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Typhoid fever poses significant burden on healthcare systems in Southeast Asia and other endemic
countries. Several epidemiological and genomic studies have attributed pseudogenisation to be the major
driving force for the evolution of Salmonella Typhi although its real potential remains elusive. In the present
study, we analyzed genomes of S. Typhi from different parts of Southeast Asia and Oceania, comprising of
isolates from outbreak, sporadic and carrier cases. The genomes showed high genetic relatedness with
limited opportunity for gene acquisition as evident from pan-genome structure. Given that
pseudogenisation is an active process in S. Typhi, we further investigated core and pan-genome profiles of
functional and pseudogenes separately. We observed a decline in core functional gene content and a
significant increase in accessory pseudogene content. Upon functional classification, genes encoding
metabolic functions formed a major constituent of pseudogenes as well as core functional gene clusters with
SNPs. Further, an in-depth analysis of accessory pseudogene content revealed the existence of
heterogeneous complements of functional and pseudogenes among the strains. In addition, these
polymorphic genes were also enriched in metabolism related functions. Thus, the study highlights the
existence of heterogeneous strains in a population with varying metabolic potential and that S. Typhi
possibly resorts to metabolic fine tuning for its adaptation.

S
almonella are enteric bacteria that can infect a broad range of host species causing various infectious
diseases. Presently, there are two well recognized species of Salmonella - S. bongori and S. enterica.
Further, based on Kauffman-White classification scheme, S. enterica is divided into six distinct subspecies

and more than 2500 serovars1. However, serovar S. Typhi of Salmonella enterica subspecies enterica infects only
humans resulting in a systemic infection, typhoid fever2. This infection is of immense concern to public health
worldwide as it is responsible for about 21.6 million cases of which 1% become fatal, on an average, per year3.
About 90% of this morbidity and mortality stems from Asia due to high endemicity of typhoid fever in developing
countries where drinking water quality and sewage treatment facilities are poor4. The control and prevention
strategies are also severely hampered due to the emergence of antibiotic resistant strains in these regions, which
are responsible for periodic outbreaks and sporadic cases causing severe complications and mortality5. Further,
the presence of these antimicrobial resistance genes carried on mobile elements such as integrons and self-
transmissible plasmids like that of IncH1, which was reported to be associated with many strains from endemic
zones such as Vietnam, pose a constant threat to public health world-wide6,7.

For a host adapted strain like S. Typhi, survival in the host and dissemination are vital for establishing persistent
infections. Some infected individuals even serve as asymptomatic reservoirs who continue to shed the bacterium
in stools for a long period of time8,9. The studies on transmission dynamics of salmonellae have emphasized on
monitoring of the carrier isolates for effective epidemiological tracking and surveillance10. The carrier isolates
have also been shown to exhibit similar pulsed field gel electrophoresis (PFGE) profiles with other S. Typhi
isolates from various regions of Southeast Asia. Therefore, it appears that the spread of S. Typhi occurs mostly
through carrier individuals11.

In the past, various genomic studies have attributed signatures like pseudogenisation (loss of gene function) or
gene deletion for host restriction in pathogenic bacteria12. It was also reported that in human-restricted serovar S.
Typhi, pseudogenisation is an active process compared to other generalist serovars like S. Typhimurium13.
Further, the extent of this pseudogenisation also varies considerably even among host restricted serovars14–16.
Pseudogenes constitute up to 4.5% of S. Typhi gene pool, making them an important driver of genome
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re-assortment over time17. However the potential role of pseudogen-
isation in persistence and adaptation of S. Typhi still remains elusive.

Given this, it is important to characterize S. Typhi’s pan-genome,
more importantly with respect to functional and pseudogene com-
plements and investigate their gene-frequency distributions among
various strains. The pan-genome of a species is the complete invent-
ory of genes in the population and is always significantly greater than
the gene content of an individual18. The pan genome is composed of
both ‘core genome’ and ‘accessory genome’ where accessory part is
comprised of genes shared by some but not all strains. This accessory
or dispensable part confers various selective advantages such as anti-
biotic resistance, niche adaptation, pathogenicity and host specifi-
city19,20. However, the residual core part of genome that keeps a very
high sequence similarity of about 95% ANI (Average Nucleotide
Identity), encodes all the fundamental biological processes essential
for survival18. Thus, the pan-genome analysis helps us to better
understand the population genetic structure and provides cues about
the mechanisms underlying adaptation and evolution of bacteria.
Studies based on whole genome comparative analyses carried out
at the population level involving other S. enterica serovars such as
Paratyphi A and Agona have recently provided significant insights
into the evolution of these serovars21,22.

The whole genome sequences corresponding to eight strains prev-
iously isolated from different endemic regions of Southeast Asia and
Oceania were extensively analyzed in this study. These strains were
associated with different clinical manifestations - outbreaks, sporadic
cases, carrier strains and fatal episodes. The strain BL196 was assoc-
iated with a large outbreak in Kelantan, Malaysia in 200523. Strains
CR0044 and CR0063 were isolated from carrier individuals in 2007
after an outbreak and were reported to share PFGE profiles with the
strain BL19624,25. Strain ST0208 was associated with a sporadic case in
Kuala Lumpur, Malaysia26. The previous findings have also recorded
shared PFGE patterns among the isolates from Southeast Asia11.
Strains UJ308A and UJ816A were isolated in Papua New Guinea
from fatal and non-fatal cases, respectively, in 199827. Genomes of
multi-drug resistant strains, CT18 from Vietnam, and P-stx-12 strain
isolated from a carrier individual in India28,29, were also analyzed.
Some of the earlier studies based on PFGE observed minimal to
moderate diversity among the isolates from Papua New Guinea
and elsewhere in Asia30,31, thus verifying the limited observed divers-
ity if not a clonal nature of this organism. Herein, we analyzed gen-
omes of the strains described in some of the above pioneering studies.
These genomes, although limited in number, were chosen owing to
their being most authentic available representatives of geographically
distinct populations from different endemic countries such as India,
Vietnam, Papua New Guinea and Malaysia and thus were used for
extensive genomic analyses hitherto unreported for these unique
strains. Our comprehensive genomic analyses reported herein high-
light the possible evolutionary mechanisms and in particular, the

impact of pseudogenes on the evolution of S. Typhi in different
patient types from the typhoid-endemic countries of the east.

Results
Phylogeny. The whole genome based phylogenetic tree allowed us to
understand the close genetic relationship among various strains as
shown in Figure 1. The strain BL196 isolated during the outbreak,
and the carrier strain CR0044 isolated a year later, co-clustered
revealing close similarity. This suggests that the strain CR0044
could have emerged due to clonal expansion of BL196, whereas
another carrier strain CR0063 might have accumulated enough
variations allowing it to cluster separately. The two strains isolated
from Papua New Guinea, UJ816A and UJ308A, also clustered
together with respect to all other strains. This observation by
whole genome based phylogeny corroborates with the PFGE based
analysis of Thong et al, where S. Typhi strains from Papua New
Guinea showed highly similar PFGE patterns exhibiting limited
genetic diversity among the strains30. As typhoid cases were rarely
detected in Papua New Guinea before 1985, the limited observed
diversity might be due to clonal expansion of a single ancestral
strain30. The strains CT18, P-stx-12, ST0208 have shown up
independently in the tree. The close similarity of these genomes is
also reflected in whole genome alignment as depicted (Figure 2). This
analysis once again reinforces the genetically monomorphic nature
of this pathogen and our observations are in concurrence with the
previous findings based on Multilocus sequence typing and other
techniques17,32. A similar co-clustering pattern was also observed
with Maximum Likelihood based phylogenetic tree constructed
using core gene clusters without paralogs (Supplementary Figure S1).

Mobile elements. The phages and insertion sequence (IS) elements
of the two complete genomes, CT18 and P-stx-12 have been already
reported28,29. The IS elements belonging to the family IS200/605, IS3,
IS256 were commonly observed in all the other draft genomes we
analyzed herein. However, the strain CR0063 also contained copies
that belonged to IS1 family. The determination of exact copy number
of these IS elements was difficult because of the draft status of the
genomes. Further search for putative phage elements revealed
presence of 4 intact phage sequences together with various phage
remnants in each of the genomes (Supplementary table S1). Gifsy-2
and fels-2 phage sequences were common in most of the genomes.
The atypical regions which encode genes mostly associated with
virulence are designated as Salmonella pathogenicity islands (SPI).
BRIG33 was used to represent the status of major pathogenicity
islands in these genomes as shown in Supplementary Figure S2. A
list of genomic islands detected in these genomes as well as of the
genes encoded by them is provided (Supplementary table S2). The
plasmid related genes were not found in any strains other than CT18
and P-stx-12. The characteristics of the plasmids present in these

Figure 1 | Phylogenomic Tree. The whole genome information was used to build the distance matrix using Gegenees. The phylogenetic tree was

developed using SplitsTree by NJ method. This revealed close similarity among genomes and also co-clustering of strains isolated from the same regions.
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strains along with the orthologous genes shared by them have already
been discussed previously28,29.

Pan-genome analysis. The pan-genome content measured up to a
total of 5426 genes, 1.07 times higher than the average number of
genes per individual strain. The pan-genome extrapolation was
carried out in accordance with Heap’s law34. The Heap’s law can be
represented by the following equation:

n 5 k*N2a, where n is pan-genome size, N is the number of
genomes and k, c are curve specific constants where a 5 1 2 c.

The exponential term a determines whether pan-genome of a
bacterial species is closed or open. For a . 1 (c, 0) the pan-genome
is considered closed i.e. sampling more genomes will not affect the
pan-genome size, whereas for a , 1 (0 , c . 1) the pan-genome
remains open and addition of more genomes would increase its size.
In this study, the k and c values were determined as 4486 and 0.087
respectively. The pan-genome analysis of S. Typhi strains revealed an
a value of 0.913 implying a highly conservative nature of these
endemic isolates (Figure 3a).

Further, to investigate the effect of pseudogenisation on gene fre-
quency distributions of functional and pseudogenes, their pan and
core genome components were determined separately. The pan-gen-
ome of functional genes contained a total of 4632 genes which was
1.03 times the average functional gene content per strain, whereas the
pan-genome of pseudogenes contained a total of 857 genes which
was 2.49 times the average pseudogene content per strain. This
increased proportion of pseudogene content compared to functional
pan-genome suggests that pseudogenisation is an active process in S.
Typhi and this increase is also reflected in the pan-genome curve of
pseudogenes (Figure 3c).

The values k and c for functional gene clusters after curve fitting
were determined as 4054 and 0.06 respectively, with a a value of 0.94.
In contrast with what we observed in functional genes scenario, after
curve fitting, a value for pseudogenes was 0.556 (Figure 3b, 3c), with
k and c values determined as 342.5 and 0.444 respectively. The a
value of 0.94 indicates that the pan-genome of the functional genes is
highly restricted in nature to allow any significant intake of foreign

DNA and thus corroborates with high collinearity observed among
these endemic strains. However the pan-genome of pseudogenes
with an a value of 0.556 showed a very non-conservative nature as
shown in Figure 3c and thus reemphasizes that pseudogenisation of
functional genes is an ongoing process in S. Typhi.

The core genome of S. Typhi. The core genome of a species includes
a subset of genes that are shared by all strains. The core genome of
our endemic strains contained 4131 genes. This core genome size
tended to decrease upon increasing the number of genomes; there-
fore, the curve fitting and extrapolation was done by least square fit
of the exponential regression decay. This equation is written as:

n~k � exp ½{ N
t
�ztg(h), where n is the expected core genome

size, N denotes number of genomes and k, tg(h) are constants that

fit the curve. In this equation, the first term k � exp ½{ N
t
� will tend

towards zero and the second term tg(h) tends to converge towards a
specific value. The analysis revealed a convergence value of 4124
genes which indicates a minimal genome content retained by the
bacteria to perform basic biological processes (Figure 3a).

The core genome of functional and pseudogenes was also deter-
mined separately and these distributions provided some significant
pointers. The core genome of functional genes was determined to be
around 3558 genes and was still decreasing as shown in core genome
curve of functional genes (Figure 3b) with the convergence value
tg(h) as 3495 obtained upon solving the equation. However, in the
case of pseudogenes, the core genome has already reached its con-
vergence with a tg(h) value of 166 genes (Figure 3c). Further, the core
genome profiles of functional and pseudogenes (Figure 3b, 3c) imply
that core genome of pseudogenes constitutes a minor component of
the total pseudogene content unlike that of core genome of func-
tional genes. Moreover, these findings also stress on the need to
analyze the role of these high number of accessory pseudogenes
which are causing a steep increase in its pan-genome.

The pseudogenes identified in this analysis (Supplementary table
S3) included various fimbrial proteins, methyl accepting chemotaxis
proteins and certain secreted effector proteins. Some of these

Figure 2 | Genome alignment. The whole genome alignment of all eight genomes was generated using progressiveMauve50. Each colored block represents

similar sequences in the respective genomes.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7457 | DOI: 10.1038/srep07457 3



Figure 3 | Pan and Core Genome Distribution. (a). Pan and core genome developments using median values of the combinations of all eight genomes.

(b). Pan and core genome developments of functional genes of these eight isolates. Here it can be observed that core genome is decreasing sharply.

(c). Pan and core genome developments of pseudogenes of these eight isolates. It can be seen that pan genome of pseudogenes is highly non conservative

with a steep increase in accessory content while the core genome reached convergence.

www.nature.com/scientificreports
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pseudogenes were potentially homologous to the genes found to be
associated with important cellular functions such as anaerobic
metabolism – ethanolamine utilization, being precursors of vitB12

synthesis, or acting as electron donors (formate dehydrogenase,
galactarate dehydrogenase, succinyl glutamic semialdehyde dehy-
drogenase) and acceptors (tetrathionate reductase, trimethylamine-
N-oxide reductase, nitric oxide reductase). The affordability to
dispense such genes in intracellular bacteria like S. Typhi has already
been previously reported and discussed35,36.

Further to evaluate pseudogene distribution among various
functional classes, they were classified into COG functional cat-
egories based on RPS BLAST. This analysis showed that, of those
functionally classified, majority of the pseudogenes were related to
metabolic processes: carbohydrate metabolism, amino acid trans-
port and metabolism, inorganic ion transport etc. (Figure 4a).
Further, when core functional gene clusters with SNPs (604clus-
ters out of 3333 core clusters) were assigned COG classification, a
higher proportion of functionally classified genes was observed in
the same functional categories related to metabolic functions as
observed in case of pseudogenes (Figure 4b). This enrichment of
pseudogenes observed in the metabolism related genes was also
statistically significant according to the proportionality z-test.
Thus, from our observations, as depicted (Figure 4a, 4b), it can
be inferred that metabolism related gene repertoire is under con-
stant fine tuning and might relate to a rapid adaptation to the
immediate local niche.

To gain further insights into the differential pseudogene content
among various strains, we focused on the accessory pseudogene
clusters marked by absence of a corresponding ortholog in at least
one or more strains. For this analysis, only those accessory pseudo-
gene clusters which do not have paralogs were considered. The
absence of an ortholog in these clusters indicated only two possi-
bilities: either the ortholog is not present in the strain or there
exists a functional complement in the strain. Therefore, status of
these accessory pseudogenes in each cluster was marked as P for

pseudogene, F for functional complement and N for absence of a
gene. Finally, we considered only those clusters where the orthologs
were present in P or F states and removed those which had N in any
of the strains. The plot of these pseudogene clusters along with their
respective status in the genomes revealed a mixed profile (Figure 5).
This analysis provides evidence for the existence of a heterogeneous
mixture of functional and pseudogene complements in the popu-
lation. Further, COG classification of those pseudogene clusters with
P or F status in at least two query strains has shown that these were
also enriched in metabolism related functions and this proportion
was statistically significant (Figure 6). Thus the comparison points at
the existence of heterogeneous strains with varying metabolic poten-
tial and might confer an adaptive advantage for the persistence of the
pathogen.

We also performed pairwise comparisons of the strains of different
clinical spectrum in order to determine if there are any state specific
genes that entail different clinical level phenotypes of the strains. For
this, we considered a total of four different pair-wise comparisons:
outbreak versus carrier strains in 2 sets (BL196 & CR0044 and,
BL196&CR0063) from Kelantan, Malaysia; a pair of strains (BL196
& ST0208) associated with an outbreak (BL196) and sporadic case
(ST0208) from Malaysia; and a pair of strains (UJ308A & UJ816A)
associated with fatal (UJ308A) and non-fatal (UJ816A) cases from
Papua New Guinea. The core and specific functional gene content as
well as pseudogene content were determined for all these strains.
Further, after identifying the specific functional and pseudogenes
of each strain in comparison, we also checked if a given strain in
comparison carried an ortholog in a different functional state (func-
tional or pseudo) than that of its corresponding strain, or vice versa.
In this way, gene contents of all the strains were analyzed. Although
this analysis helped us develop pairwise inventories of compliment-
ary functional genes and pseudogenes, it did not identify any specific
pattern of potential associations that could be attributed to a strain of
a certain clinical spectrum conveying an acute or a carrier stage, for
example.

Figure 4 | The proportion of functionally classified pseudogenes and the functional genes with SNPs according to COG classification. The pie chart

represents the proportion of various functional classes among the pseudogenes and the functional genes with SNPs. The figure clearly shows the

enrichment of metabolism related genes in pseudogenes and the functional genes with SNPs.

www.nature.com/scientificreports
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Discussion
The previous whole genome based study on S. Typhi by Holt et al17

revealed that these genomes are highly clonal with minimal genomic
variation due to SNPs, recombination and horizontal gene acquisi-
tion. In the present study also we observed a close genetic relatedness
among the strains from different endemic zones of Southeast Asia/
Oceania sharing similarity of 94–98% as shown (Figures 1, 2). In the

past, comparative genomic studies have proposed that pseudogen-
isation is the main driving force in evolution of this organism when
compared to others like acquiring foreign genetic material through
HGT (Horizontal Gene Transfer) or gain of function17,28,35.
Therefore, we attempted to understand the pseudogene pool of vari-
ous isolates in greater detail and cues they could provide about vari-
ous adaptation and survival mechanisms harnessed by this pathogen.

Figure 5 | Accessory pseudogene clusters analysis. The status of genes in each accessory pseudogene cluster was marked as P for pseudogene, F for

functional complement and N for absence of gene. The clusters where the orthologs were present in P or F states were considered in plot. This shows the

heterogeneous existence of functional and pseudogene complements in the population.

Figure 6 | Proportion of heterogeneous genes classified according to COG functional categories. The figure represents the distribution of accessory

pseudogenes (those having variable functional and pseudogene status in atleast two strains) among various COG functional categories. The genes related

to metabolism were clearly enriched in the accessory pseudogenes.
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We identified most of the pseudogenes including those caused due to
frameshift mutations, as these were not detected by Holt et al because
of the low quality of sequence data17.

The pan-genome analysis of these isolates has revealed limited
potential for horizontal gene acquisition. This characteristic of the
gene pool is a commonly observed phenomenon in case of intracel-
lular organisms as they have limited contact with the potential gene
donors37. Moreover, when the same analysis was carried out for
functional and pseudogenes separately, it was observed that the core
content of functional genes is still declining whereas the pseudogene
content recorded steady increase in pan-genome (Figure 3). This
decreasing trend of functional core genome and an increase in the
pan-pseudogene content indicates that potential loss of functional
genes might be a consequence of active pseudogenisation. Though an
active pseudogenisation was observed, we could not detect any sig-
nificant reduction in genome size or gene content indicating that
pseudogenisation perhaps does not entail concurrent or consequent
gene deletion in case of S. Typhi in contrast to other important
human pathogens such as Mycobacterium leprae wherein pseudo-
genisation is followed by deletion, thus downsizing the genome38.
Further, this finding could just be a reflection of different inactivating
mutation rates or varying negative or positive selection pressures
experienced by different isolates and/or lineages. Another possible
explanation could be due to reversion of pseudogenes39 although any
gain of function may be rare, or only occurring in a small number of
genes through point mutations17. Given this situation, a definitive
mechanism can be confirmed only through genetic and functional
studies involving serial isolates. Collectively, from these findings, we
believe that over the course of evolution, S. Typhi has resorted to
maintain its genome size through a fine balance between functional
and pseudogenes.

Further, when the core functional gene clusters with SNPs were
functionally classified, it was observed that these genes majorly
belonged to metabolism related functions. A significant number of
pseudogenes also belonged to same functional category as core func-
tional genes with SNPs (Figure 4). This convergence of the core
functional genes with SNPs and the pseudogenes indeed emphasizes
the stress on the metabolic machinery. In addition, the analysis of
accessory pseudogene clusters identified 338 clusters with mixed
profile of pseudo and functional gene complements in various strains
(Figure 5). Upon functional classification, even these polymorphic
genes were found to be enriched in metabolism related functions
(Figure 6). This could be an advantageous mechanism for the bac-
terium to modulate its metabolic repertoire through pseudogenisa-
tion depending on its specific local niche40. Similar survival strategy is
reported in other pathogenic bacteria where virulence optimization
is achieved at the cost of certain metabolic genes41,42. Given this, it can
be surmised that this modulation could be one of the major mechan-
isms underlying the carrier state. Hence, it is important to focus on
characterizing the metabolic potential and its implications on viru-
lence of S. Typhi.

The heterogeneity displayed by functional and pseudogene con-
tent of these isolates, especially even in those collected from the same
region (Kelantan, Malaysia) over a period of time, provides explana-
tion for the interplay between them and supports previous hypo-
thesis that the restoration of function might be occurring through
mutation17. However this can be only further proved with functional
studies on serial isolates from a single individual.

S. Typhi encounters drastically different environments from its
initial point of entry into the small intestine up to its final coloniza-
tion of internal organs like gall bladder for chronic carriage43. To
succeed in these varying environments, it might be very important
to optimize its metabolism through loss of function, conferring an
advantage within its immediate local niche.

The above observations regarding pan and core genome distribu-
tions of functional and pseudogenes lend support to the idea that S.

Typhi maintains an efficient balance through various mechanisms,
such that its genome is not degraded beyond a certain level. At the
same time, a heterogeneous profile of functional and pseudo gene
complements could possibly culminate in a more hospitable meta-
bolic environment. Collectively, these orchestrated genome
dynamics most likely appear to aid in persistence and host adapta-
tion. Genome analysis of this limited but important collection of
strains could provide us some significant pointers regarding adapta-
tion of this organism which appears to be possibly influenced by a
conserved nature of its genome. Further, inclusion of more number
of genomes in the analysis would possibly enhance the understand-
ing of these observations.

Nevertheless, given these findings, it will be possible to advance the
current knowledge of the carrier state in Salmonella pathogens
underlying continuous emergence and reemergence of typhoid in
endemic regions.

Methods
Sequence information. The S. Typhi strains chosen for the analysis have been
isolated from various countries of Southeast Asia/Oceania and were isolated at
different time points by different researchers. The genome collection included two
complete genomes - CT18, P-stx-12 strains and six draft genomes - UJ308A, UJ816A,
BL196, CR0063, CR0044 and ST0208 which were available in public domain through
NCBI. Few other strains from Southeast Asia which are available in NCBI could not
be included in the analysis because of the low sequence coverage and poor quality of
data.

Refinement of assembly and annotation. The contigs from WGS master records of
S. Typhi genomes (UJ308A, UJ816A, BL196, CR0044, CR0063, ST0208) were
downloaded from NCBI. These contigs were ordered according to a reference using
standalone BLAST. The high quality filtered reads of respective strains were mapped
to the contigs using BWA alignment tool44. The alignment file was visualized using
Tablet alignment viewer45 to sort the scaffolds in correct order based on paired-end
read information. The regions with low coverage were manually inspected before
including them into final genome.

After finalizing the order of the contigs, they were linked using a linker sequence
(NNN NNC ATT CCA TTC ATT AAT TAA TTA ATG AAT GAA TGN NNN N)
that encodes start and stop codons in all six frames. The contigs thus obtained was
submitted to ISGA pipeline for annotation46. The two complete genomes CT-18 and
P-stx-12 were also re-annotated to homogenize the data with a single annotation
platform. This annotation pipeline uses Glimmer 3 for prediction of ORFs and
BLASTx for searches based on sequence similarity47. The predicted ORFs were
scanned to identify protein domains using HMMPfam (http://hmmer.janelia.org/).
The tRNAscan-SE and RNAmmer were used respectively for the detection of tRNA
and rRNA48,49. The whole genome alignment of all these genomes was generated using
progressive Mauve50.

For the identification of pseudogenes, BLASTn was performed for all the nucleo-
tide sequences of query ORFs against the functional proteins of Salmonella strains,
which were submitted to NCBI as complete genomes. The corresponding protein
sequences of the best five hits of nucleotide BLAST were considered for performing
BLASTx against individual query ORFs. Then, to mark the latter as a pseudogene,
based on above results, threshold of more than 60% coverage of query length and 98%
identity were applied. The above method could detect all the pseudogenes that ori-
ginated due to a nonsense mutation resulting in early termination of translation. To
identify pseudogenes that were formed due to potential frame shifts causing protein
fragmentation were identified using an inbuilt module of PanOCT51. The BLASTp
result of query ORFs against the functional genes of Salmonella strains was provided
as input to PanOCT. The number of BLAST matches needed to confirm a protein
fragment/frame-shift was set to 1 and the frame-shift overlap parameter as 1.33. In the
case of proteins which are split due to frame-shifts, the major fragment was consid-
ered in the final pseudogene list, so that the number did not over-represent.

Phylogenomic analysis. The whole genome based phylogeny was performed for all
eight strains using Gegenees (version 1.1.4)52 which employs a fragmented all-
against-all comparison of the genomes and builds a distance matrix file suitable to
construct a phylogenetic tree and heat map. The phylogenetic tree was built by NJ
(Neighbor-joining) method using SplitsTree software (version 1.1.4)53. The detailed
methodology of core genome based phylogeny using maximum likelihood is
explained in Supplementary information.

Detection of mobile elements. All of these strains included various mobile phages or
phage like elements. To identify these elements, PhiSpy54, an algorithm that combines
both similarity and composition based strategies, was used. These predictions were
compared with results obtained from PHAST (A Fast Phage search tool)55. IS
elements were identified using IS finder56. The genomic islands in these strains were
identified using IslandViewer57.

www.nature.com/scientificreports
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Pan-genome analysis. Pan-genome analysis represents the variation in gene content
of different strains. The determination of pan and core genome requires correct
identification of orthologous clusters of all selected strains. This was done using
OrthoMCL58 which is mainly developed for clustering of orthologous protein
sequences based on user defined percent match cutoff and minimum protein length.

Further, the pan-genome and core genome of the two strains A and B (AB) were
calculated as follows: pan-genome AB is composed of the sum of gene sets of A and B
(strain A and non-orthologous genes of strain B) and the core genome AB is com-
posed of orthologous genes that are present in both A and B. Upon addition of more
genomes, pan-genome was estimated in an additive manner whereas the core genome
was determined in a reductive manner. The median values of all possible combina-
tions of genomes were considered to further examine the patterns of pan- and core
genomes. The curve fitting of pan-genome was done using Heap’s law whereas that of
core genome using least square fit of the exponential regression decay as described
previously by Tettelin et al34.

Initially, orthologous clusters of all strains were generated with the percent match
threshold of 85% and minimum protein length of 50 amino acids. Later, the func-
tional genes and pseudogenes were analyzed separately as mentioned by Liang
et al59, but their respective orthologous clusters were generated using OrthoMCL with
same percent match cutoff. However, minimum protein length considered for gen-
erating functional gene clusters was 50 amino acids whereas for pseudogenes it was set
to 10 amino acids. The extrapolations of pan-genome and core genome of functional
and pseudogenes was done as mentioned above, but individually for each of them.
The detailed explanation of COG classification using RPS BLAST (NCBI) is given in
supplementary information. The statistical two sample z-proportionality test was
applied to calculate the significance for the enrichment of various functional classes.

Detection of SNP in core genome. The core functional gene clusters were identified
as those which contain only one representative protein from each of the query strain.
SNP detection in these core functional gene clusters was done by aligning the
corresponding sequences of each cluster using ClustalW60.
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