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Corrected Genome Annotations Reveal Gene Loss and Antibiotic
Resistance as Drivers in the Fitness Evolution of Salmonella enterica
Serovar Typhimurium
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ABSTRACT

IMPORTANCE

Significant discrepancies in the annotations of bacterial genomes could mislead the conclusions about evolutionary origin of
chromosomal genes, as we demonstrate here via a cross-annotation-based analysis of Salmonella Typhimurium genomes from
GenBank. We conclude that despite being able to infect a broad range of vertebrate hosts, the genomic diversity of S. Typhimurium strains is almost exclusively limited to gene loss and the transfer of prophage DNA. Only nonphage chromosomal genes
acquired after the emergence of the serovar are linked to the genomic islands harboring multidrug resistance factors. Since the
fitness factors could lead to increased virulence, this poses an important research question: could overuse or misuse of antimicrobials act as selection forces for the emergence of more pathogenic strains of Salmonella?

H

orizontal gene transfer in bacteria is a major force in adaptation to novel environments, in genome diversification, and,
in particular, in the evolution of bacterial virulence (1–4). Horizontally transferred genes create a mosaic structure of the species
pangenome, where the so-called accessory genes are present only
in some strains, in contrast to the core genes that are typically
present in all strains (5–7). The chromosomal accessory genes can
be subdivided into genes of phage origin and nonphage genes. The
latter usually are acquired in the form of genomic islands, episomes, or transposons that are often related to bacterial physiology, antigenic diversification, and thus fitness (4, 7, 8). In contrast,
the phage genes are directly related to phage physiology, although
many prophages are also known to contribute virulence and fitness factors to bacteria (9, 10). Distinguishing the accessory genes
from the core genes and defining their nature is of critical importance for understanding the evolutionary dynamics and adaptive
mechanisms of bacterial species.
Salmonella enterica subsp. enterica represents one of the most
important and widely distributed bacterial pathogens to both humans and domesticated animals (11–14). Salmonella serovar Typhimurium represents a broad-host-range spectrum and is one of
the most commonly isolated serovars from human, retail meats of
diverse origins, and the environment. Although S. Typhimurium
is primarily known to cause self-limiting gastroenteritis, it can also
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be systemically invasive and exhibit a multidrug resistance (MDR)
phenotype (15–17). Because Typhimurium serves as a complex
serovar involving multiple eco-/pathovars, the horizontal acquisition of genetic material might play a pivotal role in the emergence and evolution of different S. Typhimurium strains. However, systematic analysis of the extent and nature of accessory
genes in the S. Typhimurium pangenome has not yet been performed despite the availability of many fully assembled high-quality genomes representing this serovar.
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Horizontal acquisition of novel chromosomal genes is considered to be a key process in the evolution of bacterial pathogens.
However, the identification of gene presence or absence could be hindered by the inconsistencies in bacterial genome annotations. Here, we performed a cross-annotation of omnipresent core and mosaic accessory genes in the chromosome of Salmonella
enterica serovar Typhimurium across a total of 20 fully assembled genomes deposited into GenBank. Cross-annotation resulted
in a 32% increase in the number of core genes and a 3-fold decrease in the number of genes identified as mosaic genes (i.e., genes
present in some strains only) by the original annotation. Of the remaining noncore genes, the vast majority were prophage
genes, and 255 of the nonphage genes were actually of core origin but lost in some strains upon the emergence of the S. Typhimurium serovar, suggesting that the chromosomal portion of the S. Typhimurium genome acquired a very limited number of novel
genes other than prophages. Only horizontally acquired nonphage genes related to bacterial fitness or virulence were found in
four recently sequenced isolates, all located on three different genomic islands that harbor multidrug resistance determinants.
Thus, the extensive use of antimicrobials could be the main selection force behind the new fitness gene acquisition and the emergence of novel Salmonella pathotypes.

Fitness Evolution of Salmonella Typhimurium Genomes

MATERIALS AND METHODS
Bacterial genomes and phylogeny. Eight fully assembled genomes of Salmonella enterica serovar Typhimurium (strains D23580, 798, ST4/74,
T000240, UK-1, SL1344, LT2, and 14028S) were downloaded from
GenBank (National Center for Biotechnology Information). For comparison, complete sequences of fully assembled genomes from 12 other S.
Typhimurium strains and 15 non-S. Typhimurium strains were selected
and downloaded. Among the non-S. Typhimurium strains, except for
two strains each from the Paratyphi A and Typhi serovars, the strains
were clonally distinct according to multilocus sequence typing (MLST)
analysis (http://mlst.ucc.ie) (see Fig. S1 in the supplemental material).
Pangenomic analysis and reannotation of genomes. We used our
recently developed tool PanCoreGen (18) that, apart from several other
features, generates pangenomic profiles of chromosomal genes via reannotations of each annotated genome using rest of the annotated genomes
as references. Based on user-defined threshold values of nucleotide sequence identity and length coverage, this tool distinguishes each gene in
the analyzed set of genomes as “core” (i.e., present in all genomes of the
analyzed data set), “mosaic” (i.e., present in multiple but not all genomes), or “strain specific” (i.e., present only in one of the annotated
genomes). We applied the PanCoreGen tool to eight annotated chromosomes of S. enterica serovar Typhimurium to create the pangenomic profile of serovar Typhimurium. For a BLAST (blastn) search of orthologs, we
used 95% nucleotide sequence identity and gene length coverage as the
lower limit. All of the analyses were restricted to the chromosomal genes,
not considering the plasmids. We found a pangenome size of 5,982 genes,
5,345 of which were core genes. The gene distribution for each genome
resulting from the pangenomic profile was used for reannotation. We
reannotated each genome based on the following four rigorous steps.
(i) Each gene detected by PanCoreGen for a genome was checked to
determine whether it was already annotated or not in the existing gene
annotations for that genome. We used a BLAST analysis that yielded
100% sequence identity and at least 50% length coverage for a gene to
be considered a newly annotated gene. A newly annotated gene might
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be either completely unannotated previously or partially annotated,
where the gene length was less than half the length observed in a new
annotation.
(ii) All newly annotated genes were included only if no premature stop
codons were present. Otherwise, the genes were discarded to avoid the
inclusion of pseudogenes.
(iii) We checked all of the newly annotated genes by using BLAST
(blastn) against all annotated pseudogenes in eight S. Typhimurium
strains with the constraints of 95% sequence identity and 20% length
coverage. This approach would avoid the inclusion of smaller fractions of
any pseudogene annotated as an open reading frame (ORF) in some genomes, along with pseudogenes that did not accumulate any premature
stop codons (e.g., disabled genes or unitary pseudogenes).
(iv) All partially annotated genes were detected with a further orthology search (100% sequence identity and 10% length coverage) among
previously annotated genes.
Pangenomic profiling. We created the pangenomic profile of eight S.
Typhimurium strains via serial inclusion of n genomes (where n goes from
1 through 7) using eight random combinations for n ⫽ 2, 3, . . . 7. This
profile was generated for three sets: genomes with existing GenBank annotations, genomes after reannotation, and reannotated genomes without prophage regions. Using Prism software, we performed least-squares
curve fitting based on the power law “n ⫽ N␥” to median values. The
exponent “␥ ⬇ 0” indicates a closed pangenome (19).
Phage region identification. In each of eight S. Typhimurium strains,
we identified prophage sequences using the PHAST web server (a phage
search tool [http://phast.wishartlab.com/]) (20) by uploading the reannotated GenBank formatted files. We considered all the regions identified as
either “intact,” “incomplete,” or “questionable” by PHAST to be the
probable prophage regions for all the strains under study. We also considered the phage genes annotated in each of the existing GenBank files.
The orthologous sequences of these phage genes were extracted across all
of the S. Typhimurium strains under study.
Functional enrichment analysis. We used DAVID software (21) for
clustering based on the protein functions of the DT12 genomic island
genes of strain T000240. The classification stringency was set to “medium” for the analysis.

RESULTS

Large fraction of unannotated genes in genomes of S. Typhimurium strains. We analyzed gene presence or absence in the chromosomal portions of fully assembled genomes of eight archetypal
S. Typhimurium strains: 14028S, 798, D23580, LT2, SL1344,
ST474, T000240, and UK-1. Based on seven housekeeping loci
that are used for MLST, these strains formed a single tight clade
within Salmonella enterica subspecies I (see Fig. S1 in the supplemental material). The genome size variability of the S. Typhimurium strains ranged from 4.82 Mb (UK-1) to 4.95 Mb (T000240),
with only a 0.81% ⫾ 0.14% average pairwise difference between
the strains. In contrast, based on the GenBank annotation of protein-coding genes, the number of genes in the S. Typhimurium
genomes varied between 4,326 (strain 798) and 5,323 genes (strain
14028S), with a 7.14% ⫾ 1.36% average pairwise difference between the strains (Fig. 1, gray bars). The number of annotated
genes in individual genomes did not correlate (R2 ⫽ 0.03) with the
size of the genomes (see Fig. S2 in the supplemental material).
We reannotated protein-coding genes in each S. Typhimurium
strain by cross-annotating their genomes using recently developed
PanCoreGen software (18). After the cross-annotation, the pairwise difference in the gene content between the strains decreased
5-fold, i.e., to 1.43% ⫾ 0.26% (P ⬍ 0.0001). The average gene
content per genome increased from 4,600 ⫾ 112 in GenBank annotated genomes to 5,430 ⫾ 26 genes after the cross-annotation,
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A major hindrance for gene content analysis is inconsistency in
existing annotations of even fully assembled, high-quality sequenced genomes, with genes that are annotated in some strains
but unannotated or misannotated in other strains. Such inconsistent and incomplete gene annotations can severely limit genomewide comparison and profiling of core and accessory fractions
based on annotated genes, proteins, or functional clusters. Therefore, a lack of completeness and uniformity in annotations considerably restrains the usefulness of the availability of genome sequences in understanding the mechanisms of bacterial evolution,
especially the steps related to pathogenesis.
Here, we compare gene content across chromosomal portions
of the genomes of eight S. Typhimurium strains that are fully
assembled and currently available in GenBank. We detect that
there are significant discrepancies in the annotation of, on average, hundreds of genes per strain, leading to highly misleading conclusions about the extent of S. Typhimurium genome
openness to the gene transfer. Based on cross-annotation of the
existing annotated genomes, we determined here that the diversification of genomes in the S. Typhimurium strains is
driven almost exclusively by phages and via core gene loss. It
appears that, since the emergence of the serovar, with the exception of one strain, none of the S. Typhimurium strains has acquired any novel genes that are not directly related to the phage
biology. This study indicates that the acquisition of nonphage
genes plays only a small role in the fitness diversification of S.
Typhimurium strains and highlights a critical need for the
cross-annotation of existing bacterial genomes.

Paul et al.

FIG 1 Comparison of the numbers of genes present in eight S. Typhimurium strains. The left panel represents the numbers of protein-coding genes present in
existing annotation, and the right panel shows the numbers of genes after reannotation.

(Fig. 2A), with the chicken-derived strain 14028S showing the
highest number of strain-specific genes (718 genes). Thus, the
core genes represented only 67.7% of all chromosomal genes
(pangenome) and, on average, comprised 88.5% of the individual
genomes. Furthermore, according to the original annotations,
the Typhimurium serovar appeared to have an “open genome,”
where the pangenome size was notably increasing with the increase in the number of genomes analyzed (Fig. 3A). The curvefitting analysis yielded an exponent ␥ value of 0.16 ⫾ 0.02 that was
significantly above zero (␥ ⫽ 0 is indicative of a completely “closed
genome” [see Materials and Methods for details]).
After the cross-annotation by PanCoreGen, the number of the
S. Typhimurium core genes increased 1.3-fold, i.e., to 5,348 genes,
whereas the number of mosaic and strain-specific genes decreased
⬃3-fold, i.e., to 292 and 343 genes, respectively (Fig. 2B). The
relative distribution of strain-specific genes also changed significantly. Only 25 genes were unique in the strain 14028S, whereas
the highest number of strain-specific genes was in the multidrugresistant strain T000240 (190 genes), followed by the systemically
invasive strain D23580 (77 genes). On the other end, the calf salmonellosis strain ST474 and the model gastroenteritis strain
SL1344 (which is a ST474 auxotroph derivative) did not have any
genes uniquely present in them. In contrast to the original annotation, 98.5% of the genome contents, on average, were determined to be of core origin based on our cross-annotation analyses.

FIG 2 Schematic representation of the pangenomic profile for eight S. Typhimurium strains. The numbers of core-, mosaic-, and strain-specific genes are shown
based on existing annotation (A) and reannotation (B) using the 95% nucleotide sequence identity and gene length coverage thresholds for orthologous gene
identification.
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which is higher than the number of originally annotated genes in
the genome of strain 14028S, with the highest number of genes
according to the GenBank (Fig. 1, black bars). The median lengths
of ORFs missed by the original annotations was relatively small
and ranged from 132 to 147 bp (see Tables S1 and S2 in the supplemental material). However, each reannotated genome had, on
average, 34 newly annotated genes that were ⱖ300 bp long. The
longest such gene was ftsK (4,086 bp) encoding DNA translocase
that was missed by the original annotation in strain UK-1. Importantly, after the cross-annotation, the number of genes per genome was well correlated (R2 ⫽ 0.86) with the overall sizes of
corresponding genomes (see Fig. S2 in the supplemental material).
Thus, there were substantial discrepancies in the GenBank annotations of fully assembled genomes of eight archetypal S. Typhimurium strains. Although the discrepancies mostly involved
small ORFs, this resulted in underestimation of the gene number
in every genome, as well as overestimation of the differences in
gene content between the strains.
Significant reduction in the number of noncore genes after
cross-annotation. We next assessed the number of the “core
genes” present in all eight strains, the “mosaic genes” present in
multiple but not all strains, and the “strain-specific genes” present
in only one of the strains. Based on the GenBank annotations,
there were 4,056 core, 753 mosaic, and 1,185 strain-specific genes

Fitness Evolution of Salmonella Typhimurium Genomes

FIG 3 Pangenome size distribution with increasing numbers of genomes in a
set of eight S. Typhimurium strains. The pangenome size is depicted by the
number of protein-coding genes based on existing annotation (A), reannotation (B), and reannotation excluding the prophage regions (C). The power law
fit (n ⫽ N␥) was performed using median values (black dots).

Overall, the core genes comprised a significantly larger portion of
the pangenome (89.4%) than before the cross-annotation. As a
result, the “openness” of the Typhimurium serovar’s pangenome
became significantly less obvious (Fig. 3B), with the ␥ value decreasing by ⬎3-fold (␥ ⫽ 0.05 ⫾ 0.01, P ⬍ 0.0001).
Thus, cross-annotation of the S. Typhimurium strain genomes
significantly increased the proportion of core genes in both the
serovar pangenome and individual genomes. Although after the
cross-annotation the openness of the S. Typhimurium genome
became much less obvious, it was not completely closed, indicating a certain level of horizontal gene movement within the serovar. The remainder of the study was performed using the reannotated S. Typhimurium genomes.
Noncore predominance and active transfer of prophages in
the serovar. We determined the genes of prophage origin based
on existing annotations of phage genes and also by using the
PHAST program (20) to predict the prophage clusters. Among the
genes that were newly annotated by PanCoreGen at least in one
genome, about 10% were of prophage origin (not shown). Of the
922 prophage genes identified in the cross-annotated pangenome,

December 2016 Volume 198 Number 23

456 were core genes, 238 were mosaic genes, and 228 unique genes
(Fig. 4A). Thus, the prophage genes comprised only 8.5% of the
core genes, but 81.5% of the mosaic genes and 66.5% of the strainspecific genes. Also, without the prophage genes, the core genes
comprised 96.5% of the pangenome and 99% of individual genomes on average. After exclusion of the prophage genes from the
analysis of the genome openness, the ␥ value dropped further by
⬎2-fold (␥ ⫽ 0.011 ⫾ 0.003, P ⬍ 0.0001) (Fig. 3C) and was only
marginally above zero.
Ninety-eight percent of the prophage genes were located on the
chromosome in 19 clusters, each incorporating at least two genes,
with a median size of 28 genes (see Table S3 in the supplemental
material). Ten of the clusters were designated by PHAST as intact
prophages and contained 68% of all phage genes. Another six
clusters, with 157 genes, were designated incomplete prophage
regions. The remaining three clusters, with 118 genes, were designated by PHAST as questionable.
In order to understand the evolutionary origin and dynamics
of phage genes, we analyzed in detail their nature, their strain
distribution, and in particular their presence in Salmonella enterica serovar Heidelberg strain SL476. This S. Heidelberg strain
was chosen as the closest relative based on evolutionary distance of
the MLST sequences across serovars (see Fig. S1 in the supplemental material).
Of 10 intact prophages, only Gifsy1 and Gifsy2 were found
in all S. Typhimurium strains (Fig. 5A), suggesting their ancestral
nature in the serovar. Interestingly, the intact core prophages were
either absent (Gifsy1) or only partially present (Gifsy2) in the
S. Heidelberg strain. In contrast, five intact prophages—Gifsy3
(strain 14028S), FELS1 (LT2), ST104 (T000240), BTP1, and
BTP5 (D23580)—were found only in one strain. A detailed
examination of the chromosomal regions corresponding to the
insertion sites of the strain-specific prophages showed no remnant scars in S. Typhimurium strains that lack these phages or
in S. Heidelberg, strongly suggesting that these phages were
acquired after the serovar had emerged.
Three remaining intact prophages—ST64B, FELS2, and
FELS2-like— had the mosaic distribution, i.e., they were found
in multiple strains but not in all strains. None of these phages or
their remnants was present in the S. Heidelberg strain. ST64B
was present in all but the LT2 and T000240 strains. However, close
examination detected remnant sequences of ST64B in the cor-
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FIG 4 Schematic representation of the pangenomic profile for different
genomic fractions of S. Typhimurium strains after reannotation. The numbers
of core-, mosaic-, and strain-specific genes are shown for only the prophage
regions (A), and genomes excluding the prophage regions (B), using 95%
nucleotide sequence identity and gene length coverage thresholds for orthologous gene identification.

Paul et al.

and deleted/inserted regions (B) are marked in a multiple alignment. Red bars show the intact prophage regions present in the genomes; purple and green bars
designate the regions deleted from and inserted into the genomes, respectively.

responding position in the latter strains, suggesting that ST64B
was originally present in LT2 and T000240, too, but was lost. Another intact mosaic prophage, FELS-2, was present only in LT2
and T000240. However, again, in 14028S, UK-1, and D23580 the
remnant scars were present, suggesting FELS-2 loss from the
strains. Interestingly, in strains SL1344, ST474, and 798 there was
another prophage in the position of the FELS-2 prophage. This
phage had 44% genes homologous to FELS-2 (based on 95%
sequence identity and length coverage between SL1344 and LT2)
and thus was designated previously a “FELS-2-like” prophage.
Therefore, both the ST64B and the FELS-2 phages appeared to
be originally core phages but underwent partial loss or replacement, whereas the FELS2-like prophage was likely the result of
an insertion event that occurred later during the evolution of the
serovar.
Analysis of phage clusters designated incomplete indicated that
four of them were clearly of a core nature (data not shown). Interestingly, this determination could be made only after crossannotation of the genomes since the GenBank annotation missed
them in multiple strains, again causing some misleading conclusions. The other 18 phage genes were not clustered, and all of them
were detected as core genes, being present in the same locations
across the genomes.
Thus, prophage genes comprise the largest portion of noncore
genes, and without them the S. Typhimurium pangenome appears
to be almost completely closed. Altogether, the comparative map
of clusters of phage origins suggests a continuous acquisition and
a loss of phage materials across the S. Typhimurium strains.
Evolutionary origin of the nonphage accessory genes. Upon
removal of the prophage genes and the genes from the repeat
regions, 51 genes remained in the mosaic category and 115 genes
remained in the strain-specific category, with all but 1 of the latter
found in strain T000240 (Fig. 4B). To analyze the origin of nonphage genes, we analyzed their nature in detail, again using S.
Heidelberg strain SL476 as the closest relative of the S. Typhimurium clade in the MLST phylogeny (see Fig. S1 in the supplemental material).
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Among the 51 mosaic genes of nonphage origin, 34 genes were
located in seven clusters of 2 or more genes (see Table S4 in the
supplemental material). All of these clusters, however, were designated as being mosaic by being absent only in one or two strains
(Fig. 5B): del_1, del_2, and del_3 were absent only in T000240;
del_4, del_5, and del_6 were absent only in D23580; and del_7 was
absent in UK-1 and 14028S. Moreover, in the S. Heidelberg strain,
all of the mosaic gene clusters were present in full and at 99%
nucleotide sequence identity, except for del_7, of which only 59%
of the cluster was identical in the S. Heidelberg strain at an identity
level of ⱖ98%. Close examination of the remaining 17 mosaic
genes that were not in clusters has shown that they were actually
present in all strains (i.e., had a core nature), but in certain strains
their copies were either truncated by ⬎5% due to the insertional
disruption or to partial deletion (see Table S4 in the supplemental
material). This led PanCoreGen to miss their actual presence in
some strains during the reannotation using 95% cutoffs for both
nucleotide sequence identity and gene length coverage. Also, 16 of
these genes were present at full length in the S. Heidelberg strain as
well, suggesting that their presence was ancestral to S. Typhimurium. Thus, it appears that nonphage genes that were designated
mosaic in nature were deemed mosaic due either to their loss in
clusters or to partial truncation in some S. Typhimurium
strains rather than due to a de novo acquisition.
As mentioned above, only two strains were found to have
strain-specific genes of nonphage origin: there were 114 such
genes in strain T000240 and only 1 gene in strain 798. The strain
798-specific gene was the 2,097-bp rnfC gene encoding an electron
transport complex protein. However, further analysis showed that
rnfC was essentially a core gene present in all S. Typhimurium
strains, with the rest of the strains carrying a longer 2,208-bp gene
version. Due to the length difference, PanCoreGen mistakenly
designated the shorter version as specific to strain 798 and the
longer one as mosaic in the other strains. Interestingly, however,
the S. Heidelberg strain had the longer gene, whereas the shorter
version was found in several other serovars, such as Enteritidis,
Gallinarum, and Pullorum (data not shown).
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FIG 5 Map of accessory nonphage and “intact” prophage clusters in eight S. Typhimurium genomes. “Intact” prophage regions (as identified by PHAST) (A)
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Thus, the originally defined set of core genes proved to be
highly representative for the Typhimurium serovar. Upon the
cross-annotation of 20 fully assembled genomes deposited in
GenBank, the nonphage total core of S. Typhimurium stands at
4,973 genes, with the omnipresent stable core comprised of 4,718
genes (95%) and partially lost unstable core of 255 genes (5%),
with the latter represented by 15 to 19 strains.
Insertion of genomic islands: limited, but all with MDR and
fitness genes. As described above, in the originally analyzed set of
eight genomes, a horizontally acquired set of genes was found only
in one strain: the MDR strain T000240 with the 100-gene genomic
island DT12. Functional enrichment analysis (see Table S6 in the
supplemental material) of the DT12 island revealed genes that
code for resistance to chloramphenicol, sulfonamides, tetracycline, etc. [i.e., bla(oxa-30), aadA1, qacE⌬1, and sul1, cat, and
tetA], as well as fitness- and (potentially) virulence-associated
genes such as aerobactin iron-acquisition siderophore system
(lutA and lucABC) and iron transporter (sitABCD) genes.
Analysis of the 12 additional genomes of S. Typhimurium revealed two additional genomic islands in three strains; both of
these islands were reported previously (23, 24). One of them was
GI-VII-6, a 125-kb island that was incorporated in an MDR strain
L-3553 isolated from cattle in Japan and was found to code for
several antibiotic resistance genes (aadA, strA, strB, sul1, sul2, tetA,
floR, and dfrA12), along with the blaCMY-2 gene (for extendedspectrum cephalosporin resistance). In addition, this island gene
coded a number of transcriptional regulators (STL3553_RS05185,
STL3553_RS05225, STL3553_RS05270, and STL3553_RS05280),
as well as siderophore transporter proteins (STL3553_RS05320),
that likely affect the overall fitness and possibly also the virulence of
the strains. Identical copies of another genomic island, SGI-1 (43 kb),
were found in two closely related strains: DT104 and 138736. This
island again coded genes responsible for the MDR phenotype (i.e.,
resistance to ampicillin, chloramphenicol, streptomycin, sulfonamides, tetracycline, fluoroquinolones, etc.) for both of these
strains that was attributed to a 13-kb region of the island carrying
MDR genes (e.g., aadA2, floR, tetG, pse-1, sul1, etc.). We also
found potential fitness-related genes encoding transcriptional
regulators (e.g., tetR, orf1, etc.) and recombination proteins (e.g.,
tnpA, tnpR, int1, and orf2).
The only other set of noncore nonphage genes identified in the
newly analyzed genomes were a 24.6-kb genomic insertion in position between genes CFSAN001921_RS03395 and CFSAN001921_
RS03550 of another MDR strain, CFSAN001921 (25). In the insertion, 13 of 27 genes were of hypothetical origin, with none of the
remaining genes being related to known resistance or fitness factors but primarily related to the genomic stability cassettes. Two of
the genes were annotated to encode phage functions, and the insertion itself was located in the insertion site of Fels-2 prophage of
LT2. Thus, the phage origin of the 24.6-kb genomic insertion
could not be excluded. Altogether, the cross-annotation analysis
of 20 genomes of S. Typhimurium strains revealed only three
genomic regions (in four strains) that were clearly of nonphage
origin being horizontally transferred, and all of them carried multiple antibiotic resistance- and fitness-related genes.
DISCUSSION

In this study, we eliminated discrepancies in the annotation of
genes in 20 fully assembled genomes of Salmonella Typhimurium
strains deposited in GenBank. We performed cross-annotation
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A detailed examination of the 114 strain-specific genes in
T000240 showed that 100 genes were clustered in a single 82-kb
chromosomal island GI-DT12 identified previously (17). The insertion site of GI-DT12 was in the middle of the putative regulatory gene STM14_4564 (as annotated in strain 14028S). This gene
remained intact, without any “scars,” in the rest of the S. Typhimurium strains, as well as in the S. Heidelberg strain SL476. This
observation strongly suggested that the island was acquired by
strain T000240 rather than lost by other strains.
Of the remaining 14 T000240-specific genes, 12 were actually
represented by six identical copies of two overlapping genes (504
and 276 bp) encoding IS1 transposases that propagated across
the genome, disrupting different gene regions and thus resulting in some genes being mosaic in nature. Two other T000240specific genes, the 309-bp STMDT12_C29860 and the 387-bp
STMDT12_C26860, encoded a hypothetical protein. The former
one replaced a 117-bp hypothetical gene present in the rest of the
strains except LT2, while the latter was detected immediately upstream of T000240-specific “questionable” phage cluster Q3 (see
Table S3 in the supplemental material). Thus, together with the
island genes, 14 other T000240-specific genes also appear to be
acquired horizontally by the T000240 strain.
Altogether, it is evident that only one of the S. Typhimurium
strains analyzed, T000240, had undergone genomic acquisition
events that did not involve prophages, primarily the 82-kb
genomic island. The rest of the nonphage genes that were originally defined here as mosaic or unique in the S. Typhimurium
strains were actually core genes either completely or partially lost
in some strains after the serovar had emerged.
Identification of the complete genomic core of the Typhimurium serovar. Based on the analysis of eight cross-annotated genomes presented above, we could show that, upon exclusion of
prophage genes, the ancestral (“total”) chromosomal core of
the Typhimurium serovar is comprised of 4,944 genes, including 4,892 omnipresent genes (“stable core”) and 52 partially lost
genes (“unstable core”).
To assess the completeness of the genomic core identified,
we added to the analysis 12 more completely sequenced S. Typhimurium genomes that became available in GenBank during
the course of this study (see Table S5 in the supplemental material). Upon cross-annotation of all 20 genomes together,
4,694 genes remained omnipresent, whereas 198 genes of the
original stable core were completely or partially lost from some
of 12 genomes. A total of 84% of all of these genes belonged to
eight clusters (of two or more consecutive genes), with the
largest deletion event occurring in strain VNP20009, a modified derivative of 14028S (22), involving 102 genes across a
108-kb region. In this new set of genomes, we also found the
presence of two of seven deletion events noted previously for
the set of 52 mosaic genes. The event del_7 appeared to occur in
the common ancestor of UK-1, 14028S, and VNP20009. Interestingly, del_4, which was earlier detected in the MDR and
invasive strain D23580, was also present in two other MDR
strains, DT104 and 138736.
Upon the cross-annotation of 20 genomes of S. Typhimurium,
29 new genes were added to the total core. All of them were missed
in the original set of eight genomes because of their absence in the
annotations rather than genes per se. Of these newly annotated
genes, 24 were omnipresent (stable core), and the remaining 5
showed a deletion in some of the genomes.
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tions, and insertional disruptions could cause certain genes to be
missed by the annotation. Finally, the use of different reference
genomes and/or annotation databases could result in giving the
same gene a different name or hypothetical function status. One
way or another, all of this could lead to significant differences in
the annotation of different genomes that could be mere artifacts,
with many genes missed or given various names. This problem is
not limited to Salmonella Typhimurium and is likely to be a general problem in bacterial genomics.
A couple of recent pangenomic profiles of Salmonella enterica
were based on the construction of orthologous groups (32) or
on the de novo annotation of genes (14). Over the last decade, a
number of powerful analysis tools have been developed for
pangenomic profiling that can successfully identify homologous genes and their core, mosaic, or strain-specific nature in a
given data set, along with plotting and visualization of the profiles,
both sequence and function-based annotation and curation of
genomes, reconstructing phylogenetic relationships of orthologous genes or families, etc. (33, 34). However, an important factor
yet to be integrated into existing pangenomic analysis approaches
appears to be gene gain and gene loss that occurs during specific
lineage evolution, i.e., to differentiate the accessory genes in the
pangenome derived via horizontal gene acquisition from the
“ancestrally core” genes that have been lost from specific strains or
lineages over the course of evolution and thus are part of the
accessory fraction (which we designate here as unstable core
genes). Such information in the assortment of genes would provide insights on possible functional adaptation via pangenomic
evolution. Here, we consider each annotated S. Typhimurium genome as a reference relying on existing annotations to perform
cross-annotation among annotated genomes to identify unannotated genes, and finally we reconstruct the pangenome based on
uniformly reannotated individual genomes. We identify a total of
4,718 genes found in all strains (stable core) and 255 genes found
in most isolates (unstable core) in the analyzed S. Typhimurium
strains. The determination of the total core gene set that was originally present when the serovar had emerged offers the research
field with an evolutionary “Eve” of S. Typhimurium strains that
could be used for the annotation of newly sequenced genomes to
achieve better understanding of their evolutionary dynamics.
Upon cross-annotation of the originally analyzed 8 and then 12
additional genomes, it has become clear that the accessory fraction
of the S. Typhimurium genomes is predominantly contributed by
the continuous inflow and outflow of phage elements. In the absence of the horizontal transfer of phage clusters, the Typhimurium serovar would have been considered to have almost a closed
pangenome. Although we did not analyze here the plasmid diversity of the S. Typhimurium strains, whether or not plasmids play a
significant role in the adaptive evolution of Salmonella Typhimurium, it is astounding that the serovar’s genome appears to be so
restricted to the acquisition of nonphage genomic islands by horizontal transfer. Also, there is always a possibility that a genomic
island, instead of being a result of true horizontal transfer event, is
a shift from an unanalyzed plasmid, thereby leading to an even
more closed structure of the S. Typhimurium pangenome. Keeping in mind the broadest host and pathogenicity ranges of S. Typhimurium among all S. enterica serovars, one can suggest a possibility of similar scenarios for other S. enterica serovars as well.
This presents a great contrast, for example, to the continuous
movement of genomic islands in Escherichia coli strains that be-
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using PanCoreGen software package to add, on average, hundreds
of genes to each genome that were missed by the original annotation and to identify genes present in all, some, or only one of the S.
Typhimurium strains. We determined that chromosomal portion
of the S. Typhimurium genome is highly conserved, with limited
influx of novel fitness-related genes via horizontal transfer, except
for the horizontal movements of phage clusters. Since the serovar
has emerged, only a few nonphage horizontal transfer events
could be recorded, all of them related to the MDR phenotype.
However, the acquisition of antibiotic resistance brings genes
that might change the fitness and, potentially, the virulence of the
strains. Moreover, the fitness evolution in S. Typhimurium could
also be driven in certain strains by complete or partial loss of some
of the original core genes.
High gene content diversity in Salmonella enterica subsp. enterica genomes reflects the considerable extent of horizontal gene
transfer events. Previous works have demonstrated the importance of gene acquisition in virulence, antibiotic resistance, novel
metabolic pathways, and other adaptive traits. Gene acquisition in
the form of islands or as parts of phages has been suggested to play
key role in the emergence of different Salmonella serovars. For
example, genes harboring an array of genomic islands and prophages (SPI-6, Gifsy-1, Gifsy-2, etc.) are important for the intracellular replication of S. Typhimurium strains (26). SPI-12, encoding a remnant phage in S. Typhimurium, includes at least four
genes for transcriptional activation/regulation and fitness, thereby
facilitating bacterial survival in the host (27). Both SPI-1 and
SPI-2 encode type III secretion systems (T3SS) involved in the
translocation of virulence proteins into host cells, whereas multiple T3SS effectors are part of SPI-5. In addition, SPI-3 and SPI-4
promote the intestinal colonization via MisL (a member of the
autotransporter protein family) and SiiE (a nonfimbrial adhesin
as part of a type I secretion system), respectively. All of these insertion events are known to be ancestral to the Typhimurium
serovar. However, whether or not gene transfer plays a significant
role in the genome and fitness diversification after the serovars
have emerged has not been studied in detail.
Here, we investigated the intraserovar evolution of Salmonella
Typhimurium that arguably exhibits the broadest host and pathogenicity range among all serovars of S. enterica subsp. enterica.
This serovar is able to infect both livestock and human hosts (e.g.,
pathovar DT104) and exhibits a restricted host range (e.g., pathovars DT2 and DT99) (28). The importance and diversity of the
Typhimurium serovar is reflected in the number of strains with
sequenced genomes of a high-quality assembly that were deposited in GenBank. This includes one of the first Salmonella strains
sequenced 15 years ago—that of the model strain LT2 (12)—and
strains from invasive human infections (D23580, 33676, and
YU39) (15, 29, 30), or harboring MDR phenotype and isolated
from various animals (CFSAN001921, L-3553, etc.) (25, 31).
One could expect that the large time period over which the S.
Typhimurium genomes had been obtained and the diversity of
research groups who contributed them to the public domain
would certainly result in differences in the genome annotations.
First, the algorithms for the recognition of ORFs have been evolving constantly, and different research groups could use different
stringency criteria (such as a minimal sequence length) for defining an ORF as a functional gene. Second, in some genomes certain
genes could be absent due to either gene deletion or horizontal
acquisition. Third, nonsense or frameshift mutations, small dele-
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A detailed analysis for gene presence or absence in the crossannotated S. Typhimurium strains showed that about 5% of the
original core genes were completely or partially lost in some
strains after the serovar emerged. Gene loss by deletion or the
formation of pseudogenes is thought to be driven by two contrasting evolutionary processes. On one hand, genes can be lost as part
of “use-or-lose” evolutionary dynamics, i.e., if the function of
these genes are no longer needed for a particular lifestyle of the
bacterial strain. Such a loss is accumulated as a result of genetic
drift, i.e., via random events not driven by positive selection. On
the other hand, gene loss could be driven by a “die-or-lose” evolutionary mechanism that removes genes whose functions reduce
fitness in certain environments. In the course of clinical infection,
for example, some genes might interfere with the expression or
function of virulence-promoting factors or increase the liability
of the pathogen by expressing traits recognizable by the host
defenses.
The complete or partial loss of core genes was noted primarily
in invasive strain D23580, MDR strain T000240, and in two
closely related strains, UK-1 (called the “universal killer” for its
pronounced invasion and virulence properties) and 14028S (15,
17, 39, 40). This finding highlights a possible central role for gene
inactivation in the evolution of fitness diversity in Salmonella Typhimurium strains. Interestingly, previous work has suggested an
adaptive convergence of the loss of the del_6 cluster from systemically invasive S. Typhimurium D23580 with the same event in the
systemically invasive serovar Typhi (15). However, we detected
here that all non-Typhimurium serovars (invasive and noninvasive) showed either a partial or a complete loss or a truncation of
genes in this cluster (see Fig. S3 in the supplemental material).
Also, earlier work demonstrated that disruption of stbC gene in
the stb fimbrial operon could lead strain LT2 to a flagellated strain
exhibiting constitutively mannose-sensitive agglutinating and MDR
phenotype (41). Interestingly, we detected that, although stbC
gene has remained intact, other genes of the stb fimbrial operon,
such as stbB, stbA, etc., are lost in the MDR strain T000240 due to
the absence of the del_1 cluster. It would be worth finding out
whether the loss of these genes might have somehow contributed
to the resistance phenotype of this strain. Our analysis of an additional 12 strains of Salmonella serovar Typhimurium revealed the
loss of a few other ancestrally core gene clusters in some of them
(see Table S7 in the supplemental material). However, understanding the functional and adaptive significance of the gene loss
and inactivation in S. Typhimurium strains is beyond the scope of
this study and will require an expanded analysis of S. Typhimurium and non-S. Typhimurium strains, as well as experimental
studies.
In the original set of eight genomes, the only true transfer of gene
cluster of nonphage origin was the T000240-specific genomic island
GI-DT12 that possesses determinants of antibiotic resistance,
mercury resistance, iron acquisition, heavy metal tolerance, etc.
Previous work demonstrated that this island has most likely
helped the isolate to adapt to adverse environmental conditions
such as extremely polluted sewage (17). In the additional 12 genomes, only two more genomic islands (in strains DT104, 138736,
and L-3553) were identified that also carried both MDR and
fitness genes. Although we identified one more potential island
(in another MDR strain, CFSAN001921) of obscure origin and
function, our observations indicate strongly that, in the course
of the evolution of the Typhimurium serovar, antibiotic resis-
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long to the same serotypes and/or multilocus sequence types
(STs). These closely related clonal groups might be considered
equivalent to specific serovars of Salmonella from the perspectives
of population and evolutionary genetics. For example, a single
avian-pathogenic E. coli strain APECO1 from ST95 has been
shown to harbor 43 genomic islands that differ greatly in content
from strains representing the same serotype and/or ST (35). Also,
E. coli strains of the MDR clonal group ST131 vary considerably
in the acquisition of several genomic islands that carry various
pathogenicity-relevant genes (with no antibiotic resistance) (36).
Another example, ST73, combines strains with highly diverse
genomic content and includes the model uropathogenic strain
CFT073, the asymptomatic bacteriuria strain 83972, and the probiotic strain Nissle 1917 (37, 38). This suggests strong physiological barriers in Salmonella compared to E. coli. Alternatively, limited genomic diversity in S. Typhimurium strains could also be the
result of the relatively recent emergence of this serovar, which did
not allow enough time for the frequency of horizontal transfer
events to be comparable to some of E. coli serotypes or STs that
were of much older origin. Therefore, additional studies on accurate molecular clock estimation of the clonal group ages are warranted in order to understand the basis of the difference in the
gene transfer rates in different species.
Majority of the prophage gene clusters seemed to be comprised
of genes related to the phage movement, biogenesis and structural
components. However, this does not mean that phage acquisition
or loss could not have an adaptive effect on the S. Typhimurium
strains, including their virulence. On one hand, disruption of the
genomic region of the prophage insertion could affect the function of nearby genes. Interestingly, two different phage clusters,
ST104 and BTP1, are inserted into the same spot in the MDR
strain T000240 and the systemically invasive strain D23580, respectively. In both strains, the insertion has happened downstream of the proA gene (encoding gamma-glutamyl phosphate
reductase) and upstream of the IS3 transposase that is itself positioned immediately upstream of the stb fimbrial gene cluster. If the
function of the surrounding genes is affected one way or another
by the phage insertion, this could have significant effects on the
bacterial physiology. On the other hand, the presence of prophages in the bacterial chromosome could have a pleiotropic
effect on the expression of chromosomal genes by, for example,
transcriptional cross-regulation. Thus, these phages might have a
similar effect on corresponding host strains not only by being
inserted into the same genomic site but also by having a similar
in trans effect. It is noteworthy that we detected the presence of
a phage cluster at exactly the same location as that of ST104
and BTP1 (in strains T000240 and D23580, respectively) exclusively in all of the MDR and/or invasive strains among the
additional 12 S. Typhimurium strains analyzed (i.e., U288,
CFSAN001921, DT104, 138736, L-3553, 33676, and YU39). In
the remaining 11 non-MDR and/or noninvasive strains, this
genomic location remained uninterrupted where proA was immediately followed by the IS3 transposase. The insertion of different
phage clusters suggested a hot spot nature of this genomic region,
allowing independent acquisition of the phage genes by MDR
and/or invasive strains of this serovar. However, detailed experimental and population studies are warranted to determine
whether there is any direct or indirect role of prophage genes in S.
Typhimurium physiology, virulence, and/or drug resistance phenotypes.
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tance might be the major selection factor behind the acquisition of genomic islands that also brings some fitness-associated
genes into the recipient genomes.
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