tuberculosis (two-component transcriptional regulator gene
[36]), pyrC in Bacillus anthracis (encoding pyrimidine metabo-
lism protein critical for growth [38]), and hisB in Alternaria citri
(involved in amino acid biosynthesis [23]), etc.

In E. coli, of 48 functional categories represented by the hot
spot genes, 13 were found to be significantly enriched or overrep-
resented (Fig. 3B). Most of the enriched categories (and corre-
sponding genes) were same as reported by us previously (8). As in
Salmonella, they mostly included metabolic genes. Interestingly,
nine enriched clusters were common to both Salmonella and E.
coli species (Fig. 3, cross-linked), showing overlap that was signif-
icantly higher than would be randomly expected (P � 0.001). This
suggests that both species evolve via similar physiologic pathways.
This is not surprising considering that both bacteria share close
common ancestry and occupy similar habitats. However, while
the enriched functional categories were very similar, the genes
affected were mostly different. The common enriched clusters in-
cluded 113 genes in Salmonella and 74 genes in E. coli. Although
most of these genes in one species had orthologous copies in the
other one (68 of the Salmonella genes and 56 of the E. coli genes),
only 10 of the common orthologous genes were affected by hot
spot mutations in both species (see Table S6 in the supplemental
material). Still, in four of them—murF (UDP-N-acetylmu-
ramoyl-tripeptide--D-alanyl-D-alanine ligase), trmA [tRNA (ura-
cil-5-)-methyltransferase], creB (transcriptional regulatory pro-
tein), and holB (DNA polymerase III, 	= subunit)—mutations
affected the same amino acid positions. Thus, at least in some
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cases, there is a convergent evolution in the two species not only
on the level of common functional categories but also at the mo-
lecular level.

A recent work suggests that synonymous diversity fluctuates by
�20-fold among genes across different regions in E. coli genome
(29). Such diversity is contributed to by heterogeneity in the neu-
tral mutation rate, leading to distinct genetic regions of muta-
tional “hot spots” and mutational “cold spots.” We compared the
enriched functional clusters encoded by genes in hot spots or cold
spots and those encoded by our set of nonrecombinant E. coli
genes with structural hot spot mutations. In either the hot spot or
cold spot gene regions, the overlap was in one gene category each
(amino acid biosynthesis and cellular respiration, respectively).
This indicates that the accumulation of structural hot spot muta-
tions does not correlate with the synonymous diversity of the
genes. Thus, they can primarily be attributed to selective factors
and not to any underlying behavior of DNA sequences such as
heterogeneity due to a neutral mutation rate. However, we cannot
exclude completely that the occurrence of at least some hot spot
mutations is due to a relaxed purifying selection or an increased
mutation rate at specific nucleotide positions.

Pathotype-specific convergent evolution of Salmonella Ty-
phi and Paratyphi A. We next compared the genes with recent hot
spot mutations in different pathotypes of each species. Within two
main pathotypes of the Salmonella serovars— broad host range
and narrow host range (Fig. 1A)—the average numbers of the
recent hot spot genes were not significantly different (Fig. 4). Sim-
ilarly, we found no significant difference between the two major
pathotypes of E. coli—ExPEC and Shigella—that were represented

by multiple genomes in the databases. However, both E. coli
pathotypes had more hot spot genes than did E. coli fecal strains
(Fig. 4). This is in full accordance with our previous study on a
smaller number of E. coli genomes, showing that pathogenic lin-
eages accumulate larger number of adaptive mutations than non-
clinical strains (8). Unlike E. coli, however, all Salmonella strains
were of clinical origin, and no comparison with nonclinical strains
could be made.

The significant difference in the frequency of hot spot muta-
tions among clinical and nonclinical isolates of E. coli indicates

FIG 3 Pie charts showing significantly (P � 0.05) overrepresented functional categories of candidate proteins with recent hot spot (adaptive) mutations in S.
enterica subsp. I and E. coli. Common overrepresented functional categories are mentioned in the center.

FIG 4 Average number of genes with recent hot spot mutations shared among
isolates of broad-range and narrow-range serovars of S. enterica subsp. I and
among ExPEC, Shigella, and fecal isolates of E. coli. The error bars denote
standard errors, and P values were calculated using the z-test.
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that the organisms isolated from infected hosts could have been
under selection for pathogenicity. Recurrent mutations in the
same-pathotype isolates suggest an adaptive advantage of such
changes, possibly leading to improved survival as a pathogen.

We then performed a comparative analysis of the distribu-
tion of hot spot genes within the narrow-host-range pathotype
composed of serovars that cause the most severe, usually inva-
sive infections in humans and/or animals. Pairwise, the nar-
row-host-range serovars shared on an average 6 genes with hot
spot mutations, but the range was very wide (from 0 to 34) (Fig.
5). Interestingly, Typhi and Paratyphi A, two human-restricted
serovars, shared the highest number of mutated genes (34
genes) compared to the rest of the host-restricted serovars (P �
0.01). This frequency of shared hot spot genes between Typhi
and Paratyphi A was 6-fold higher than the random expecta-
tion (P � 0.001).

The Typhi/Paratyphi A-specific hot spot genes (Table 2) are
spread across the genomes (see Fig. S2 in the supplemental mate-
rial), indicating that the adaptive mutations target a broad spec-
trum of genes and are not limited to specific gene clusters. These
two serovars are equipped to infect and, sometimes, coinfect (22)
the same tissues of the human host. Therefore, the infection of
common compartments is expected to exert similar selective pres-
sures.

A previous study (11) showed that Typhi and Paratyphi A are
phylogenetically distant members of S. enterica, similar to what we
found with respect to MLST phylogeny (Fig. 1A). It was shown
previously (11) that the divergence of the majority of Typhi and
Paratyphi A genes was relatively high, i.e., 1.2% (which is above
the average pairwise diversity of Salmonella core genes observed in
our study), indicating independent evolutionary origins of the
serovars. However, it was also demonstrated that in the rest, low-
diversity genes (comprising of about a quarter of the genome)
were commonly a signal of homologous recombination between
the serovars, indicating that pathogenic similarity of Typhi and
Paratyphi A could be in part due to their direct genetic exchange
(11).

Interestingly, the 34 genes with Typhi/Paratyphi A-specific hot
spot mutations that we found here were not of recombinant ori-
gin, and their average diversity was 1.19% � 0.06%, i.e., equiva-
lent to the high-divergence regions between Typhi and Paratyphi
A determined previously. Thus, although recombination could
contribute to the convergent evolution of Typhi and Paratyphi
serovars, our study indicates an important role for point muta-
tions in the process of adaptive convergence of these two humans-
restricted serovars that cause the most severe types of Salmonella
infection.

Among the genes with Typhi/Paratyphi A-specific hot spot
mutations, 10 genes belonged to two over-represented functional
clusters: propanoate metabolism and signal proteins. It was pro-
posed previously that the persistence of pathogenic strains in the
intestine may be facilitated by the catabolism of abundant fatty
acids such as propanoate (32). In particular, phosphotransacety-
lase (pta) that represents the cluster plays an important role in
Salmonella virulence (24). Repression of this enzyme results in the
accumulation of acetyl coenzyme A (acetyl-CoA), allowing
growth retardation along with repression of signaling through the
PhoP/PhoQ two-component global virulence regulator in Gram-
negative pathogens (5, 16, 26).

In the list of signal proteins, the proteins with known viru-
lence-related functions included ferrioxamine receptor (foxA),
transglycosylase of penicillin-binding protein (pbpC), and a re-
sponse regulator (yfbS). For example, the ferrioxamine binding
and uptake, in association with the tonB protein, may play a role in
the intestinal colonization of pathogenic bacteria (25).

Although other Typhi/Paratyphi A-specific hot spot genes did
not form enriched functional categories, some of them—entD,
pipB, rnb, recC, aroE, and dsdA in particular—are well known to be
important for survival and virulence of Salmonella. The entero-
chelin synthetase component D encoded by entD is known to be a
part of the iron acquisition system used by pathogenic bacteria for
virulence in the iron-limiting stage in human host (21, 53). The
Salmonella pathogenicity island (SPI-5)-encoded protein PipB is a
well-known virulence factor in Salmonella, for which the mutant
phenotype was shown to have attenuated virulence in mice (28). It
is known that exoribonucleases are involved in virulence in Sal-
monella (13), and Rnb (RNase II) is one of such hydrolytic en-
zyme. S. enterica mutants lacking the RecBC function are avirulent
in mice and unable to grow inside macrophages since they are
highly sensitive to oxidative compounds synthesized by macro-
phages (2). Therefore, recombination is required for the repair of
oxidative damage within the macrophage to survive, and RecC is
one of the important subunits of the homologous recombination
machinery RecBCD (3). Gene aroE is involved in the aromatic
amino acid biosynthesis pathway in Salmonella, and mutations in
this pathway have been the basis of live attenuated S. Typhi vac-
cines (39, 42). Finally, there are reports that mutations in dsdA,
which encodes a positive regulator of D-serine deaminase, en-
hance the ability of uropathogenic strain to infect the bladders and
kidneys of mice (37).

Conclusions. The primary goal of the present study was to
show that, in both Salmonella subspecies I and E. coli, a sub-
stantial number of core genes are likely to acquire point muta-
tions under positive selection. Since these mutations would
then be functionally adaptive, they might play potentially sig-
nificant role in the evolution of virulence of these bacterial
species, i.e., to be pathoadaptive in nature. Due to limitations

FIG 5 Matrix of number of genes with recent hot spot mutations shared
exclusively between each Salmonella serovar pair in the narrow-range cate-
gory. The number of genes that shared recent hot spot mutations exclusively
between Typhi and Paratyphi A was found to be significantly higher (P �
0.001) than the rest and is highlighted in gray.
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of space, we did not discuss in detail exactly how the putative
pathoadaptive mutations could affect the function of specific
genes, based on their locations in the proteins for which struc-
ture-function data are available. We also did not analyze genes
that are not of the core nature based on our relatively strict
definition but are still shared by at least some of the isolates.
Such mosaic genes are also likely to accumulate point muta-
tions under positive selection. Considering the known or ex-
pected role of these (usually horizontally transferred) genes in
virulence evolution, the mutations therein could significantly
affect pathogenicity of both Salmonella and E. coli.

Due to a large amount of information that could be obtained
from the mutational variability of bacterial genes across the entire
genome of a species, it is not practical to perform in-depth analysis
by a single research group. It certainly should be a combined effort
by many different laboratories in the field, specializing in studying
specific bacterial traits or specific aspects of bacterial evolution
and population genetics.

Therefore, we provided here detailed lists of nonrecombinant
core genes with hot spot mutations in both Salmonella subspecies
I (see Table S4 in the supplemental material) and E. coli (see Table
S5 in the supplemental material). Such a gene list, we believe, is an

TABLE 2 Genes with recent hot spot mutations shared between Salmonella serovars Typhi and Paratyphi Aa

Gene Product
Length
(bp) Functional categoryb

No. of
syn

No. of
nonsyn

HS pos.
(aa)

Salmonella serovar
mutation

Typhi Paratyphi A

foxA Ferrioxamine receptor 2,109 Signal protein*/metal ion
transport

15 5 163 A¡S A¡S

phnX 2-Aminoethylphosphonate transport 813 Metal ion binding 3 5 77 S¡A S¡A
114 A¡T A¡T

ylaB Putative diguanylate cyclase/phosphodiesterase 1,551 Membrane 17 6 193 P¡H P¡S
entD Enterochelin synthetase, component D 705 Metal ion transport 5 9 68 T¡A T¡A
sucD Succinyl-CoA synthetase, alpha subunit 870 Propanoate metabolism* 22 3 10 K¡N K¡R
ycaM Putative APC family, amino acid transporter 1,422 Membrane transporter 15 1 188 T¡A T¡A
pipB Pathogenicity island-encoded protein SPI5 876 Membrane 5 8 55 R¡W R¡Q
scsD Suppression of copper sensitivity protein 507 Signal protein* 6 2 100 D¡G D¡G
STM1123 Putative periplasmic protein 396 Periplasmic 5 0 54 L¡I L¡I
yceB Putative outer membrane lipoprotein 561 Signal protein* 6 0 56 V¡A V¡A
ptsG Glucose-specific IIBC component of the sugar-

specific PTS family
1,434 Signal protein* 6 7 175 I¡V I¡V

nagZ Putative glycosyl hydrolase 1,026 Peptidoglycan biosynthetic
process

9 0 199 T¡A T¡A

rnb RNase II 1,935 RNA binding 15 1 244 T¡A T¡A
312 A¡V A¡V

STM2196 Putative D-serine dehydratase 1,368 Gluconeogenesis 11 2 323 I¡M I¡M
yfbS Putative response regulator 1,827 Signal protein*/metal ion

transport
24 5 46 P¡S P¡S

pta Phosphotransacetylase 2,145 Propanoate metabolism* 20 0 371 E¡D E¡D
yfdC Putative transport 942 Membrane transporter 8 2 256 L¡F L¡F
yfdZ Putative aminotransferase 1,239 Transferase 13 2 4 F¡S F¡S
STM2529 Putative anaerobic dimethyl sulfoxide reductase 630 Metal ion binding 8 6 150 P¡S P¡L
pbpC Transglycosylase of penicillin-binding protein 2,316 Signal protein* 16 7 268 Q¡R Q¡R

269 N¡S N¡S
ygbI Putative regulatory protein, deoR family 765 Transcriptional regulator/

DNA binding
4 1 135 D¡G D¡G

recC Exonuclease V, subunit 3,372 Exodeoxy-RNase 37 5 225 R¡K R¡K
tdcE Pyruvate formate-lyase 4 2,295 Propanoate metabolism* 23 5 97 D¡E D¡N
aroE Dehydroshikimate reductase 819 Oxidoreductase 6 4 3 T¡A T¡I
fic Putative cell filamentation protein 603 Transferase 11 3 171 K¡N K¡N
STM3549 Putative inner membrane protein 972 Membrane 12 5 318 R¡K R¡K
yhjH Putative diguanylate cyclase/phosphodiesterase 768 Nucleotide binding 8 6 319 I¡M I¡M
kdgK Ketodeoxygluconokinase 930 Transferase 7 3 199 T¡I T¡I
selB Selenocysteinyl-tRNA-specific translation 1,851 Nucleotide binding 27 7 205 Q¡K Q¡K
dsdA D-Serine deaminase 1,323 Amino acid 20 9 362 A¡D A¡D

Metabolic process 399 A¡V A¡T
yjbR Putative cytoplasmic protein 357 Cytoplasmic 7 1 69 P¡S P¡S
ytfN Putative periplasmic protein 3,780 Signal protein* 38 14 187 D¡E D¡E
STM4549 Putative cytoplasmic protein 459 Cytoplasmic 5 1 12 D¡A D¡E
yjjV Putative hydrolase 774 Endodeoxy 12 7 143 H¡R H¡R

RNase 170 R¡Q R¡Q
a “HS pos. (aa)” indicates the amino acid position that accumulated hot spot (HS) mutations, whereas “No. of Syn” and “No. of nonsyn” denote the numbers of synonymous and
nonsynonymous differences, respectively, in the pairwise alignment of Typhi and Paratyphi A sequences.
b Asterisks (*) indicate statistically over-represented (P � 0.05) protein functional groups.
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important resource for identifying genes with naturally occurring
adaptive amino acid variations for functional assays to decipher
any physiologic and virulence significance. The identification of
genes undergoing positive selection in specific strains (or strain
groups) within and between species is crucial for the understand-
ing of common mechanisms of pathogenesis and adaptive evolu-
tion in microbial pathogens.
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