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ABSTRACT

Background and Aim: Sa/monella Abortusequi is a significant etiological agent of equine abortions, yet limited genomic
data exist, particularly in Central Asia. This study aimed to perform the first genome-wide characterization and phylogenetic
analysis of three S. Abortusequi strains isolated from equine abortions in different regions of Kazakhstan.

Materials and Methods: Whole-genome sequencing was conducted on three isolates using the lllumina MiSeq platform.
Genomic assemblies were annotated using SPAdes and Prokka, while phenotypic traits were predicted through BioNumerics.
Antimicrobial resistance genes, virulence factors, and prophage elements were identified using established databases.
Phylogenetic relationships were examined through whole-genome single-nucleotide polymorphism (wgSNP) analysis
against a global panel of S. Abortusequi and related serovars.

Results: All isolates displayed high genomic similarity and were classified as Salmonella enterica subsp. enterica serovar
Abortusequi with an antigenic profile of 4:a:e,n,x. Twelve Salmonella pathogenicity islands and three prophages were
identified, with ST64B present in all isolates. The ac(6’)-laa gene, which confers resistance to aminoglycosides, was detected
in all strains. Each genome encoded 101-1009 virulence factors, with 94 conserved across isolates. wgSNP analysis confirmed
close phylogenetic clustering of the Kazakh strains, with regional variation between northern and southern isolates.
Prophage-associated virulence elements, particularly virulence factor protein (SseK), were also documented.

Conclusion: This study reveals the genetic uniformity and virulence potential of S. Abortusequi strains circulating in
Kazakhstan. The presence of conserved resistance and virulence genes, including prophage-encoded elements, underscores
the pathogenic risk posed by these isolates. These findings contribute valuable genomic data for surveillance, diagnosis, and
control of salmonellosis in equine populations. Despite the limited sample size, the study establishes a foundation for future
genomic epidemiological studies and targeted disease mitigation strategies.

Keywords: Antimicrobial resistance, equine abortion, Kazakhstan, pathogenicity islands, phylogenomics, Salmonella
Abortusequi, whole-genome sequencing.

INTRODUCTION

Salmonella is among the most prevalent
Gram-negative bacterial pathogens affecting both
animals and humans. In equine production systems,
salmonellosis poses a significant health challenge [1].

Equine abortus salmonellosis, a bacterial infection,
typically leads to abortion between the 6™ and
11" months of gestation. Affected mares often present
with lethargy, anorexia, and a prolonged yellowish-
brown vaginal discharge persisting for 2-3 weeks.
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However, abortion due to Salmonella enterica serovar
Abortusequi can only be provisionally diagnosed based
on clinical signs and pathological findings in aborted
fetuses. A definitive diagnosis requires bacteriological
isolation of the pathogen from clinical samples [2] and
confirmation through advanced molecular diagnostic
techniques [3-7].

Salmonella-induced abortion in mares has
been reported in numerous countries and s
associated with considerable economic losses in the
equine industry [8-10]. In Kazakhstan, where the
horse population is substantial, such infections are
particularly detrimental [11, 12]. Although Salmonella
strains are frequently isolated from mares undergoing
abortion and from aborted fetuses, identification of
these isolates in Kazakhstan has typically been limited
to serotyping. Notably, Daugalieva et al. [13] identified
single-nucleotide polymorphisms (SNPs) in the rpsL
gene fragments of vaccine and control strains of
S. Abortusequi through molecular genetic typing.

Contemporary molecular techniques now
enable reliable differentiation of microbial serogroups
through genotyping approaches [14]. For instance,
genotypic profiling has been employed to characterize
S. Abortusequi strains isolated from diarrheic horses in
Argentina [15]. In Japan, a study of 20 S. Abortusequi
isolates revealed two distinct pulsed-field gel
electrophoresis profiles with a similarity index of 90.9%.
However, when these Japanese isolates were compared
with five S. Abortusequi strains from other countries,
the similarity indices ranged from 29.8% to 37.5%,
highlighting considerable genetic diversity among global
strains [16, 17].

Despite the global recognition of S. enterica
serovar Abortusequi as a causative agent of equine
abortion, there remains a substantial paucity of
genomic data, particularly from Central Asian regions
such as Kazakhstan, where equine production plays
a vital economic and cultural role. Most diagnostic
efforts in the region have relied on conventional
serotyping methods, which are limited in their
capacity to elucidate strain diversity, evolutionary
relationships, and virulence potential. Although
isolated efforts have explored SNP-level differences
in individual genes, no comprehensive genomic
investigations have been undertaken to characterize
S. Abortusequi strains at a whole-genome scale.
Furthermore, there is a lack of integrated analyses
combining antimicrobial resistance profiling, virulence
gene mapping, and phylogenetic comparisons with
globally circulating strains. This gap hinders the
development of effective surveillance, diagnostic,
and preventive strategies tailored to the regional
epidemiology of equine salmonellosis.

The presentstudyaimsto conductthefirstgenome-
wide characterization and comparative phylogenomic
analysis of S. Abortusequi strains associated with
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equine abortions in Kazakhstan. Specifically, the study
employs high-throughput whole-genome sequencing
(WGS) to investigate the genomic architecture of
three isolates obtained from geographically distinct
regions. The objectives include identifying antimicrobial
resistance genes, virulence-associated determinants,
and prophage elements, as well as elucidating the
phylogenetic relationships of local strains in comparison
with previously characterized global isolates. By
bridging the present knowledge gap, this study seeks to
provide foundational genomic insights that will support
more accurate epidemiological surveillance, targeted
diagnostic development, and informed intervention
strategies to mitigate the impact of S. Abortusequi in
equine populations.

MATERIALS AND METHODS

Ethical approval

All animal-related procedures were conducted
with the approval of the Local Ethical Committee of
S. Seifullin Kazakh Agrotechnical Research University,
Astana, Kazakhstan (Protocol No. 3, dated 08 November
2023). Sample collection followed the veterinary and
sanitary guidelines outlined in the “Rules for Sampling
of Transported Objects and Biological Material” (Order
No. 7-1/393, dated 30 April 2015). Tissue samples
were collected post-mortem from parenchymatous
organs of aborted fetuses, specifically the liver, lymph
nodes, spleen, lungs, kidneys, as well as from stomach
contents, jejunum, colon, and cecum.

Study period and location

This study was conducted from November 2023
to November 2024 in three regions of Kazakhstan:
Karaganda, Akmola, and Zhambyl. One isolate of
S. Abortusequi was obtained from each region for WGS
and comparative genomic analysis.

Sample collection and bacterial isolation

Biological samples were collected following
reports of equine abortions from horse breeding farms
operating under a herd housing system. Abortions
were observed as isolated cases in some regions and as
clusters in others (notably Karaganda).

Tissue samples were collected post-mortem from
parenchymatous organs of aborted fetuses — specifically
the liver, lymph nodes, spleen, lungs, kidneys — as well
as from stomach contents, jejunum, colon, and cecum.
In addition, vaginal mucus was collected from the
corresponding aborted mares. All samples were stored
in commercial Amies Transport Medium with charcoal
(Condalab, Spain, #1535). Data on previous abortion
cases in the herd, the physiological status of mares, and
gross pathological changes in the aborted fetuses were
also recorded.

Samples were inoculated on selective Endo agar
or bismuth sulfite agar and incubated at 37°C for
18-24 h (or up to 48 h for bismuth sulfite agar).
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Colonies exhibiting typical SalImonella morphology were
subcultured for species-level confirmation and genomic
analysis.

Species identification

Species identification was performed through
16S ribosomal ribonucleic acid (rRNA) gene sequencing
and matrix-assisted laser  desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS).
Amplification and sequencing of the 16S rRNA
fragment (~800 bp) were performed using established
protocols [18], and species identification was confirmed
by BLAST comparison against the National Center for
Biotechnology Information (NCBI) nucleotide database
(identity threshold >98%).

MALDI-TOF MS was conducted using the Microflex
LT Biotyper 4.0 system (Bruker Daltonics, Germany).
Spectra were obtained using 40 laser pulses at 60 Hz
over a mass range of 2000-20,000 Da and analyzed with
Biotyper v4.0 software. Identification scores >2.000
were considered reliable. Only isolates confirmed as
Salmonella spp. were selected for next-generation
sequencing. No technical replicates or resequencing
were performed.

Genomic DNA extraction and WGS

Genomic DNA was extracted using the QlAamp
DNA Mini Kit following the manufacturer’s protocol.
DNA concentration was quantified using a Qubit
double-stranded DNA HS Assay Kit (Thermo Fisher
Scientific, Waltham, USA). Sequencing libraries were
prepared with the Nextera XT DNA Library Preparation
Kit (lllumina, San Diego, USA). The quality and size
distribution of the pooled libraries were assessed by
agarose gel electrophoresis (1.5% in 1x Tris-acetate-
EDTA buffer).

Sequencing was performed on an lllumina MiSeq
platform using the MiSeq Reagent Kit v3 600 cycles
(catalog number MS-102-3003, Illumina). Standard
ultraviolet sterilization protocols were implemented to
prevent laboratory contamination. No control strains or
technical duplicates were included.

Genome assembly and annotation

Raw sequence data underwent quality control
using FastQC v0.11.7 [19] (https://github.com/s-
andrews/FastQC) and MultiQC v1.28 [20] (https://
github.com/MultiQC/MultiQC). Trimming was
performed using Seqtk v1.3 (https://github.com/Ih3/
seqtk) with parameters “-b 20 -e 3” and Sickle v1.33
(https://github.com/najoshi/sickle) with parameters “-t
sanger -q 30 -g” [21]. Genome assembly was completed
using SPAdes v3.15.2 [22] (https://github.com/ablab/
spades) with “-k 127 --careful” parameters.

Assembly quality and genome annotation were
assessed using Quast v5.0.2 [23] (https://github.com/
ablab/quast) and Prokka v1.14.5 [24] (https://github.
com/tseemann/prokka), respectively. Phenotypic trait
predictions and genomic typing were conducted using
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the Salmonella genotyping plugin in BioNumerics v8.1
(Applied Maths, BioMérieux, Sint-Martens-Latem,
Belgium). Resistance and virulence genes were identified
using default settings, with a minimum sequence
identity threshold of 95% and coverage threshold of
95%, employing the “Combine Fragments” option to
reconstruct full-length genes from fragmented contigs.

Prophage identification was performed by
querying the Salmonella Full Phage KB database
v2021.04.12 through BioNumerics v8.1 (Applied
Maths, BioMérieux, Sint-Martens-Latem, Belgium)
using identity and coverage thresholds of 80% and
40%, respectively. A comprehensive list of software,
input/output formats, and configuration parameters is
provided in Supplementary Table S1.

Phylogenetic analysis

Whole-genome SNP (wgSNP) analysis was
performed using BioNumerics v8.1 to assess
phylogenetic relationships among serovars in Group 0:4
(B) [25]. Assemblies of three study strains and reference
genomes from NCBI (accessed 12 September 2023)
were included. Assemblies were converted into
synthetic reads (50 bp length, 10x coverage) for SNP
calling through read mapping.

The reference genome used was S. enterica
serovar Typhimurium ST4/74 (GenBank accession
NC_016857). Mapping parameters followed established
methods [26]. Phylogenetic clustering was conducted
using the unweighted pair group method with arithmetic
mean, and minimum spanning trees were generated
based on pairwise SNP differences [27].

RESULTS

Strain isolation, species identification, and WGS

Between 2021 and 2023, three cases of equine
abortion were investigated across three distinct
regions of Kazakhstan. Post-mortem examinations
of aborted fetuses revealed consistent pathological
features, including subcutaneous edema, pulmonary
edema, subpleural hemorrhage, and general organ
friability. Selective culture of fetal tissues vyielded
bacterial colonies with morphologies characteristic of
Salmonella spp.

Species-level identification of the three isolates
was confirmed through two independent methods:
MALDI-TOF MS using the Biotyper OC Version 4.0
(Build 11), and sequencing of an approximately 800 bp
fragment of the 16S rRNA gene.

WGS was subsequently performed. The number of
reads per sample ranged from 1,412,918 to 1,463,230,
with an average read length of 300 bp. Genome sizes
ranged from 4,698,446 to 4,801,507 base pairs. The
number of contigs varied between 31 and 107, with
N50 values ranging from 116,706 to 406,610 bp.
The sequencing depth ranged from 33x to 52x,
indicating high-quality genome assemblies suitable for
downstream comparative analyses.



doi: 10.14202/vetworld.2025.1571-1580

Phenotypic trait prediction and virulence profiling

Phenotypic trait prediction was carried out
using the genome assemblies of the three newly
sequenced S. Abortusequi strains, in conjunction with
three reference genomes available in NCBI (GenBank
accessions: GCA_010749735, GCA_010677545,
GCA_007751115). Using the Salmonella functional
genotyping plugin in BioNumerics v8.1, all six strains
were assigned an identical antigenic profile of 4:a:e,n,x.

All isolates harbored the ac(6’)-laa gene, encoding
an aminoglycoside acetyltransferase enzyme that
inactivates antibiotics such as tobramycin, kanamycin,
and amikacin by acetylation at the 6'-position. This
gene confers resistance to aminoglycosides and poses a
therapeutic concern.

Twelve Salmonella pathogenicity islands (SPIs)
were identified across the genomes: SPI-1 through SPI-
6, SPI-9, SPI-11, SPI-14, and CS54. Four SPIs were fully
intact across all genomes, while the remaining eight
exhibited partial coverage (59%—95% gene presence).
Between 101 and 109 virulence genes were detected
per genome, with 94 genes conserved among all three
strains (Supplementary Tables S2 and S3).

In addition, prophage analysis revealed that each
genome contained up to two out of three detected
bacteriophages. Salmonella phage ST64B was present
in all isolates, while SEN34 was found in four of the six
genomes analyzed. Only one isolate (1-S21R-48) carried
the SSU5 phage (Table 1).

Phylogenetic analysis

To assess the genetic diversity and evolutionary
relationships of the Salmonella strains, a wgSNP
analysis was performed. This analysis incorporated 75
complete Salmonella genomes, including the three
newly sequenced strains and three reference strains
of S. Abortusequi (GCA_010749735, GCA_010677545,
GCA_007751115) (Supplementary Table S4).

The isolates from this study clustered within
the same phylogenetic lineage as S. enterica subsp.
enterica serovar Abortusequi. Interestingly, this cluster
also included strains of serovar Bispebjerg (20SAL-
1342-3) and Hessarek (MS170211), suggesting a close
evolutionary relationship (Figure 1). The S. Abortusequi
isolates exhibited over 2600 SNP differences compared
to Salmonella. Bispebjerg (Figure 2).

Within the Kazakhstan isolates, the LPG-235 and
Salmonella-2E strains from the southern region differed
by only four SNPs, indicating high clonal similarity.
In contrast, the S21R-48 strain from the northern
region differed by 297 SNPs from Salmonella-2E,
demonstrating regional genetic divergence (Figure 3).
These findings underscore the utility of wgSNP
analysis in differentiating local circulating strains and
understanding their geographic distribution.

DISCUSSION

This study aimed to conduct the first genome-
wide characterization and comparative analysis of
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Table 1: The number of encoded virulence factors, prophages, and serotypes of the compared strains.

Serotype

Phage {Coverage (%)/Identity (%)}

Virulence islands

Strain

O antigen H1 antigen H2 antigen

SPI-13  SPI-14  CS54

SPI-4 SPI-5 SPI-6 SPI-9 SPI-11  SPI-12

SPI-2  SPI-3

SPI-1

island

e, n, X
e, n,x
e, n,x
e, n, x

ST64B (62/97)

6/8
6/8
6/8
6/8

2/2
2/2
2/2
2/2

3/3
3/3
3/3
3/3

7/7
7/7
7/7
7/7

7/9
7/9
7/9
7/9

4/4
4/4
4/4
4/4

10/15
10/15
10/15
10/15

7/8
7/8
7/8
7/8

41/41 42/44 10/17 10/11

Salmonella-2E
1-S21R-48
LPG-235

ST64B (56/97); SSUS (47/97)

41/41 43/44 10/17 10/11

ST64B (60/97); SEN34 (40/99)

41/41 42/44 10/17 10/11

ST64B (60/97); SEN34 (42/99)

41/41 43/44 10/17 10/11

Abortusequi

CFSAN022626
Abortusequi

e, n, X

ST64B (61/97); SEN34 (42/99)

7/9 7/7 3/3 2/2 6/8

7/8 10/15 4/4

41/41 43/44 10/17 9/11

CFSAN022625
Abortusequi
M264

e, n,x

4

ST64B (64/97); SEN34 (41/99)

7/8 10/15 4/4 7/9 6/7 3/3 2/2 6/8

41/41 43/44 10/17 9/11

SPI: Salmonella pathogenicity islands
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reference (SNPs)
[ 8 o 3 2 € Level Strain Serovar Country Year Host Acession#
' ‘ - ' 13_Banana_b Banana Netherlands 2012 GCA_022317905
: CFSAN059895 Hato Nigeria 2012 Bos taurus GCF_002266125
sg_ww281 Brancaster Singapore 2016 GCF_004194635
VA_WGS-00088 Brezany USA 2006 turkey AAOQIVX010000000
SL483 Agona 2008 GCF_000020885
KFB15 Lagos Nigeria 2019 food GCA_024441915
1553604 Kingston United Kingdom 2021 Homo sapiens GCA_021336315
I 2014LSAL02547 Derby France 2014 Meat from pig GCF_003171775
CD-sLO1 California China 2017 chicken GCF_005222465
— 333391 Gloucester United Kingdom 2017 Homo sapiens GCA_007520185
95051 Remo Homo sapiens AALDEV010000000
FDA945362 1-3b Teddington Mexico 2016 food GCA_010732675
389726 Tafo United Kingdom 2017 Homo sapiens GCA_011164455
418897 Vuadens United Kingdom 2017 Homo sapiens AAHDMUO010000000
425574 Southampton United Kingdom 2017 Homo sapiens GCA_007216315
DE 126 Altendorf Nigeria 2012 Bos taurus GCF_002265935
ATCC 15791 Sloterdijk Netherlands Homo sapiens GCF_000486445
716016 Uppsala United Kingdom 2019 Homo sapiens GCA_007688025
CFSAN059899 Essen 2011 Bos taurus NPOHO01000000
BCW_26¢2 Haifa Nigeria 2009 chicken GCF_002065675
{:[ AUSMDU00039602 Kisangani Australia 2019 GCA_026309795
SENASICA_Sa_AY73  Coeln Mexico 2019 GCA_008601245
BCW_2077 Albert USA 2010 turkey GCF_002031875
_{: ST4/74 Typhimurium NC_016857
—_ 1533790 Shubra United Kingdom 2021 Homo sapiens GCA_020968865
—_ CVM 35189 Reading USA 2004 bovine GCF_016451985
~| L Hzos4 Fulica Kenya 2016 Homo sapiens GCA_019363015
SE991 Heidelberg USA 2009 Homo sapiens GCF_002265745
SPB7 Paratyphi B GCF_000018705
-|: 12-121724_S4 Abony Italy 2012 Canis GCA_022526885
CIDM_ERL_NSW_2019_2Schleissheim Australia 2015 Homo sapiens GCA_013275405
: sg_wt8 Stanley Singapore 2016 GCF_004194615
FC745 Vellore India 2017 Homo sapiens GCF_015223545
FSIS32309334 Eko USA 2023 GCA_030221145
787262 Kalamu United Kingdom 2019 Homo sapiens GCA_011177195
SARA29 Saintpaul NZ_ABANO1000000
35deb Wilhelmsburg Cameroon 2014 Bovine GCF_004744965
283126 Tokoin United Kingdom 2016 Homo sapiens AAAFKR010000000
CFSAN022626 Abortusequi 2015 GCA_007751115
CFSAN022625 Abortusequi 2015 GCA_010677545
Y KazNIVI-3-LPG-235 Abortusequi Kazakhstan 2022 Horse
Salmonella-2E Abortusequi Kazakhstan 2023 Horse
S21R-48 Abortusequi Kazakhstan 2022 Horse
M264 Abortusequi 2013 GCA_010749735
20SAL-1342-3 Bispebjerg Italy 2011 Meleagris gallopavo NZ_CP115551
MS170211 Hessarek Ireland 2017 Homo sapiens DAJCGB010000001
293052 Vom United Kingdom 2016 Homo sapiens GCA_007214435
07-0618 Kiambu China 2017 GCF_002048595
777390 Budapest United Kingdom 2019 Homo sapiens GCA_007894305
568432 Haduna United Kingdom 2018 Homo sapiens GCA_007404705
PNCS012591 Canada Canada 2017 Homo sapiens GCA_022633815
MS160255 Agama Ireland 2016 Homo sapiens GCA_025083685
MS170198 Tudu Ireland 2017 Homo sapiens GCA_025077295
KFB82 Ituri Nigeria 2020 food GCA_024441875
05-0514 Limete USA 2019 GCA_005598835
NRWCIIIA Legon Ghana 2016 GCF_003072845
PNCS012625 Pasing Canada 2017 Homo sapiens GCA_022897675
- Stanleyville Stanleyville Italy 2016 Homo sapiens GCA_022610105
——— SS44 Abortusovis Italy 1970 Ovis aries GCF_000464575
826249 Africana United Kingdom 2019 Homo sapiens GCA_010881945
3901 Bochum United Kingdom 2014 Homo sapiens GCA_016846445
1561245 Wien United Kingdom 2021 Homo sapiens GCA_021502555
B 1498991 Duisburg United Kingdom 2021 Homo sapiens GCA_020653335
1535608 Wagenia United Kingdom 2021 GCA_020995915
Chester Chester USA 2010 GCA_010683045
1363121 Kaapstad United Kingdom 2021 Homo sapiens GCA_019937575
09-5643 Sandiego Canada 2016 Homo sapiens GCA_010774135
L F15M02184 Sarajane USA 2015 GCF_001431385
_ PNUSAS007391 Brandenburg USA 2017 GCA_009061545
PNUSAS007752 Arechavaleta USA 2016 Homo sapiens GCA_010373685
N18S1775 Bredeney 2018 Ground Beef AALOKG010000000
E SL480 Schwarzengrund NZ_ABEJ0O1000000
MS160220 Kimuenza Ireland 2016 Homo sapiens GCA_024816335
J | 2300 Tyresoe Canada 1989 Shrimp GCA_016096795
03-0440 Clackamas USA 2019 GCA_005636025
PNUSAS008816 Koenigstuhl USA 2016 AAONNSO010000000
FDA292719 Texas India 2004 food GCA_016564625
S. Ball (1) Ball Tanzania 2017 GCA_022598055

Figure 1: Phylogenetic tree illustrating the genetic evolution of Salmonella strains based on whole-genome sequencing.
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Figure 2: Analysis of the distinction in whole-genome
single-nucleotide polymorphisms between Salmonella
Abortusequi and other Salmonella strains.

S. enterica subsp. enterica serovar Abortusequi strains
isolated from equine abortions in Kazakhstan, to
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understand their genetic structure, virulence potential,
and antimicrobial resistance profiles.

Epidemiological background and historical context

S. Abortusequi is a pathogenic serovar with a
broad host range, including horses, donkeys, mules,
and occasionally other animal species. The serovar has
a wide geographic distribution and has been implicated
in outbreaks across several countries in Asia, South
America, and Europe. In some settings, the disease
has re-emerged after prolonged periods of absence,
indicating potential for environmental persistence or
reintroduction.

In Kazakhstan, historical records show that
between 1969 and 1974, mass equine abortion
events occurred across multiple farms, with over 50%
attributed to Salmonella spp. The last reported mass
abortion event occurred in 1981. Disease control is
complicated by the fact that breeding horses are often
kept on remote pastures, making timely detection
of abortion cases and sample collection challenging.
Despite the known presence of S. Abortusequi in the
region, prior studies have been limited to phenotypic
characterization, with no targeted investigations of the
serovar’s antimicrobial resistance or genomic traits [11].
Although a domestic vaccine is available for voluntary
use in Kazakhstan, vaccination coverage is inconsistent,
particularly for horses raised on private farms.

Global knowledge and genomic gaps

While extensive genomic studies have been
conducted on various S. enterica serovars — including
Typhi [28], Infantis [29], Gallinarum [30], Telelkebir [31],
Dublin [32], Typhimurium [33], and Choleraesuis [34] —
only one whole-genome analysis of S. Abortusequi has
been published to date [35]. That study described a
genetically distinct isolate from a donkey in India, which
differed by 861 SNPs from known reference strains. The
lack of comparative genomic data on S. Abortusequi
strains from other regions, including Kazakhstan, has
limited our understanding of this serovar’s population
structure and evolutionary dynamics.

Genomic homogeneity and surveillance implications

The present analysis of three S. Abortusequi strains
from Kazakhstan revealed a high degree of genomic
similarity, consistent with previous reports from
Argentina, Japan, Mongolia, and Croatia [9, 16, 36]. This
homogeneity suggests a stable genetic lineage and
potentiallya common ancestral originamong the strains.
These findings underscore the value of genomic
epidemiology in tracing transmission dynamics and
identifying clonal expansions. WGS can facilitate source
attribution during outbreaks and improve the design of
molecular diagnostics and surveillance tools tailored to
regional epidemiological contexts.

Antimicrobial resistance determinants
Allisolates harbored the ac(6’)-laa gene, a member
of the aminoglycoside N-acetyltransferase [AAC(6’)]
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Figure 3: Differential analysis of whole-genome single nucleotide polymorphisms in Salmonella Abortusequi isolated from

various regions of Kazakhstan.

family. This gene mediates resistance to tobramycin,
kanamycin, and amikacin through acetylation at the
6'-amine position, although it has limited activity
against gentamicin [37]. The detection of this resistance
gene in all sequenced strains raises concerns regarding
treatment efficacy and highlights the need for routine
antimicrobial susceptibility testing in clinical and field
settings.

Virulence gene repertoire and pathogenic potential

Each of the sequenced strains contained a broad
array of virulence determinants, with 12 SPIs identified
across all genomes. These SPIs encode genes associated
with various pathogenic mechanisms, including
epithelial invasion, immune evasion, intracellular
survival, and toxin production. Between 101 and 109
virulence genes were detected per genome, with 94
shared among all isolates. The conserved virulence
profile further indicates a core pathogenic potential
that is well adapted to equine hosts.

Prophage diversity and functional relevance
Prophages represent key vehicles for horizontal
gene transfer and contribute significantly to bacterial
virulence and evolution [38]. Among the Kazakhstan
isolates, the ST64B prophage was consistently detected,
with coverage values ranging from 56% to 64% and
nucleotide identity of 97%. Originally identified in
epidemic strains of Salmonella Typhimurium, ST64B
is considered a mosaic prophage, comprising genomic
segments from non-Salmonella origins [39, 40]. This
phage was also previously reported in over 50% of
S. Typhimurium and Salmonella Enteritidis isolates [41].
Of particular interest is the presence of the SseK
virulence factor within the ST64B prophage. SseK is a
glycosyltransferase that modifies host proteins, including
tumor necrosis factor receptor 1 (TNFR1)-associated
death domain protein (TRADD) and tubulin-binding
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cofactor B (TBCB), by arginine glycosylation, thereby
disrupting apoptotic signaling and microtubule
organization [42]. Such molecular interference supports
bacterial survival and host immune evasion.

Additional prophages identified include SSU5, a
plasmid-associated phage detected in only one isolate
(1-S21R-48). SSU5 has been associated with resistance
genes against third-generation cephalosporins in
other Enterobacteriaceae [43]. SEN34, a lambda-like
temperate phage, was detected at approximately
40% coverage in four of the six genomes. The
presence of these diverse phages suggests ongoing
genomic plasticity and adaptive evolution within local
S. Abortusequi populations [44].

Evolutionary dynamics and surveillance
recommendations

The incorporation of multiple prophage elements,
including those encoding virulence and resistance
factors, reveals the complex evolutionary trajectory of
S. Abortusequi. These elements enhance the pathogen’s
ability to adapt to environmental pressures, evade
host defenses, and persist within animal reservoirs.
Functional validation of these genomic elements is
warranted to better understand their phenotypic
impacts.

This study also highlights the urgent need for
sustained genomic surveillance of S. Abortusequi in
Kazakhstan. Molecular characterization of a larger
number of isolates over broader temporal and spatial
scales is essential to capture the full diversity of
circulating strains and to inform outbreak response

strategies.
CONCLUSION

This study presents the first genome-wide
characterization and phylogenomic analysis of
S. enterica subsp. enterica serovar Abortusequi strains
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isolated from equine abortion cases in Kazakhstan. WGS
revealed that all three isolates exhibited high genetic
similarity, sharing an antigenic profile of 4:a:e,n,x
and harboring between 101 and 109 virulence genes,
including conserved pathogenicity islands and the
aminoglycoside resistance gene aac(6’)-laa. All strains
carried the ST64B prophage, with some also harboring
SEN34 and SSU5, highlighting the contribution of
prophage elements to genomic plasticity and virulence
evolution.

A key strength of this study lies in its integrative
use of WGS, functional genotyping, and wgSNP-based
phylogenetics to offer a detailed genomic portrait of
S. Abortusequi in a previously uncharacterized region.
The combination of high-resolution molecular typing
and resistance gene profiling enhances the present
understanding of the strain’s pathogenic potential and
evolutionary lineage.

The findings have direct implications for
the surveillance, diagnosis, and control of equine
salmonellosis. The identification of conserved virulence
and resistance determinants provides a molecular basis
for the development of region-specific diagnostic assays
and supports evidence-based antimicrobial stewardship
in equine veterinary practice. Furthermore, wgSNP
differentiation between northern and southern strains
enables more accurate tracing of outbreak sources and
transmission routes.

The study is limited by its small sample size,
with only three isolates analyzed. This restricts the
generalizability of the findings and may not capture the
full genomic diversity of S. Abortusequi circulating in
Kazakhstan or other host species. In addition, functional
assays to validate the expression and phenotypic
impact of resistance and virulence genes were not

performed.
Future research should involve larger-scale
surveillance  incorporating  multiple  geographic

locations, time points, and host species. Longitudinal
genomic monitoring, coupled with phenotypic
antimicrobial susceptibility testing and host—pathogen
interaction studies, will be critical for elucidating the
dynamics of S. Abortusequi evolution and persistence.
Studies on vaccine efficacy and the role of prophage-
mediated gene transfer in virulence acquisition are also
warranted.

In conclusion, this study provides foundational
genomic data on S. Abortusequi in Kazakhstan and
underscores the value of WGS in veterinary pathogen
surveillance. The evidence of genomic conservation
and the presence of key resistance and virulence
determinants point to the importance of sustained
genomic epidemiology efforts. These insights will inform
the design of diagnostic tools, guide antimicrobial
therapy, and support targeted interventions to
mitigate the burden of equine salmonellosis in endemic
regions.
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