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ABSTRACT
Salmonella enterica (S. enterica) is a highly ubiquitous and diverse animal and human pathogen. 
Distinct S. enterica serovars may present varying host-specificity and cause different diseases. 
While the human-restricted serovars S. Typhi (STY) and S. Paratyphi A (SPA) cause in humans 
a systemic life-threatening enteric fever, the host-generalist serovar, S. Typhimurium (STM) causes 
in immunocompetent individuals a self-limited gastroenteritis. Here, we have performed whole- 
genome sequencing and hybrid assembly of new SPA and STY typhoidal strains and took 
a comparative genomics approach to examine their phylogeny, pangenome structure and acces
sory genome content in comparison to the reference non-typhoidal serovar, STM. Our results 
identified previously uncharacterized lineages of SPA and refined the presence and distribution of 
core pseudogenes in typhoidal serovars. Pangenome analysis showed that while these serovars 
have a relatively similar core-genome size, the accessory genome of STM is more than four times 
larger than those of typhoidal Salmonellae and that STY and SPA display a more closed pangen
ome than STM. Unexpectedly, we demonstrate that STY and SPA present distinct differences in 
their pangenome composition, with a noticeable lower number of prophages, conjugative ele
ments and antimicrobial genes per genome in SPA vs. STY. These results suggest that although 
SPA and STY are closely related at the DNA level, share a similar lifestyle and cause a symptomatic- 
indistinguishable disease, their genomic evolution and accessory genomes are markedly different. 
Moreover, these results may provide genomic explanation to phenotypic and epidemiological 
differences in antimicrobial resistance profiles associated with these serovars globally.
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Introduction

The bacterial species salmonella enterica (S. enterica) is 
a highly ubiquitous animal and human foodborne 
pathogen. This diverse species is serologically classified 
into more than 2,600 different serovars (also known as 
serotypes) according to surface antigens expressed on 
their lipopolysaccharide (O antigens), flagella (H anti
gens) and capsule (Vi antigen) [1], following the 
Kauffmann-White-Le Minor serotyping scheme 
[2]. Different S. enterica serovars can be clinically cate
gorized according to the disease they cause in humans. 
Typhoidal Salmonella serovars including S. enterica ser
ovar Typhi (S. Typhi), S. enterica serovar Paratyphi 
A (S. Paratyphi A) and S. enterica serovar Sendai 
(S. Sendai) infect only humans and higher primates 
and cause a life-threatening bloodstream infection (bac
teremia) and systemic disease, known as enteric fever 

that can also be referred to as typhoid (following S. 
Typhi infection) or paratyphoid (in case of a S. 
Paratyphoid A infection) fever. This manifestation is 
a non-inflammatory disease, in which typhoidal 
Salmonellae colonize the spleen, liver, and mesenteric 
lymph nodes (MLN) [3]. In contrast, many of the non- 
typhoidal serovars (NTS) like S. enterica serovar 
Typhimurium (S. Typhimurium) or S. enterica serovar 
Enteritidis (S. Enteritidis) can infect a wide range of 
animal and human hosts [4]. Infection of immunocom
petent humans will lead, in most cases to a short-term 
gastroenteritis, presented as an acute inflammation of 
the terminal ileum and colon. Nevertheless, 
a malfunction of the mucosal barrier in immunocom
promised individuals can result in a complication of 
a potentially fatal bacteremia [5,6]. Overall, Salmonella 
is still a leading cause of foodborne infections, with an 
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annual global Salmonellosis burden of 78.7 million 
cases of gastroenteritis [7] and over 27 million cases 
of enteric fever [8].

Differences in virulence and disease manifestation 
caused by different Salmonella serovars are yet not fully 
understood. While studies have tried to explain the promi
nent clinical differences between typhoidal and NTS sero
vars, by the distinct presence of key virulence factors such as 
the typhoid toxins CdtB and PltAB [9] or the type III 
secretion system effector GtgE [10], one of the emerging 
concept that is common to all known host-specific typhoi
dal serovars is genomic decay. This genetically reducing 
process is characterized by multiple events of gene inactiva
tion (pseudogene formation) and/or complete gene dele
tion from the genome [11–14]. Pseudogene formation 
resulted in loss of gene function and complete gene deletion 
seems to be a genetic signature of host-specific pathogens in 
comparison to their genetically related host-generalist 
strains [15–18]. Pioneering comparative genomics 
approaches have demonstrated that while the generalist 
Salmonella serovar S. Typhimurium has a relatively low 
number of pseudogenes (54 in strain SL1344, or 25 in strain 
LT2), the typhoidal serovar, S. Typhi (strain CT18) chro
mosome was predicted to encode 204 pseudogenes, com
prising about 4.5% of its coding genes [15]. Different S. 
Paratyphi A isolates were also shown to harbor 173 inacti
vated genes in strain ATCC 9150 [16], or 204 pseudogenes 
in strain AKU12601 [19], consisting of 4 and 4.8% of 
annotated coding sequences (CDS), respectively. 
Moreover, S. Paratyphi A (strains AKU12601 and 
ATCC9150) and S. Typhi (strains CT18 and Ty2) were 
found to share 66 common pseudogenes, which were 
formed as a result of a convergent evolution due to 
a similar lifestyle in the same host [19].

Here, we performed whole-genome sequencing (WGS) 
and hybrid assembly of new S. Paratyphi A and S. Typhi 
strains and took a comparative genomics approach to 
examine the phylogeny, pangenome structure and the 
accessory genome content of S. Typhi (STY) and S. 
Paratyphi A (SPA) in comparison to a reference NTS 
serovar, S. Typhimurium (STM). Our results identified 
previously uncharacterized lineages of SPA and refined 
the dominant presence and distribution of pseudogenes 
in typhoidal serovars. Moreover, we demonstrate that 
although STY and SPA are considered to be closely related 
at the DNA level [16,19], they present distinct differences 
in their content of plasmids, prophages, antimicrobial 
resistance genes and defense systems. These results suggest 
that although SPA and STY share a similar lifestyle and 
cause a symptomatic-indistinguishable disease, their geno
mic evolution and their accessory genome content are 
distinct, in a way that may explain phenotypic and global 
epidemiological differences between these serovars.

Materials and methods

Sequencing, assembly and annotation of SPA and 
STY isolates

SPA45157 is a clinical isolate of S. Paratyphi A, which 
was isolated in 2009 from a hospitalized patient as part 
of a paratyphoid outbreak among Israeli travelers in 
Nepal [20]. SPA45157 genomic DNA was extracted 
with a GenElute Bacterial Genomic DNA Kit (Sigma- 
Aldrich-Merck) and sequenced using a MiSeq V3 illu
mina sequencer and a paired-end library (2×300bp). 
We obtained 3,137,216 raw reads representing 
944,302,618 bases of the SPA45157 genome.

SPA45157 was also sequenced using an Oxford 
nanopore MinION platform (GridION sequencer) 
with a flo-min106 (R9.4.1 revD) flow-cell and a sqk- 
lsk109 (1D) sequencing kit. We obtained a total of 
722,848 reads representing 5,755,901,734 bases. In 
total, more than 98% of the full genome had at least 
100 × of coverage, allowing high-quality assembly. Both 
illumina and long raw reads were quality controlled 
with Trimmomatic version 0.39. Quality controlled 
illumina reads were assembled for each isolate with 
SPAdes version 3.15.3 with the default parameters. 
These assemblies were further polished using pilon 
version 1.2.4 with minimum number of flank bases of 
10 and kmer size of 47. Resulting contigs and long 
reads were used to perform a hybrid assembly using 
Unicycler version 4.7, which used SAMtools version 
1.9, and bowtie2 version 2.4.4 modules. The final 
assembly was then repolished with pilon using illumina 
sequencing reads. Consecutive runs of pilon were per
formed until the polishing converged (no bases were 
further corrected after 3 runs). SPA45157 genome 
(accession number CP156168) was annotated with 
prokka version 1.14.6 [21]. Functional annotation was 
then performed using eggNOG-mapper version 2.1.9 
[22] with default parameters.

STY120130191 is a clinical isolate of S. Typhi, which 
was isolated at 2012 from the blood of a patient with 
typhoid fever. STY120130191 genomic DNA was 
extracted using GenElute Bacterial Genomic DNA Kit 
(Sigma-Aldrich-Merck) and SMRT DNA libraries were 
constructed according to the Pacbio standard protocol 
with BluePippin length selection. Sequences were gen
erated on a Pacbio RSII instrument using P6-C4 chem
istry. Using 3 PacBio SMRT® cells, we obtained 160,468 
raw reads consisting 1,887 million bases. Reads that 
were larger than 22 kb were selected for structural 
assembly using HGAP3 + Quiver. Pacbio reads with 
length >500 bp were used only for polishing. Plasmid 
and genome circularization was performed using 
Circlator. STY120130191 was also sequenced using an 
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Illumina HiSeq 3000 paired-end strategy. Illumina 
reads were used to correct the Pacbio assembly using 
Pilon [23]. STY120130191 genome (Accession number 
CP156169 for the chromosome, and CP156170 for the 
plasmid) was annotated with EugenePP version 1.2 [24] 
with default parameters. Functional annotation was 
then performed using InterProscan version 5.15–54.0, 
COG version COG 2014 [25].

Paratyphi A, typhi and Typhimurium genome 
datasets

A total of 155 Paratyphi A (SPA) public genomes were 
downloaded from NCBI RefSeq database 
(23 May 2021) using NCBI dataset tool version 13.6.0. 
We added to this dataset the SPA45157 new genome 
and obtained a dataset of 156 SPA genomes. Since some 
of the analyses (e.g. pseudogene and MGE identifica
tion) required high-quality sequences, we used dRep 
version 3.2.2 [26] to limit redundancy in the SPA 
genomes and select the best representative genomes 
based on assembly quality and genomic distance. 
Briefly, we chose genomes with high completeness, 
low contamination, few contigs, and/or high coverage 
depth, prioritizing these metrics in this order. We 
selected assemblies with a minimum N50 value of 
44,653 bases, maximum 244 contigs, 188 scaffolds, 
and a maximum proportion of gaps 0.54%. dRep com
puted two successive clustering using genomic distance 
computed with the fastANI algorithm (k-mer-based 
approach) [27]. The first average nucleotide identity 
(ANI) threshold to form primary clusters was set to 
99.9% ANI and the second threshold that determines 
identical genomes in primary clusters was set to 99.99% 
ANI. The second clustering produced 134 clusters that 
were used to pick up the best quality representative 
genomes using assembly quality and cluster centrality. 
This process permits to remove low-quality genomes 
that are more than 99.99% identical to at least one 
genome in the dataset. We finally obtained 134 dere
plicated “representative” genomes of SPA including our 
SPA45157 assembly.

We downloaded NCBI RefSeq public Typhi (STY) and 
Typhimurium (STM) genomes exhibiting an assembly level 
equal to “Chromosome” or “Complete” using NCBI dataset 
tool version 13.6.0. We obtained 242 genomes for Typhi 
and 443 genomes for Typhimurium. We applied the same 
dereplication process as described above for SPA and 
obtained 43 dereplicated STY genomes and 164 derepli
cated STM genomes. Three STM genomes 
(GCA_017094545.1_ASM1709454v1, GCA_017094565.1_ 
ASM1709456v1, GCA_017094585.1_ASM1709458v1) 

were removed because of outlier value of genes and 
pseudogenes.

As an outgroup of our dataset, the reference genome 
of Salmonella bongori (strain N268–08; RefSeq 
NC_021870.1) was added. Consequently, our final data
set includes 339 dereplicated “representative” genomes 
composed of: 134 of SPA, 43 of STY, 161 of STM and 1 
of S. bongori as an outgroup (Table S1).

Pangenome construction and phylogenetic 
analyses

To perform homogeneous structural annotation of all 
SPA, STY and STM dereplicated genomes, and 
S. bongori, the Prokka version 1.14.6 [21] was used. 
We then used Roary version 3.13.0 [28] with the -s 
and -e parameters to compute the pangenome on the 
three datasets together and separately (SPA, STY, 
STM). We then computed the phylogenetic trees 
using iqtree version 2.2.0.3 and the following para
meters: -m MFP -nt 8 -bb 1000 and the aligned core 
genes produced by Roary as input dataset.

We computed SPA lineage definition using fastbaps 
(R package version 1.0.8) [29] and the multi_res_baps 
function to perform Bayesian hierarchical clustering of 
population structure successively at multiple resolu
tions. We choose fastbaps level 2 results that were 
consistent with Zhou et al. [27] previous study and 
the Maximum Likelihood Phylogenetic tree. All phylo
geny figures were produced using the ggtree version 
3.8.2 R package.

Pseudogene annotation

We developed a new workflow named Pseudoscreen to 
detect pseudogenes in each serovar genome datasets. The 
workflow relies on a reference dataset of supposed func
tional genes composed of the representative genes of the 
pangenome built with Roary version 3.13.0 on all com
plete 342 dereplicated genomes of the SPA, STY, and 
STM genomes plus the S. bongori genome as an outgroup. 
For each pangenome family, one representative protein 
sequence was selected to represent the most common 
sequence size of each pangenome family. For pangenome 
families with a binomial size distribution, two sequences 
were selected. This resulted in a dataset of 9194 non- 
redundant protein reference sequences representing the 
pangenome families of serovars SPA, STY and STM.

We then used our protein reference dataset to 
detect pseudogenes in all query genomes of the 
SPA, STY and STM datasets. Briefly, each genome 
was aligned using tblastn version 2.12.0 [30] against 
every sequence of the reference pangenome dataset. 
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Every alignment with an identity superior than 95% 
was post-filtered. We used filters described below to 
detect altered proteins according to this reference 
sequence. We considered six categories of events to 
predict pseudogenes: (i) Frameshift: nucleotide dele
tion not divisible by 3 that kept more than 80% of 
the protein compared to the reference; (ii) Premature 
stop codon: more than 70% of the protein sequence 
is aligned but includes a premature stop codon; (iii) 
in-frame medium or large deletions: in-frame dele
tion of 5 amino acids or more that kept less than 
30% of the reference protein; (iv) in-frame small 
deletion (altered genes or allelic variation): in-frame 
small deletion of 5 amino acids or less; (v) Truncated 
protein: more than 30% of the protein was deleted at 
the beginning or at the end of the protein relative to 
the reference; (vi) large deletions scattered along the 
protein: more than 60 amino acids covering one or 
multiple sites that kept at least 30% of the protein 
compared to the reference.

Pan-pseudogenome and core-pseudogenome

For each serovar, we looked at each reference gene 
category (core, soft-core, shell, and cloud genes) for 
all pseudogenes annotated in the different serovars. 
When a pangenome category was annotated as pseu
dogene in more than 99% of the strains of a serovar, it 
was considered as a core pseudogene for the serovar. 
Categories pseudogenized in 95% to 99% of the gen
omes of a certain serovar were considered as soft-core 
pseudogenes, categories pseudogenized in 15% to 95% 
of the genomes of a serovar were considered as cloud 
pseudogenes, and categories pseudogenized in less than 
15% of the genomes of a serovar was considered as shell 
pseudogenes. To compute the core and pan- 
pseudogenome common to STY and SPA, the same 
thresholds were applied. For example, core pseudo
genes common to SPA and STY correspond to pangen
ome categories that are pseudogenized in more than 
99% of the 177 genomes of the STY/SPA dataset (43 
STY genomes + 134 SPA genomes).

Gene ontology (GO) pathway enrichment analysis 
of pseudogenes

The PANTHER software [31] version 19.0 in the Gene 
Ontology portal (https://www.geneontology.org) was 
used to perform a functional enrichment analysis of 
SPA and STY pseudogene families. Briefly, we analyzed 
a subset of STY and SPA pseudogenes that were repre
sented as annotated functional genes in the reference 

Salmonella Typhimurium genome at the PANTHER 
database and chose the “complete GO biological pro
cess” as annotation data set. Functional enrichment 
analysis was done using the Fischer’s exact test and 
a standard correction for multiple testing based on 
False Discovery Rate (FDR). All GO categories with 
corrected FDR p-values ≤0.05 were considered to be 
significantly enriched in SPA/STY pseudogenes.

Mobile genetic elements content analysis

The presence of prophage was predicted using VirSorter2 
[32] version 2.2.3 (default parameters with the “— min- 
length 1500” option). The quality and the integrity of the 
viral regions were then assessed using CheckV version 
1.0.1 default parameters [33]. After assessment of the 
quality and the integrity, high quality and complete 
prophage regions were clustered using VContact2, 
default parameters and version 0.9.19 [34]. Chi-Squared 
test was performed to assess whether the distribution of 
viral clusters differed significantly across various geo
graphic regions. To quantify the strength of these asso
ciations, we calculated Cramer’s V score. All analyses 
were executed using Python, with a significance thresh
old set at p < 0.05. Heatmaps were plotted using seaborn 
heatmap package.

Protein sequences corresponding to known proph
age-associated virulence factors (GipA, GogB, SodC, 
SopE, SopE2, SseI, SseK3, SspH1, and SspH2) were 
retrieved from the NCBI database. These sequences 
were then compared against prophage protein 
sequences predicted by VirSorter2 and validated with 
CheckV using BLASTp. Matches exhibiting at least 95% 
sequence identity and 95% query coverage were con
sidered as virulence factors encoded by prophages.

The type of plasmids was classified as Conjugative 
(pConj), mobilizable (pMob) or decayed conjugative 
(pdConj) plasmids using the CONJScan module of 
MacSyFinder2 [https://peercommunityjournal.org/arti 
cles/10.24072/pcjournal.250/] version 2.1.1 with the 
“Plasmid” parameters.

For the detection of Conjugative operon and lone 
relaxases in the chromosome, we used the CONJScan 
module of MacSyFinder2 with the “Chromosome” 
parameters.

Classification of plasmids

The taxonomic classifier of plasmids, COPLA ver
sion 1.0, was used to assign plasmids to taxonomic 
units with default parameters [35].
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Defense systems annotation

Defense systems were annotated using DefenseFinder 
with default parameters (last update 
10 October 2023) [36].

Conjugation assay

The donor (E. coli K1037/pN3, E. coli FS1290/pRP4, 
E. coli DH10B/pCVM29188, S. Typhimurium SL1344/ 
pESI, E. coli C600/pRK2) and recipient (S. 
Typhimurium LT2, S. Typhimurium SL1344 and S. 
Paratyphi A 9150) strains were grown for overnight in 
selective LB medium. One ml from each culture was 
concentrated, washed, and resuspended in 100 µL of 
fresh LB. Donor and the recipient strains were mixed 
at equal volumes in a test tube, and 20 µL of the con
jugation mix or 10 µL of the donor suspension only (as 
a negative control) were spotted onto an LB agar plate 
or an LB agar plate and incubated at 37°C. After 6 h, 
the conjugation mix was scraped from the plate and 
resuspended in 1 ml saline, and serial dilutions were 
plated onto LB supplemented with two antibiotics for 
CFU counting. The plates were incubated at 37°C over
night, and the conjugation frequency was calculated as 
the number of transconjugant CFUs/donor CFUs 
under each condition.

Rarefaction curve and heaps’ law fit

Rarefaction curves for the pangenome of each serovars 
were computed using the package vegan for R, version 
2.5.6 (https://CRAN.R-project.org/package=vegan). The 
Heaps’ law was fitted to each rarefaction curves.

F ¼ κN β 

Where F is the total number of distinct pangenome 
families and K and β are parameters determined 
empirically. The associated K and β values were 
extracted using the “optimize.curve_fit” method from 
scipy version 11.4 for python [37].

Results

Sequencing, assembly and annotation of new 
typhoidal strains

To elucidate the genome structure of S. Paratyphi A and 
S. Typhi, we have resequenced and hybrid assembled the 
genomes of S. Paratyphi A 45157 (SPA45157) and S. 
Typhi 120130191 (STY120130191) both are clinical low- 
passage isolates of enteric fever patients. SPA 45157 was 
isolated in 2009 at the Sheba Medical Center from the 

blood of a hospitalized patient, as part of a large para
typhoid outbreak affected a large group of Israeli trave
lers who have visited Nepal during the fall of 2009 [20]. 
This strain was found to be similar on the genomic level 
to multiple SPA strains from lineage A that were pre
dominantly isolated in south east Asia (see below).

STY 120130191 was isolated at 2012 at the Sheba 
Medical Center from the blood of a patient diagnosed 
with a typhoid fever, after returning from 
a backpacking trip to India and Thailand. This strain 
showed very high sequence similarity to a 2008 STY 
isolate (ERL082356) that was isolated in India. The 
genome of SPA45157 was hybrid assembled using 
both Myseq and Oxford Nanopore sequencing reads 
and yielded a complete chromosome of 4,554,125 bp 
(accession number CP156168). The obtained chromo
some length was very similar to the genome size of 
other S. Paratyphi A genomes, which were previously 
reported [38]. The STY120130191 genome (accession 
number CP156169) was generated using a combined 
PacBio and Illumina HiSeq 3000 sequencing reads and 
yielded a complete genome of 4,783,423 bp and an 
IncFIB replicon of 106,706 bp (accession number 
CP156170).

Functional and structural gene annotation using 
Prokka [21] and eggNOG-mapper [22] of SPA45157 
and STY120130191 genomes produced 4,307 and 
4,745 coding genes, 84 and 82 tRNA, and 22 and 25 
ribosomal RNA genes, respectively. Table S2 sum
marizes the assembly and annotation statistics of these 
two genomes.

The phylogeny of typhoidal serovars

To shed light over the phylogeny of these strains, 
their assembled genomes were analyzed together 
with additional high-quality (Reference Sequences) 
dereplicated and representative 134 (out of 155 ana
lyzed) SPA, 43 (out of 242 analyzed) STY and 161 
(out of 443 analyzed) STM genomes, retrieved from 
the NCBI RefSeq database (Table S1). As an out
group, we included the genome of S. bongori (strain 
N268–08; RefSeq NC_021870.1). To describe the 
phylogenetic relations between these strains, 
a maximum likelihood phylogenetic tree based on 
3,368 aligned core genes (alignment length: 73863 
nucleotide sites, distinct site patterns: 1,922) shared 
by all serovars was built. The resulting phylogenetic 
tree (Figure 1) indicated that the SPA, STY and 
STM serovars are all grouped into well-resolved 
separated clades. This result is consistent with pre
vious phylogenomic studies [13,40], indicating that 
Salmonella core-genes generally exhibit 
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a phylogenetic grouping matching the serologic clas
sification according to the Kauffmann-White-Le 
Minor serotyping scheme.

To gain further insights into the evolutionary 
genomics of these serovars, we compared nucleotide 
diversity using the Pi (π) indice in aligned core 
genes between all isolates of each serovar. 
Interestingly, we found that nucleotide diversity var
ies largely between serovars. The highest nucleotide 
diversity was indicated in the STM serovar (Pi =  
0.00154), which demonstrated significantly higher 
diversity than SPA (Pi = 8.24×10−4) and almost 20- 
fold higher diversity than STY (Pi = 7.71×10−5). 
These results indicated that while STM exhibits the 
highest genetic diversity, and SPA presents some
what moderate level of nucleotide diversity, STY is 
basically a clonal serovar that exhibits very low 
genetic diversity among isolates.

The population structure of SPA

While the population structure of STY was recently 
addressed by several studies [41–44], SPA is still an 
understudied typhoidal serovar. Therefore, we sought 
to analyze in more details the population structure of 
SPA and applied the Fastbaps method based on 
Bayesian Hierarchical clustering [45] to define its 
Phylogeny. Using this approach, we were able to iden
tify ten genetically distinct lineages, named A to 
J (Figure 2). Five out of the ten lineages (A, B, F, H, 
and J) were monophyletic, and three of them are well 
correlated with the geographic origin of their isolates. 
Specifically, lineage A contains mainly isolates from 
Asia, and lineages H and J contain strains that were 
isolated in South America. Lineages B and F consist of 
a mixture of isolates from different countries and con
tinents, suggesting global distribution of these strains.

Figure 1. Phylogenetic tree structure of S. Paratyphi A (n = 134), Typhi (n = 43) and Typhimurium (n = 161) representative isolates. 
S. bongori (isolate N268–08) was used as an outgroup. The tree was obtained from aligned core genes (n = 3368) of dereplicated 
Refseq public genomes and maximum likelihood inference calculated with iqtree [39]. Branches are colored according to serovar 
(SPA in red; STY in blue; and STM in orange). Internal nodes with support of >90% are shown in black, while nodes with support of  
> 50% are shown in gray. Tip colors indicate the geographical origin of isolates, according to NCBI geo_loc_name metadata. Year of 
isolation was added to strain names when it was available from the NCBI associated metadata.
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Noteworthy, lineages A to G are largely consistent 
with a previously published analysis using 149 of 
SPA genomes [46], with one of these lineages (line
age G) containing a single isolate (PA089) only, 
which was isolated in 1971 in Hong-Kong. 
Nonetheless, our current analysis expanded this pre
vious study and identified three additional new 
lineages including, lineage H (contains 11 isolates), 
lineage I (contains 14 isolates), and lineage 
J (contains 4 isolates) that were not identified in 
previous analyses. Supplementary Figure S1 presents 
a comparison of the SPA lineages between our cur
rent analysis and the previous study reported by 
Zhou et al. [46].

The pangenome of STM, SPA and STY

To understand better the diversity, dynamics and evo
lution of typhoidal Salmonellae, we have constructed 
the pangenome of STM, SPA and STY, as represented 
by the 339 annotated complete genomes. The resulted 
pangenome of the three serovars consists of 15,096 
genes, of which 3,368 are core genes (present in more 
than 99% of the genomes), 312 were defined as soft 
core genes (present in 95–99% of genomes), 1,215 shell 
genes (present in 15–95% of the genomes) and 10,201 
cloud genes (present in less than 15% of genomes). The 
cloud genes category represents 67.5% of the pangen
ome and includes genes that are either specific to only 

Figure 2. S. Paratyphi A phylogeny and classification into lineages. A phylogenetic tree of SPA was obtained from aligned core genes 
(n = 3877) of 134 representative SPA public genomes together with the resequenced SPA45157 genome. A maximum likelihood 
inference was calculated with iqtree. Lineages [A to J] were defined using bayesian hierarchical clustering implemented in the 
fastbaps software [45]. Country and isolation dates of isolates were retrieved from NCBI sample metadata and are indicated in red. 
Tip colors indicate the geographical origin of the isolates.
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one serovar or to a subgroup of genomes from one 
serovar. This large array of cloud genes indicated the 
variable distribution of a significant pool of accessory 
genes among the STM, STY and SPA genomes that 
shapes its intra-serovar genetic diversity. Table S3 sum
marizes the core, soft core, and the accessory (shell and 
cloud) genes for STM, SPA, and STY and lists common 
core and accessory genes shared by STY and SPA.

In order to evaluate differences in gene repertoire 
between typhoidal and STM genomes, we compared 
their gene pool size. To do so, we built a pangenome 
and a core-genome specific to each serovar 
(Figure 3). Interestingly, while the three analyzed 
serovars had a relatively similar core-genome size 
of 3342, 3878 and 4089 genes for STM, SPA and 
STY, respectively, the total accessory gene pool 
(cloud + shell genes) of the STM dataset (8290 
genes) was more than four times larger than the 
ones of the typhoidal datasets (1991 and 1912 
genes for SPA and STY, respectively). To assess 
whether this difference could translate into 
a difference in the openness of the pangenomes, 

we computed the pangenome rarefaction curves of 
each serovar. Pangenome size can either increase 
a lot with the addition of novel genomes and then 
it is referred as an open pangenome, or increase 
very little and then it is considered as closed pan
genome. These changes can be quantified by fitting 
rarefaction curves with the Heaps’ law and extract
ing the values of the γ parameter that vary between 
0 (closed) and 1 (open) [47]. While STY (γSTY =  
0.0976689) and SPA (γSPA = 0.0981325) displayed 
highly closed pangenome, the γ parameter of STM 
(γSTM = 0.235909) suggested significantly more 
opened pangenome (Figure 3). These results suggest 
that since the time of divergence, SPA and STY have 
had a smaller rate of acquisition of new genes into 
their ancestral genome in comparison to STM. We 
concluded from this analysis that STY and SPA 
exhibit a conservative genomic structure with 
a relatively low diversity and a scarcity of new 
gene acquisition. Yet, despite this low acquisition 
rate, both serovars also harbor genes that are absent 
from STM and are specific to STY, SPA or both.

Figure 3. Rarefaction curves of the pangenome of S. Typhimurium, S. Paratyphi A and S. Typhi. Gamma values deduced from the 
fitted heaps’ law curve and the number of core genes for each serovar are shown in the insert table. The rarefaction curves are 
shown in yellow, red and blue for the genome of STM, SPA, and STY respectively. Values calculated with the accumulation method 
are shown in gray error bars. For STY and SPA, values predicted using an Arrhenius model to reach STM genome number (164) are 
shown in light gray circles without error bars.
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Different and common pseudogenes repertoire in 
SPA and STY

Typhoidal serovars are human-specific pathogens and 
thought to lack an environmental reservoir compared 
to non-typhoidal serovars. Such lifestyle can lead to 
reductive genome evolution, as many genes become 
useless in a narrow host range [19]. Indeed, previous 
studies have shown a significant degree of genome 
decay in STY and SPA genomes [16,38,48,49], however 
this observation was based on a relatively low number 
of genomes. To gain a broader perspective about gen
ome degradation in SPA, we compared the content of 
pseudogenes in SPA (n = 134), STY (n = 43) and STM 
(n = 164) strains. Pseudogenes in each strain were 
determined using an in-house pipeline (see Materials 
and Methods section) that was adjusted to detect pseu
dogenes in Salmonella. Pangenome families of pseudo
genes were defined as clusters of proteins that showed 
80% or more homology and presented signs of pseu
dogenization, including nonsense mutation, in-frame 
deletion of more than five amino acids, or truncation 
of more than 30% of the protein. Overall, we found 
2216 pangenome families that were pseudogenized in at 
least one genome in STM, 743 pangenome families in 
STY and 1315 pangenome families in SPA. Based on 
the presence/absence of each pangenome family as 
pseudogene, we then built a core-pseudogenome and 
a pan-pseudogenome for each serovar (Figure 4). As it 
was previously defined for traditional pangenome ana
lyses [50], we considered as core pseudogenome, pseu
dogenes that were identified in more than 99% of the 
strains; as soft-core pseudogenome, pseudogenes found 
in 95–99% of the strains; shell pseudogenome, pseudo
genes found in 15%–95% of strains; and as cloud pseu
dogenome, pseudogenes that occurred in less than 15% 
of the strains. Since STM was used as the reference, it 
contained no core pseudogene families, i.e. a gene that 
is missing or inactivated in more than 99% of the STM 
genomes. However, it revealed 2108 cloud-pseudogene 
families that were potentially inactivated in one or few 
genomes. In contrast to STM, STY and SPA were found 
to carry plenty of core-pseudogene families, with 174/ 
743 (23.4%) of the STY pseudogenes and 137/1315 
(10.4%) of the SPA pseudogenes were identified as 
core pseudogenes (Figure 4; Table S4). Moreover, we 
built the core pseudogenome of the typhoidal strains, 
and found 34 core pseudogenes and 13 soft-core pseu
dogenes common to both STY and SPA (Table S4). The 
fact that these pangenome families are consistently 
pseudogenized in both STY and SPA genomes suggest 
that their function is dispensable or possibly deleterious 
for their lifestyle as typhoidal pathogens.

Multiple pseudogenes of SPA are known to be 
involved in adhesion and fimbriae biogenesis (stfF, 
csgF, safD, bcfF, sinH, zirT), flagella biogenesis and 
motility (ycgR, hin, fliB) and iron and magnesium 
homeostasis (fhuA, fhuB, fhuE, mgtA).

Interestingly, similar functions were also found to be 
dominant among the STY pseudogenes including adhe
sion and fimbriae biogenesis (csgD, htrE, sthE, steA, 
sinH), flagella biogenesis and motility (tsr) and iron 
and magnesium homeostasis (fhuA, fhuB, fhuE, hoxN) 
(Table S4).

Gene ontology (GO) pathway enrichment analysis 
using the PANTHER tool [31] allowed classification 
of 768 out of 1315 SPA pseudogenes into 45 GO path
ways. The most significantly enriched pathways after 
FDR correction (had the lowest FDR corrected p-value) 
were small molecule metabolic process (GO:0044281), 
metabolic process (GO:0008152), and cellular process 
(GO:0009987) (Table S5). Similar analysis has classified 
376 out of 743 STY pseudogenes into 11 GO pathways, 
while the most significantly enriched pathways after 
FDR correction were cellular process (GO:0009987), 
amino acid metabolic process (GO:0006520) and trans
membrane transport (GO:0055085) (Table S6).

Finally, we also looked at small in-frame deletions 
(less than five amino acids) detected by our analysis. 
Core small in-frame deletions were found in 47 gene 
families in SPA, and in 37 gene families in STY. Among 
small in-frame deletions detected in SPA, we found 
changes in additional motility and chemotaxis genes 
(cheM, fliK, and tar), invasion and virulence (sipD, 
rhuM, sinI) and fimbriae biogenesis (stdA, safB). 
Related functions were also found in genes with small 
in-frame deletions in STY including genetic variation in 
the motility gene (fliK); invasion and virulence (sipD, 
srfC, sinI, and rhuM) and fimbriae biogenesis (fimA, 
safB, and stdA). Since all of these variations are small 
in-frame deletions, we currently do not know if these 
gene products are actually functional or not, and there
fore, we included them in a separate list as potential 
pseudogenes (Table S7). Yet, the fact that these genes 
accumulate more genetic variations in typhoidal strains 
suggests that they may be under a different evolution
ary pressure in SPA and STY in comparison to STM.

Distribution of prophages in STM, STY, and SPA 
genomes

Mobile genetic elements drive the horizontal transfer of 
adaptive traits across prokaryotes. They allow the bac
teria to quickly acquire new genes and functions, which 
may eventually facilitate their divergence into different 
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species [51,52]. Therefore, we were inspired to test if 
the identified difference in pangenome openness 
between the serovars could be explained by a different 
content of mobile genetic elements. For that end, we 
specifically analyzed the presence and distribution of 
prophages, conjugative and mobilizable elements 
(extrachromosomal or integrated) in the three serovars.

To be conservative, we accounted only for complete, 
highly confident prophage predictions yielded by vir
sorter2 [32]. This way, we detected 263 complete pro
phages in the 164 STM genomes, 87 complete 
prophages in the 43 STY genomes, and 131 complete 
prophages in the 134 SPA genomes analyzed (Figure 
S2, Table S8). The maximum number of complete 
prophage sequences found in one STM strain was 

five, which was identified in the clinical (human) 
stool isolate AUSMDU00027944. Overall, STM and 
STY presented similar numbers of complete prophage, 
with an average of 1.6 and 1.8 phages per genome, 
respectively (not significantly different by Mann – 
Whitney U-test), and both contain more complete pro
phages per genome than SPA, which harbored on aver
age only 0.97 complete prophage per genome 
(Figure 5(a)) (Mann–Whitney U, p-values = 7.600e-06 
and 5.845e-06, compared to STM and STY, 
respectively).

We also examined the diversity of prophages among 
STM, SPA, and STY strains. The overall prophages 
repertoire identified in this dataset can be classified 
into 70 viral clusters (VCs), showing high diversity of 

Figure 4. Number of core, cloud, shell and soft-core pseudogenes and rarefaction curves for the core and pan-pseudogenome 
of S. Typhimurium, S. Paratyphi A and S. Typhi. The top panels show the number of core, cloud, shell and soft-core 
pseudogenes for the STM, SPA, STY and their numbers in a combined SPA+STY dataset. The rarefaction curves are shown in 
yellow, red and blue for STM, SPA, and STY, respectively. For STY and SPA, values predicted to reach STM genome number 
(164) using either an Arrhenius model for pangenome curves or an exponential decay function for the core genome curves are 
shown by discontinuous points without error bars.
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mobile genetic elements (MGEs) among Salmonellae 
(Figure 5(b), Table S9). STM was found to present the 
highest diversity of prophages with 54 different VCs. 
Out of which, 50 VCs were specific to STM. Strikingly, 
many of the STM-associated phages are not prevalent 
and are present in only one or two STM genomes. In 
contrast, typhoidal serovars were found to present 
a rather low prophage diversity in their genome. SPA 
was found to harbors only 16 VCs, out of which nine 
are SPA-specific. STY genomes presented only 8 VCs 
and one of which is STY-specific. Such low diversity of 
prophages in STY and SPA correlates well with the 
lower openness of the pangenome of typhoidal serovars 

and may suggest that the lack of an environmental 
reservoir limits horizontal acquisition of accessory 
genes into their genome. This notion was also rein
forced by testing specifically the distribution of known 
phage-encoded virulence factors in complete and 
incomplete prophage elements (phage remnants) as 
predicted by Virsorter and CheckV. These elements 
can still carry virulence-associated genes that could 
play a role during host infection. Here, we tested the 
distribution of the virulence factor genes gipA (Gifsy-1 
encoded invasion protein), gogB (Gifsy-1 encoded anti- 
inflammatory effector), sodC (Gifsy-2 encoded periplas
mic [Cu,Zn]-superoxide dismutase), sopE (SopEphi 

Figure 5. Distribution and diversity of prophages in the genome of S. Typhimurium, S. Paratyphi A and S. Typhi. (a) The number of 
complete prophages per serovar corresponds to highly confident hits (see methods) per genome for each serovar. The horizontal bar 
represents the median value, while the lower and upper hinges correspond to the first and third quartiles. The whiskers extend from 
the hinge to 1.5 times the range between the first and third quartile. Data beyond these values are shown as dots. The statistically 
significant differences between plots are shown at the top (ns, p > 5.00e-02; ****, p ≤ 1.00e-04, by Mann-Whitney U test). (b) the 
diversity of the prophages per serovar is shown and color-coded based on prophages distribution between serovars. The circles 
represent the different viral clusters (VCs) and their size is proportional to the number of prophages in each cluster. The name of the 
VC and the number of the prophages in the cluster is shown in the center of each circle. (c) the distribution of known phage- 
encoded virulence factors (GipA, GogB, SodC, SopE, SopE2, SseI, SseK3, SspH1, and SspH2) in complete (dark tones) and incomplete 
(light tones) prophage elements is shown for STY, STM, and SPA genomes. The distribution of virulence genes in Salmonella 
genomes was predicted by predicted by Virsorter and CheckV as explained in the materials and methods.
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encoded guanine exchange factor), sopE2 (phage-like 
element encoded guanine exchange factor), sseI 
(Gifsy-3 encoded E3 ubiquitin ligase), sseK3 (ST64B 
encoded invasion effector), sspH1 (Gifsy-2 encoded 
actin polymerization inhibitor), and sspH2 (phage-like 
element encoded actin polymerization inhibitor). This 
analysis indicated that while a significant portion of 
STM genomes carries phage-encoded virulence factors 
at varying frequencies, their distribution among SPA 
and STY genomes is very limited. SPA genomes were 
found to carry mainly SopE (few genomes also carry 
SopE2) and STY genomes harbor mainly SopE and 
SodC (Figure 5(c)).

Next, we tested possible correlation between the 
presence of specific VCs and the geographic location 
of the isolates using Chi-Squared Test and Cramer’s 
V score. This analysis identified statistically significant 
association between certain VCs and the origin country 
of some isolates. For example, VC_0_15 was found 
enriched in USA and China STM strains, VC_1_6 
among Chile SPA trains, VC_39_2 in China and 
Australia STM strains and VC_7_4 in STM China, 
Australia, Taiwan and USA strains (Figure S3). These 
results suggest that at least some prophages are more 
prevalent in specific countries than others are and that 
prophages distribution can be geography dependent.

Finally, it is noteworthy that, while having a low 
diversity of phages, typhoidal serovars share five com
mon VCs that were not found in STM. This could be 
due to vertical inheritance of selected prophages that 
were present in their ancient genome before STY and 
SPA diverged from their common ancestor or that STY 
and SPA can be infected by few, closely related pro
phages due to their similar lifestyle.

Distribution of plasmids and mobile genetic 
elements in STM, STY, and SPA

We next classified the identified plasmids into phylo
genetically coherent taxonomic groups. Overall, 299 
plasmids were assigned into 42 plasmid taxonomic 
units (PTUs) (Figure 6(a), Table S10), showing a high 
diversity of plasmids among the three serovars of our 
dataset. However, this diversity was not distributed 
equally among all serovars. Out of the identified 
PTUs repertoire, 76% (32/42) different PTUs were 
found in STM, 40% (17/42) in SPA and only 17% 
(7/42) in STY (Figure 6). Nineteen PTUs were specific 
to STM only, six PTUs were specific to SPA (PTU-E68, 
PTU-BAC44, PTU-E9, PTU-E39, PTU-N2/3, PTU- 
Bac19), and only three PTUs were specific to STY 
(PTU-N1, PTU-E50, PTU-E80). Of note, one PTU 
(PTU-Y), was found in both STY and SPA, but not in 

STM, suggesting that this PTU may be adapted to 
typhoidal serovars. This high diversity of plasmids 
found in STM is in agreement with the openness of 
its pangenome and with the high diversity of accessory 
genes found in STM, compared to STY and SPA. 
Furthermore, the low diversity of plasmids in STY 
might explain why, despite having a similar number 
of MGE per genome as STM, STY has a more closed 
pangenome.

Interestingly, two PTUs, PTU-X1 (IncX1) and PTU- 
HI1A (IncHI1A) were found in all three serovars in 
low, but similar frequencies (Table S10), suggesting that 
these plasmids may be beneficial or stable in both 
typhoidal and NTS serovars. Furthermore, the three 
most prevalent PTUs in Salmonella were all specific to 
STM, including PTU-FS (IncFII/IncFIB), PTU-I1 
(IncI1), and PTU-HI2 (IncHI2). These PTUs contain 
plasmids such as pST90–2 [53], pESI [54], and pJXP9 
[55] respectively, and are known to be associated with 
multidrug-resistance strains.

Similarly, we looked at the distribution of conjuga
tive and mobilizable systems (collectively referred to as 
conjugative elements) in the chromosomes and plas
mids of the three serovars. Altogether, this analysis 
revealed 227 conjugative elements in the 164 STM 
genomes, 51 in the 43 STY genomes, but only 15 in 
the 134 SPA genomes analyzed (Figure S4). 
Interestingly, most of the STM (78%) and almost all 
STY (93%) genomes contained at least one conjugative 
element. In many cases, STM genomes harbored multi
ple conjugative elements, with 40.8% of them harbored 
two or more conjugative elements (Figure S4 and Table 
S11). In contrast, conjugative elements were rather 
scarce in SPA genomes, with only 9.7% (14/134 gen
omes) were found to encode one or more conjugative 
elements. Consequently, like for prophages, STY and 
STM had a similar number of conjugative elements per 
genome, and both contained more conjugative ele
ments per genome than SPA as shown in Figure 6(b) 
(Mann–Whitney U, p ≤ 1.108e-24 and p ≤ 1.406e-30, 
compared to STM and STY, respectively). Taken 
together, these results indicate that SPA genomes have 
either acquired much less mobile genetic elements than 
STY and STM, or that these mobile genetic elements 
are not maintained for a long time in SPA genomes.

One option that could have potentially explained the 
low frequency of conjugative elements in SPA genomes 
is an impaired ability of this serovar to perform con
jugation, possibly due to a very long O-antigen chains 
that characterize this serovar [56], which may interfere 
with DNA transfer via conjugation. To examine this 
hypothesis experimentally, the conjugation frequency 
of five different conjugative plasmids from various Inc 
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Figure 6. Distribution of conjugative elements and diversity of the plasmids in S. Typhimurium, S. Paratyphi A and S. Typhi. (a) The 
diversity of plasmid taxonomic units (PTUs) per serovar is shown and color-coded based on its distribution between serovars. The 
circles represent the different PTUs and their size is proportional to the number of plasmids in the family. The name of the family 
and the number of the elements in the family is shown in the center of each circle. (b) The number of conjugative elements 
corresponds to complete conjugative systems present either in the chromosome or in plasmids of each genome per serovar. The 
horizontal bar represents the median value, while the lower and upper hinges correspond to the first and third quartiles. The 
whiskers extend from the hinge to 1.5 times the range between the first and third quartile. Data beyond these values are shown as 
dots. The statistical significance was calculated by the Mann–Whitney U test. ns, p > 0.05; ****, p ≤ 0.0001). (c) Conjugation 
frequency of different plasmids into STM and SPA. The conjugation frequencies of different plasmids were tested by mating 
assay into SPA (strain 9150) and to two STM strains (SL1344 and LT2). Conjugative plasmids tested belong to different PTUs: pN3, 
PTU-N1; pESI, PTU-I1; pRK2, PTU-E; pCVM, PTU-I1; pRP4, PTU-P1. The horizontal bar represents the median value, while the lower and 
upper hinges correspond to the first and third quartiles. The whiskers extend from the hinge to 1.5 times the range between the first 
and third quartile. Data beyond these values are shown as dots. The statistical significance was calculated by the Mann–Whitney 
U test. ns, p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001).
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groups including pESI [54], pN3 [57], pCVM [58], 
pRK2 [59] and pRP4 [60] were compared between 
two strains of STM (LT2 and SL1344) and SPA 9150. 
As shown in Figure 6(c), with the exception of the 
plasmid pRP4, that was indeed conjugated into SPA 
in a much lower frequency than to the examined 
STM strains, other conjugative plasmids were conju
gated under laboratory conditions at similar or at 
slightly higher frequencies into SPA than to STM. 
These results suggested that the differences in the dis
tribution of conjugation elements are not the results of 
an impaired conjugation ability of SPA, but due to 
a different reason. Alternative possibilities may include 
the presence of more stringent defense systems against 
foreign DNA in SPA or that SPA is less exposed to 
environmental pressures such as antibiotics, in a way 
that lessen the selective advantage conferred by conju
gative plasmids carrying antibiotic resistance genes. 
These possibilities are further deliberated in the 
Discussion section.

Differences in the distribution of antimicrobial 
resistance genes between serovars

To assess if the differences in the distribution of accessory 
genomes and its openness between serovars affect their 
antibiotic resistance potential, we compared the distribu
tion of antimicrobial resistance genes in STM, SPA, and 
STY (Figure 8, Table S12). Out of the 1041 AMR genes 
we detected in our analysis in all serovars, 60% (625 
genes) were carried by plasmids while 40% (416 genes) 
were chromosomally encoded. Interestingly, antimicrobial 
resistance due to horizontal acquisition of genes was more 
prevalent in STM and STY than in SPA. For instance, 
72% of the STM genomes and 30% of the STY genomes 
analyzed were resistant to sulfonamide (due to acquisition 
of sul1, sul2 and/or sul3 genes), but only 3.8% of the SPA 
genomes harbored these genes. Similarly, 63% of the STM 
and 23% of the STY, but only 3.7% of the SPA genomes 
were resistant to streptomycin (due to acquisition of sat2). 
Overall, SPA genomes were found to harbor the lowest 
prevalence of AMR genes and the distribution of all the 
AMR genes examined (Table S12) never exceeded 4% of 
the SPA genomes (Figure 7).

Next, we asked if these AMR genes were carried by 
the plasmids associated with each serovar. Many were 
actually located on PTU-HI2 (250), PTU-FS (37), and 
PTU-I1 (33), which are STM-specific PTUs, and on 
PTU-C (111) that was found in both STM and STY. 
Similarly, when we analyzed the distribution of qnr and 
oqx genes, conferring resistance to quinolones, we 
found that 19% of the STM genomes were predicted 
to be quinolone-resistant due to acquisition of qnr or 

oqx genes, but only 9% of STY genomes and 0.7% of 
the SPA genomes were harbored these genes (Figure 7). 
Nevertheless, when we analyzed the distribution of 
point mutations in the core genes gyrA (encoding 
DNA gyrase) and parC (encoding topoisomerase IV), 
we found that while 44% of STY and 37% of SPA 
genomes acquired point mutations potentially leading 
to quinolone resistance, only 22% of the STM genomes 
possessed these mutations. These results suggest that 
while quinolone resistance is abundant in the three 
serovars, it is more associated with an AMR gene 
acquisition in STM, but with mainly point mutations 
in STY and SPA. Taken together, these results suggest 
that STM acquires antibiotic resistance genes through 
acquisition of AMR genes through horizontal gene 
transfer and that this environmental reservoir might 
be less accessible to SPA and STY. In consequence, 
SPA and STY accumulate more point mutations to 
face antibiotic pressure. Moreover, comparison between 
SPA and STY indicated a significantly higher frequency 
of AMR genes distributed in STY than in SPA 
genomes.

Diverse distribution of defense systems in STM, STY 
and SPA

The difference in the genetic content of plasmid and 
prophage sequences between typhoidal and non- 
typhoidal serovars could potentially be the result of 
differences in the presence and distributions of defense 
systems. To test this hypothesis, we investigated the 
diversity of defense systems in the Salmonella isolates 
cohort using Defense Finder (Figure 8, Table S13). This 
analysis detected not less than 3017 defense systems in 
the 342 genomes represented in our dataset, including 
1699 defense systems in STM, 1078 systems in SPA and 
330 systems in STY. Among all defense systems identi
fied, the vast majority of which (39%; 1176) were restric
tion modification (R-M) systems. STM was found to 
encode the highest number of defense systems per gen
ome, followed by STY and SPA (Figure 8, Mann- 
Whitney U, P-values ≤0.0005). In terms of their diver
sity, while all three serovars encoded RM and CRISPR- 
Cas systems, STM harbors a much higher diversity of 
different defense systems, including 29 that are comple
tely absent from STY or SPA (i.e. STM-specific). As 
many defense systems are carried by MGEs [61], this 
higher diversity is in-line with the higher diversity of 
MGE (especially unique prophages, Figure 5b) found in 
the STM genomes. Nevertheless, we found that some 
defense systems including PD-T4-3, Druantia and 
RST_3HP are almost exclusively specific to SPA and 
STY and are absent from STM. On the other hand, 
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this analysis showed that the defense systems Paris, 
BREX, Mokosh, Retron and PD-T4-1 are specific to 
STM and are missing from SPA and STY genomes.

Most of these defense systems are known anti-phage 
factors [62] and many were found to be encoded on 

MGEs, specially prophages. Therefore, it is possible that 
this difference in defense system content is directly 
linked with the presence of serovar-specific prophages. 
To test this hypothesis, we studied the genetic location 
of the identified defense systems. Interestingly, we 

Figure 7. Prevalence and distribution of antibiotic resistance genes in STM, STY, and SPA. The top three charts represent the 
proportion of genomes from each serovar that encode AMR genes. The bottom graph shows the total number of antibiotic 
resistance genes found in each serovar for every antibiotic subclass. Point mutations conferring resistance to quinolone are shown 
on the right end of each graph.
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found that the defense systems specific to STM, Paris 
and PD-T4-1, Kiwa and AbiU were all encoded within 
prophages specific to STM (VC35–0, 37–0, 2–11 and 
7–4), while the defense systems Rst_3HP and Septu, 
which are present only in typhoidal serovars were 
encoded by prophages specific to STY and SPA 
(VC1–0 and VC5–0). Therefore, these results suggest 
that STM, SPA and STY share RM and CRISPR-Cas 
systems, but also harbor specific defense systems 
arsenal, which may shape the difference in prophage 
content identified between serovars.

Discussion

Salmonella enterica serovar Paratyphi A is an under
studied causative agent of enteric fever, with an increas
ing prevalence in some endemic regions in parts of Asia 
[63–66]. Revealing its global phylogeny, genome 

structure, AMR gene composition and pseudogene 
repertoire are important for understanding the evolu
tion of this pathogen and identifying effective measures 
to reduce enteric fever burden.

Previous population structure studies that were 
focused on SPA have reported that this serovar has 
a considerable regional differences with the emergence 
of seven distinct lineages, while each one of these 
lineages have originated in a specific geographical loca
tion [46,67]. Our global phylogeny analysis has broa
dened these analyses and updated these reports, by 
clustering the SPA genomes into ten defined lineages, 
while capturing higher population diversity of serovar 
Paratyphi A than previously reported [19,38,48,67].

It is broadly accepted that a genomic hallmark of the 
typhoidal Salmonella serovars STY and SPA is the 
accumulation of high number pseudogenes in their 
genome in comparison to the broad-host serovar STM 

Figure 8. Prevalence and diversity of the defense systems in serovars Typhimurium, Paratyphi A, and Typhi. The histogram shows 
the distribution of the different defense systems found among STM, SPA and STY. The top part represents the distribution of each 
defense system among the three serovars. The box plot insert shows the number of defense systems per genome for each serovar. 
The horizontal bar represents the median values, while the lower and upper hinges correspond to the first and third quartiles. The 
whiskers extend from the hinge to 1.5 times the range between the first and third quartile. Data beyond these values are shown as 
dots. The statistically significant differences between plots are shown at the top (***, p ≤ 1.00e-03; ****, p ≤ 1.00e-04, by Mann- 
Whitney U test).
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[15,19]. This difference was thought to result from the 
adaptation to the human host and a genetic drift due to 
a population bottleneck affect that have occurred dur
ing their evolution [15,19,49,68]. Analyzing multiple 
genomes of SPA allowed us to evaluate more accurately 
the composition of core and flexible pseudogenes in 
this serovar. Overall, we found that among 3878 SPA 
core genes, 137 (3.53%) are bone fide core pseudogenes 
and 47 (1.21%) are potentially pseudogenes due to 
small in-frame deletions of less than five amino acids. 
Similar analysis performed on STY indicated that 
among 4089 core STY genes, 174 (4.25%) are bone 
fide core pseudogenes and 37 (0.90%) are potentially 
pseudogenes due to small in-frame deletions of less 
than five amino acids. Although further experimental 
characterization is still required for functional confir
mation of these small in-frame deletions, one of them, 
fief (that is also called yiiP) was recently confirmed 
experimentally to be inactive in STY [69], providing 
further experimental support to the possibility that at 
least some of these changes lead to gene inactivation.

Many of the inactivated genes are mapped to fim
brial, motility and chemotaxis genes, lysogenic phages 
and genes encoded within Salmonella pathogenicity 
islands (SPIs). This estimation is similar to previous 
analyses, which suggested that 4.8% of annotated 
CDSs in SPA [19] and 4.5% of annotated CDS in STY 
[16,70] are pseudogenes. While previous pseudogene 
predictions in different STY genomes indicated that 
the number of pseudogenes in STY genomes vary 
remarkably from 150 to 233 [44], our current analysis 
is based on higher number of genomes and therefore 
allowed better assignment of inactivated genes into 
core, cloud, shell and soft-core pseudogene groups. 
Together, these reports suggest that gene inactivation 
may be an important driving force of genome variation 
among typhoidal Salmonella.

Pseudogenes formation was also shown to shape 
the evolutionary trajectory of the STM sequence type 
313 (ST313), a leading causative agent of invasive 
nontyphoidal Salmonella infections in Africa that 
was shown to harbor multiple gene inactivation 
events in important virulence genes [71]. 
Noteworthy, some of its characterized pseudogenes 
are also inactivated in STY (e.g. macB, encoding 
a putative ABC transport protein) and SPA (e.g. 
pipD, encoding a T3SS secreted effector and csgD, 
encoding a biofilm regulator). These common exam
ples demonstrate possible convergence evolution in 
different Salmonella lineages towards invasive or sys
temic lifestyle.

Interestingly, although a significant level of pseudo
gene formation was detected in SPA, we could not 

identify any evidence for genome size reduction indi
cating that pseudogenization does not lead to genome 
downsizing as was previously suggested for other 
human pathogens including Mycobacterium leprae 
[72] and Rickettsia prowazekii [73].

Constructing a core-gene multiple alignment of 
STM, SPA, and STY serovars indicated that the genetic 
diversity is lower in typhoidal serovars compared to 
STM. These results are concurring with the openness 
of the pangenome of the three serovars, suggesting that 
pan-genome of STY and SPA are more closed than the 
one of STM. Collectively, these results are in agreement 
with previous reports, indicating that SPA does not 
tend to acquire new genes and that this phenomenon 
may contribute to its conservative genomic structure 
and clonal population structure [38,67]. Nevertheless, 
since our current study includes more diverse genomes 
from more geographical regions, it provides additional 
support to this notion and reinforces the observation 
that SPA possesses a closed pangenome.

Comparison of the nucleotide diversity (π) of the 
core genome of STM, STY and SPA indicated that 
STY presents the lowest level of nucleotide diversity 
among these three serovars and that this serovar 
demonstrates a clonal population structure. This con
clusion is well aligned with the notion that STY is 
a genetically monomorphic pathogen with a slow muta
tion rate and infrequent recombination events [43,74]. 
These results also suggest that STY is under relatively 
little selective pressure from its human host [44] and 
that typhoid in humans is a relatively new disease [75].

Bacterial core genome consists of conserved genes 
with constant presence, which are involved in cellular 
functions. In contrast, the accessory genome comprises 
the genes that vary between specific strains, providing 
bacteria the ability to adapt to particular environments 
or lifestyles including the acquisition of pathogenic 
traits [76–78]. Here, we showed that while the three 
analyzed serovars had a relatively similar core-genome 
size, the accessory genome of STM (8290 genes) was 
more than four times larger than that of the typhoidal 
datasets (1991 and 1912 genes for SPA and STY, 
respectively).

MGEs play a key role in driving genetic diversity 
and shaping the evolutionary routes of bacteria, while 
enabling them to adapt to various environmental 
challenges and life styles [61]. Here we compared 
the composition of conjugative elements, plasmids 
and prophages between the three studied Salmonella 
serovars. Our analyses showed significantly higher 
occurrence of MGEs in STM and STY than in SPA 
and higher diversity of MGE in STM compared to 
their diversity in SPA and STY. These results suggest 
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that SPA genomes have either acquired much less 
mobile genetic elements than STY and STM, or that 
these MGEs are not maintained for a long time in 
SPA genome. The lower frequency of SPA MGEs can 
therefore be explained by the presence of more strin
gent defense systems against foreign DNA. It is pos
sible that SPA have developed strong defense 
mechanisms against foreign DNA making it more 
difficult for MGEs to establish and persist in the 
SPA population under natural conditions. 
Alternative explanation can be that while MGEs like 
plasmids and ICEs typically impose a metabolic bur
den on their bacterial hosts, SPA might have limited 
exposure to antibiotics compared to STM due to the 
lack of environmental reservoirs. Reduced exposure to 
antibiotics and other environmental stressors could 
lessen the selective advantage conferred by MGEs 
carrying antibiotic resistance genes and that the fit
ness cost of maintaining these elements might out
weigh their potential benefits leading to their loss 
over time. Differences in the frequency of MGEs 
and AMR genes between SPA and STY may be 
explained by the presence of “hotspots” for integra
tion of AMR regions in the STY chromosome as 
suggested by recent reports [79,80].

The high diversity of plasmids found in STM is in 
agreement with the openness of its pangenome and 
with the high gene pool diversity accessible for STM, 
compared to STY and SPA. Furthermore, the low 
diversity of plasmids and prophages in STY might 
explain why, despite having a similar number of 
MGEs per genome as STM, STY has a more closed 
pangenome, which is less diverse than STM. The low 
prevalence of plasmids found in SPA is in agreement 
with other recent studies, reporting that most strains 
from serovar Paratyphi A lack any plasmid contigs 
[67,81].

In addition to the lower frequency of plasmids and 
prophages in SPA, our analysis indicated significantly 
lower frequency of AMR genes in SPA genomes in 
comparison to STM. Taken together, these findings 
suggest that STM frequently acquires MGEs and AMR 
genes through horizontal gene transfer events and that 
this pool of accessory genes might be less accessible to 
or less stable in SPA. In consequence, SPA accumulates 
more point mutations in core genes than horizontal 
acquisition of AMR genes to face antibiotic pressure. 
On the phenotypic level, unlike STM or STY, in which 
antibiotic resistance is often associated with the self- 
transmissible IncHI1 plasmids [82–84], most SPA iso
lates are susceptible to antimicrobials, including the 
traditional first-line antibiotics (ampicillin, chloram
phenicol and sulfonamides). Nevertheless, decreased 

fluoroquinolone susceptibility, which is often conferred 
by point mutations within the Quinolone Resistance 
Determining Region (QRDR) of the DNA gyrase 
(gyrA) or the topoisomerase IV (parC) genes, has 
been reported in recent years for SPA [48,66,67].

The low frequency and diversity of MGEs in SPA 
might also be the result of a certain repertoire of 
defense systems associated with SPA genomes that 
reduces the acquisition or the maintenance of MGEs 
carrying AMR genes into the SPA genome. 
Interestingly, the Septu defense system [85] was found 
only in SPA, but not in other STM or STY genomes 
and additional three systems including PD-T4-3 [86], 
Druantia [87], and Rst_3HP [88] were found mostly in 
SPA genomes, with only a limited presence in STY. 
Therefore, differences in the composition of defenses 
systems may suggest that each serovar appears to har
bor a distinct collection of defense factors, that are 
shaped by its interaction with the environment or 
host, as was previously observed for distinct E. coli 
phylogroups [89]. Therefore, it is possible that 
a specific combination of defense systems in SPA con
tributes to the limited presence of MGEs and AMR 
genes in the SPA genomes. Possible demonstration for 
such effect was given by the different conjugation fre
quency of plasmid pRP4 that was shown to be conju
gated at much lower frequencies into a SPA strain than 
into STM strains. Nevertheless, further mechanistic 
examination using a wider array of MGEs, including 
naturally circulating plasmids and phages is required to 
test this hypothesis.

Despite interesting and novel findings highlighted in 
this report, one of its limitations is the relatively low 
number genomes that were included in the final ana
lyses in comparison to recent studies that have analyzed 
the population structure of SPA [48] and STY 
[43,79,90]. In this context, it is important to note that 
the final list of genomes included in this study resulted 
from a rationalized dereplication step that was applied 
to reduce redundancy and include the best quality 
representative genomes from a larger cohort of gen
omes. Additional confine that affected our sample size 
is the necessity to include only complete (or close to 
complete) high-quality sequences for a reliable analysis 
of pseudogenes, AMR sequences and MGEs, that may 
be affected by sequencing or assembly errors.

Conclusions

We present an updated population structure of SPA 
and show previously uncharacterized lineages of this 
serovar. Our genomic comparisons between STY and 
SPA across multiple genomes indicated that 5.15%, and 
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4.74% of STY and SPA core genes, respectively are 
pseudogenes, demonstrating a significant genomic 
decay in these serovars. Moreover, we demonstrated 
that although STY and SPA are considered to be closely 
related at the DNA level [16,19], they present distinct 
differences in the content of plasmids, prophages, anti
microbial resistance genes and defense systems. These 
results suggest that although SPA and STY share 
a similar lifestyle and cause symptomatic- 
indistinguishable disease, their genomic evolution and 
possibly their access to accessory gene pools is different.
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