KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMI. 2024; 101(3)
DOI: https://doi.org/10.36233/0372-9311-488

303

OPUTVHANbHbBIE NCCJTIEAOBAHNA

Original Study Article
https://doi.org/10.36233/0372-9311-488 W) Check for updates

Genomic diversity and analysis of resistance determinants
of Salmonella enterica subspecies enterica serotype
Kentucky isolated in Russia

Konstantin V. Kuleshov'™, Anastasia S. Pavlova', Anna A. Kremleva?, Anna E. Karpenko’,
Yuliya V. Mikhaylova', Natalia E. Krutova', Maria R. Lisitsyna’, Kristina R. Popova’,
Olga A. Veselova', Alexandr T. Podkolzin', Vasily G. Akimkin'

'Central Research Institute for Epidemiology, Moscow, Russia;
2Federal Center for Animal Health, Moscow, Russia

Abstract

Introduction. Salmonella Kentucky sequence type ST198 is one of the epidemiologically significant non-typhoidal
Salmonella clones worldwide and is characterized by the presence of highly resistant strains and the ability to
adapt to different animal hosts and environmental conditions.

The aim of this study was to analyze S. Kentucky strains isolated from various sources in Russia in terms of their
phylogenetic position within the global diversity of the pathogen and their genetic characteristics.

Materials and methods. We examined 55 strains of S. Kentucky by whole-genome sequencing, which were
isolated from 2010 to 2022 from various sources (clinical strains, food, as well as from farm animals, feed and
environmental samples). Whole genome sequencing was performed using lllumina platforms. Phylogenetic
analysis based on nucleotide variation analysis included an additional 390 S. Kentucky strains.

Results. Most of the Russian strains (n = 50) belonged to the ST198 sequence type, four strains were ST314
and one strain was ST152. Of the 50 Russian sequence-type ST198 strains, 44 belonged to the international
monophyletic MDR lineage S. Kentucky ST198, and belonged to four separate sublineages, six strains occupying
a basal position in relation to the MDR lineage. A total of 320 genes and mutations responsible for resistance to
antimicrobial agents were identified. The most common were point mutations in the QRDR region. In most cases,
Russian strains were characterized by the presence of variants of the SGI1-K genomic island. Moreover, the
putative structure of SGI1 was correlated with the phylogenetic clustering of S. Kentucky sublineages.
Conclusions. The results of the study made it possible to assess the population structure of Russian S. Kentucky
ST198 strains on a global scale and determine the genetic determinants of antibiotic resistance, including the
structure of the SGI1 genomic island.
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feHOMHOe pa3HOOOGpa3ve n aHanu3 feTepMNHAHT
pe3uncrteHTHOCTUN Salmonella enterica nogBupg enterica
cepoBap Kentucky, nsonuposaHHbix B Poccun

Kynewos K.B."™, MaBnoBa A.C.', KpemneBa A.A.2, KapneHko A.E.",

Munxannosa 10.B.', KpytoBa H.E.!, JincuybiHa M.P.', Monosa K.P.},
Becenosa O.A.', Mogkon3uH A.T.", AKUMKuH B.I.

'LleHTpasbHbI HayYHO-UCCIEA0BATENbCKNIN UHCTUTYT anuaemmnonorumn PocnotpebHaasopa, Mocksa, Poccus;
2PepepanbHbiil LEHTP OXpaHbl 300P0BbA XKMBOTHbIX, MockBa, Poccus

AHHOMauusi

BBepneHue. Salmonella Kentucky cukseHc-Tuna ST198 oTHOCUTCSI K OOHOMY U3 3NUAEMMUONOrMYECKN 3HAYNMBbIX
KITOHOB HETU(ONAHBLIX CanbMOHEN BO BCEM MUPE N XapaKTepn3yeTCcsl HannyineM BbICOKOPE3UCTEHTHbLIX LUTaM-
MOB, a TaKke BO3MOXHOCTbI afanTaumm K pasfnyHbiM XNBOTHBIM-X035i€BaM U YCIOBUSAM OKpYXXatoLLen cpeabl.
Llenb paboTtbl — nccrnegoBaHue wrammoB S. Kentucky, BbligeneHHbIX 13 pas3nuyHbIX ICTOYHUKOB Ha TeppuTopumn
Poccun, B acnekte ux unoreHeTM4eckoro nonoxeHmsa B macwtabax rnobansHoro pasHoobpasus natoreHa u
onpepgerneHne Nx reHeTU4ecknx ocobeHHOCTEN.

Martepunanbl n metoabl. MeTO4OM MONTHOFEHOMHOIO CEKBEHMPOBAHUSA uccneqosaHo 55 wrammoB S. Kentucky,
KoTopble Obinn n3onupoBaHbl B 2010-2022 rr. M3 pa3nuyHbIX UCTOYHMKOB (KMMHUYECKME LITaMMbl, NULLEBbIE
NpoAyKThbl, @ TaKKe OT XUBOTHbLIX, KOPMOB M OOBLEKTOB OKpyXKatoLLen cpefbl). [MonHOreHoMHoe CEKBEHNPOBaHWE
npoBOAMM C Ucnosnb3oBaHneM nnartgopm «lllumina». dunoreHeTUYECKUA aHaNM3 Ha OCHOBE aHanmns3a HyKneo-
TUAHBLIX Bapuauui, gononHuTenbHo Bkodan 390 wrammos S. Kentucky.

PesynbraTbl. Bénblas yactb poccunckmx wrammoB (n = 50) oTHocunacb k ST198, 4 wramma — k ST314,
1 wramm — k ST152. N3 50 poccunckux wtammoB ST 198 44 npuHagnexanu K MexayHapogHoM MOHOUNUTNYe-
ckot MDR-nunHum S. Kentucky ST198 n oTHocunmcs Kk 4 otaenbHbIM cybnuHmam, 6 wraMmmoB 3aHumanu 6asans-
HOe MonoXeHwne no oTHoweHunto kK MDR-nnHun. Beero 6bino BeiseneHo 320 reHOB U MyTauuii, OTBETCTBEHHBIX
3a Pe3nNCTEHTHOCTb K MPOTUBOMUKPOOHBIM npenapatam. Hanbonee yacto BCTpeyanvcb TOYEYHblE MyTauun B
obnactn QRDR. B 60nbLUMHCTBE CriydaeB 41151 POCCUMICKUX LUTaMMOB ObINo XxapakTepHO NPUCYTCTBUE BapnaHToB
reHomHoro octpoBa SGI1-K. lMNpu atom runotetTuyeckas cTpyktypa SGI1 cooTHocunacb ¢ hUnoreHeTUYECKOn
knactepusaumen cybnvHuin S. Kentucky.

BbiBoabl. PesynsraTthl MccnegoBaHUs NO3BONUAW OLEHUTb MONYNSALMOHHYIO CTPYKTYPY POCCUMCKUX LUTaMMOB
S. Kentucky ST198 B mnpoBom macLutabe v onpeaenuTb reHeTUYeCKME 4ETEPMUHAHTBI @aHTUOMOTUKOPE3UCTEHT-
HOCTW, BKItOYasi CTPYKTYpy reHOMHoro octposa SGI1.

KnioueBble cnoBa: Salmonella enterica, Salmonella Kentucky, ST198, SGI1, aHmubuomukope3ucmeHmHocmb,
10/ITHO2EHOMHOE CeKeeHUpo8aHuUe

Hcmoyruk gpuHaHcupoeaHus. iccnenoBaHve NpoBeaeHo B paMKkax OTPacrieBol Hay4YHO-UCCreaoBaTenbCKov Npo-
rpammbl PocnotpebHaasopa Ha nepuog 2021-2025 rr. (Ne HUOKTP AAAA-A21-121011990054-5).

KoHgbnnukm uHmepecoe. ABTOpbl AeKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
3aHHbIX C NyGnuKaLmeit HacTosILLe CTaTbu.
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Introduction

One of the epidemiologically significant serotypes
of nontyphoidal salmonellae is the Salmonella enteri-
ca subspecies enterica serotype Kentucky (hereinafter
referred to as S. Kentucky). A number of studies have
described cases of isolation of strains producing ex-
tended-spectrum [-lactamases (ESBLs), and in some
cases even resistant to carbapenems. S. Kentucky is
considered one of the target serotypes for monitoring
prevalence in poultry production [1].

Various studies in recent years have shed light
on the emergence, drivers, and potential threats of
S. Kentucky, in particular the sequence type (ST)
ST198, which readily adapts to the selection pressure
exerted by antibiotic use under various environmen-
tal conditions. This Salmonella serotype has evolved
from no resistance before 1990 to an increase in the
prevalence of ciprofloxacin-resistant isolates in the
early 21st century (from 55% in 2007 to 88% in 2017
[2, 3]). In the first years of this decade, studies record
the accumulation of genetic elements responsible for
resistance to a wide range of antimicrobial drugs [2].
The intensive use of antibiotics in animal husbandry
and medicine is one of the primary causes of this phe-
nomenon. Globalization of trade and travel opportuni-
ties create favorable conditions for the spread of resis-
tant bacterial clones internationally. In Europe, human
infection with the strain S. Kentucky ST198 multi-
drug-resistant (MDR) strain was previously mainly
associated with travel to North Africa or Southeast
Asia, with Egypt being the most likely source of these
bacterial isolates [2, 4, 5].

It is shown that all MDR strains of S. Kentucky
ST198 belong to a single genetic lineage that has ac-
cumulated antimicrobial resistance determinants since
the early 1990s. [5]. The different determinants of
chromosomal resistance since the mid-1990s are asso-
ciated with Salmonella genomic island 1 (SGI1) inte-
gration. SGI1 is a 43,000 bp genomic island originally
described in S. Typhimurium DT104 [6] and encodes
resistance to a variety of antimicrobial drugs, includ-
ing amoxicillin, gentamicin, and sulfonamides [7]. The
insertion of SGI1 was followed by cumulative muta-
tions in the gyr4 and parC genes, leading to resistance
to nalidixic acid and then to ciprofloxacin in 2002. It is
assumed that it is due to the peculiarities of genetic or-
ganization — chromosome-integrated resistance — that
explains the clonal success of this MDR lineage and
its rapid and wide spread worldwide [5, 8]. Previous
studies have demonstrated that the acquisition of SGI1
compared to the acquisition of resistance plasmids does
not require the cost of adaptation (bacterial fitness)
during growth under nutrient-limited conditions [9],
which may directly affect the effective spread of antibi-
otic-resistant strains and makes it necessary to closely
monitor the trends and dynamics of circulation of this
pathogen not only regionally but also globally.

Existing studies based on whole genome se-
quencing data and population structure analysis have
provided a useful basis for understanding the ongo-
ing evolution of the MDR lineage of S. Kentucky
ST198 [5]. MDR-lineage strains were mainly found
in Egypt until 2005 and then rapidly spread through-
out Africa and the Middle East [4]. Another cause for
concern is the expanding range of sources of detec-
tion of MDR-lineage strains of S. Kentucky ST198.
Initially, they were detected in autochthonous poul-
try, but later in various animals and food products
(Salmonella-contaminated spices in France and the
USA, turkey flocks in Germany and Poland, and wild
animals) [4, 10-12].

According to salmonellosis monitoring data,
S. Kentucky is not among the ten dominant serotypes
of salmonellae in Russia. The cases of salmonella de-
tection from various sources do not exceed 0.3% during
the last year', which corresponds to several dozens of
strains per year. At the same time, according to pub-
lished data, this serotype was not an etiologic agent of
cases of group morbidity from 2019 to the present [13],
and information about the isolation of strains of S. Ken-
tucky ST198 in Russia is limited to single cases [14]. At
the same time, the question of the population structure
of Russian strains and their genetic characteristics in
comparison with strains circulating in other regions of
the world remains open.

The aim of this study is to analyze S. Kentucky
strains isolated from various sources in Russia in terms
of their phylogenetic position in the scale of global
pathogen diversity and determination of their genetic
features.

Materials and methods

Selection of isolates and microbiological studies

Between 2010 and 2022, 55 strains of S. Kentucky
isolated on the territory of the regions of the Russian
Federation from various sources were studied.

Microbiological analysis of Salmonella strains

Prior to total DNA extraction for whole genomic
sequencing, bacterial culture was sieved to single col-
onies and serotype confirmation was performed using
polyclonal (PETSAL) and monoclonal (Sifin) sera.

Whole-genome sequencing

Total DNA from 7 x 10° CFU was extracted using
the Ribo Prep kit (AmpliSens). Genomic libraries for
whole genome sequencing of each Salmonella strain
were prepared from 70 ng of total DNA using the Nex-
teraXT kit (Illumina). Massively parallel sequencing

! Information bulletins of the reference Center for Monitoring of
Salmonellosis No. 35-26.
URL.: https://www.epid-oki.ru/otchety.html
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was performed on MiSeq, Hiseq, and NextSeq (Illumi-
na) platforms.

Processing of whole genome sequencing data
and de novo assembly of genomes

Removal of adapters and low quality nucleotide
reads was performed using the BBTools package?. De
novo assembly of contigs for each of the strains was
performed using the SKESA assembler [15]. The num-
ber of nucleotide reads and assembly quality were
considered sufficient for further analysis under the fol-
lowing conditions: (1) an average of more than 30-fold
sequencing depth was achieved by reverse mapping the
original nucleotide reads to the assembled contigs; (2)
the requirements for the metrics of the obtained con-
tigs were met’: total contig length from 4 to 5.8 million
bp, N50 more than 20,000 bp, number of contigs less
than 600, proportion of "N" nucleotides less than 3%,
and percentage of contigs belonging to the Salmonella
genus more than 70%. At the final stage of assembly
validation, the obtained contigs were used to confirm
the belonging of the sequenced strain to the serotype
S. Kentucky using the SISTR [16] and SeqSero [17].

Phylogenetic analysis

The total collection of genomes for phylogenetic
analysis included 445 genomes of S. Kentucky strains,
including 55 strains of Russian origin (GenBank acces-
sion numbers SAMN42109132—-SAMN42109186) and
390 strains sequenced in previous studies [5, 9, 18, 19].
Bioinformatic analysis was based on the search for in-
formative single nucleotide polymorphisms (SNPs) by
mapping the nucleotide reads of each of the sequenced
bacterial isolates to the reference genome of S. Ken-
tucky (NCBI accession number: CP028357) using the
SnapperDB software pipeline [20]. The analysis was
performed with the following parameters: minimum
consensus depth — 10x, minimum read mapping quali-
ty to account for variation — 30x, minimum major vari-
ant fraction — 90%, minimum required genome-wide
average coverage — 30x. The resulting SNP profiles
were converted to alignment format. Subsequent phy-
logenetic tree reconstruction and removal of SNPs lo-
cated in recombination regions were performed in the
Gubbins v. 3.2.1 program [21]. Bootstrap analysis with
1000 repetitions was performed to confirm the tree to-
pology. Phylogenetic sublineages (genetically homoge-
neous groups of SNP profiles) were determined using
the Fastbaps program with the parameters "optimize.
baps". As a result, the clusters identified at the first level
of clustering were used [22].

2 BBTools. URL: https://jgi.doe.gov/data-and-tools/software-
tools/bbtools/ (nata obpamenus 12.12.2023)

EnteroBase. Quality Assessment evaluation. URL: https://
enterobase.readthedocs.io/en/latest/pipelines/backend-pipeline-
qaevaluation.html (nara obpamenus 12.12.2023).
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Determination of sequencing type, genetic
determinants of antibiotic resistance
and plasmid replicons

ST based on 7 housekeeping genes were deter-
mined using mlst program®. Antibiotic resistance genes
and point mutations were searched using AMRFinder-
Plus v. 3.10.40 with the parameters "-1 0.9 -¢ 0.6 -O
Salmonella" (minimum percentage of identity — 90%,
minimum overlap — 60% with filtering of results spe-
cific to the Salmonella genus) [23]. Plasmid type deter-
minations were performed using the MOB-suite v. 3.0.0
program [24].

SGI1 analysis

We determined the presence and analyzed the
putative structure of the SGII island by mapping the
short nucleotide reads of each genome to the SGI1-K
reference sequence (NCBI database access number
AY463797.8). In the comparison set, we also included
the genomes of S. Kentucky, which were characterized
by different SGI1-K island variants, as well as other de-
rived SGI1-K island variants, SGI1-P and SGI-Q [5].

Results

According to theresults of the analysis, the majority
of strains (n = 50) belonged to ST198 (90.9%), 4 (7.3%)
strains were represented by ST314 and only 1 (1.8%)
strain was ST152. Strains with these STs belonged to
separate phylogenetic lineages with a high level of ge-
netic divergence at the level of core SNP indicating the
polyphyletic nature of this serotype, i.e., the ancestral
strains of these STs evolutionarily acquired the same
O-antigens through convergent evolution (Fig. 1, a)
[25]. Since the majority of the Russian strains belonged
to the ST198 genotype, further analysis focused on the
detailed analysis of this group. For comparison, we
used the previously sequenced genomes of S. Kentucky
ST198 that are deposited in international databases (n =
390). These strains were characterized by a wide time-
frame (1937-2022), geographic range of strain isolation
(5 continents), and belonged to diverse sources (human,
food, animal and environmental).

Phylogenetic analysis of 440 ST198 strains al-
lowed us to identify 13 sublineages (BAPS genetic
clusters) represented by more than 1 strain. At the same
time, 9 sublineages belonged to the international mono-
phyletic MDR lineage of S. Kentucky ST198, and 4 oc-
cupied a basal position relative to it (Fig. 1, b). The bas-
al clades of each sublineage of the international MDR
clone included strains isolated in African countries,
supporting the hypothesis of the origin of the MDR lin-
eage S. Kentucky ST198 on the African continent and
subsequent spread throughout the world.

4

mlst: scan contig files against traditional PubMLST typing
schemes. URL: https://github.com/tseemann/mlst (nara oGparie-
Hus 12.12.2023).
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ala 6|b

Fig. 1. Maximum likelihood phylogenetic tree.

a — tree reconstructed based on SNPs of 173 S. Kentucky strains of sequence types ST314, ST152, and ST198. Strains belonging
to individual sequence types belong to separate phylogenetic lineages with a high level of genetic divergence;
b — maximum likelihood phylogenetic tree reconstructed based on SNPs of 445 S. Kentucky sequence-type ST198 strains. The genome of
strain 98K (accession number SRR6898532), isolated in the USA in 1937 from chicken, was used as an outgroup. The clade shown in red
indicates the MDR lineage S. Kentucky ST198, which includes nine sublineages SLK1-SLK9, identified in the Fastbaps program. The date
of MDR lineage origin (1989 year) is indicated according to J. Hawkey et al., 2019 [5]. The outer sectors of different colors represent the
geographic regions in which the strains were isolated. Gray sectors on the tree highlight 50 strains of S. Kentucky ST198 isolated in Russia.

Of the 50 Russian ST198 strains, 44 strains be-
longed to the international monophyletic MDR lineage
S. Kentucky ST198 and belonged to 4 separate sublin-
eages (SLK-1, SLK-2, SLK-4, SLK-7), while 6 strains
belonged to the SLK-11 sublineage and occupied a bas-
al position in relation to the MDR lineage of S. Ken-
tucky ST198 (Fig. 1, b). The largest number of Russian
strains of S. Kentucky (n = 25) belonged to the SLK-2
subline, the smallest — to the SLK-7 sublineage (n = 2).
Note that the SLK-4 sublineage was mainly represented
by strains from Europe.

Phylogenetic analysis and geographical region of
isolation of S. Kentucky strains in Russia did not reveal
any correlations. At the same time, Russian strains of
the SLK-2 sublineage are characterized by predominant
isolation in the North Asian part of Russia (Omsk and
Irkutsk regions, Republic of Buryatia, Krasnoyarsk and
Altai krais), while for the SLK-11 sublineage — in Euro-
pean Russia (Moscow and Tula regions), and strains be-
longing to sublineages SLK-1, SLK-7 and SLK-4 were
found in both territories.

Analysis of genetic clustering of Russian strains
of S. Kentucky at the level of differences within 5 SNPs
allowed us to identify 6 t5-SNP clusters that belonged
to 3 sublineages (Fig. 2). Two t5-clusters were asso-
ciated with the SLK-2 sublineage. One of the t5-clus-
ters included 8 strains that were isolated from differ-

ent sources (human, environmental and food) during
2019-2020. The second cluster included 2 strains iso-
lated from humans in 2022.

Russian strains of S. Kentucky SLK-1 sublin-
eage strains also included 2 separate t5-SNP clusters,
to which 14 strains belonged. The first cluster included
12 strains isolated from the environment of the poultry
farm and turkey during the enzootic of salmonellosis
in poultry, thus confirming the clonal relationship of
salmonella cases detected at the poultry farm. The sec-
ond cluster included 2 sporadic strains from humans in
2018 and 2019.

SLK-11 sublineage was characterized by 2 t5-SNP
clusters: 1 cluster was for strains isolated from turkey
feed in 2020 and the other cluster was for strains isolat-
ed from turkey litter at the poultry farm in 2022.

Genetic determinants of S. Kentucky ST198 antibiotic
resistance and plasmid diversity

All ST198 strains isolated in Russia contained
genes or mutations responsible for antibiotic resistance.
Moreover, 62% of the strains contained a total of 6-11
resistance genes. A total of 320 genes and mutations
responsible for antimicrobial resistance were identified
among the 50 strains. The most frequent point muta-
tions were in the QRDR region determining resistance
to quinolones, namely in the gyr4 (S83F) genes —



308

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(3)

DOI: https://doi.org/10.36233/0372-9311-488

Mutations and resistance genes

ORIGINAL RESEARCHES

Plasmid replicons
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Fig. 2. Genetic diversity and population structure of Russian strains of S. Kentucky ST198 (n = 50).

Maximum likelihood phylogenetic tree reconstructed based on SNP alignment of 51 S. Kentucky sequence-type ST198 strains. The genome
of the S. Kentucky strain 93-6429 (short read archive accession number SRR6898537), isolated from a human in 1993 in Indonesia, was
used as an outgroup. Individual clades on the phylogenetic tree correspond to the identified sublineages of Russian S. Kentucky isolates. The
diagram shows isolate information: geographic region of isolation, source of strain, the epidemiological situation (outbreak/sporadic), identified
genetic clusters at the level of differences in 5 SNPs (t5-SNP clusters), as well as information about the presence or the absence of genetic
determinants of antibiotic resistance and plasmid replicons.

13.8% and parC (S80I) — 13.8%. The tetA tetracycline
resistance gene was found in 11.9% of strains. The
bla_,,, ., aac(3)-1d and aadA7 genes were present in 5%
of strains.

When analyzing various combinations of gene-
tic determinants of resistance, 14 combinations were
found. The most frequent (26%) was the combination
gyrA(S83F,  D87Y)-parC(S80I) bla.,,  sull-aac(3)-
Id-aadA7-tet(A), gyrA(S83F, D87N)-parC(S801)-sull-
tet(A) and gyrA(S83F, D87N)-parC(S801)-dfrA14-sull-
sul2-aph(6)-1d-aph(3")-1b-tet(A) combinations ranked
2" and 3" in frequency of occurrence (8% each).

The nature of the set of identified resistance genes
and mutations was reasonably consistent with the phy-
logenetic clustering of the strains studied. All strains of
SLK-2 sublineage were characterized by the presence
of 3 chromosomal mutations (gyr4 (S83F, D87N) and
parC(S801)), and the genes dfrd14, sull, sul2, aph(6)-
1d, aph(3")-Ib and tetA were found in the majority of
strains. At the same time, bla and aadA genes were ab-
sent in the group of SLK-2 strains after 2015 in com-
parison with others.

Russian strains of SLK-1 also carried 2 mutations
in the QRDR region, gyrA(S83F) and parC(S80I), but
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differed from SLK-2 by a mutation in the gyr4(D87Y)
gene. All strains carried the same set of resistance genes
bla_,,, -sull-sull-aac(3)-1d-aadA7-tet(A).

The 2 strains of SLK-7 sublineage, like SLK-
2, were characterized by similar mutations in the
gyrA(S83F, D87N) and parC(S801) genes. At the same
time, strain SLK 5298 included the entire set of genes
characterlstlc of the SGI1-K genomic island (bla,,

-sull-aac(3)-1d-aph(6)-1d-aph(3")-1d-aph(3")- Ib
aadA7 tet(A)) [19], and strain SLK 10077 was charac-
terized by the absence of resistance genes.

SLK-4 sublineage strains were characterized by
set of mutations in gyrA4(S83F, D87G) and parC(S80I).
Moreover, 2 strains (SLK 10358 and SLK 4955) car-
ried the bla..., , , gene, in addition to other genes en-
coding antibiotic resistance.

In comparison with the other strains, only the plas-
mid-mediated resistance gene gnrB19 was detected in
representatives of the SLK-11 sublineage. No muta-
tions in the QRDR-region and other resistance genes
were detected.

Analysis of plasmid diversity allowed us to deter-
mine the presence of 13 known types of plasmid incom-
patibility among sequenced Russian isolates. Col156,
rep_cluster 2335 and rep_cluster 2350 were the most
frequent. The greatest diversity of plasmids was char-
acteristic of SLK-2 sublineage strains, which, in addi-
tion to the above-mentioned plasmids, included IncX,
Inc-gamma and ColpVC groups.

SGI1 genomic island analysis

The presence of SGI1 island genes in the se-
quenced genomes was considered as evidence of SGI1
embedding into the bacterial chromosome, namely in
the region from the 3'-end of the ##mE gene to the 5'-
end of the yidY gene. The results of SGI1-K reference
sequence overlap analysis for Russian S. Kentucky
strains are presented in Fig. 3.

The main differences in SGI1-K variants consist
in the variation not only in the composition of the is-
land genes, but also in the set of transposons. In par-
ticular, the reference SGI1-K carries a set of 5 trans-
posons Int4-Tn21-Tn1721-Tn5393-Tn3, while the pre-
viously described SGI1-K variant in strain 08-KS6 is
characterized by the absence of transposon 775393 and
shortened variants of transposon 7nl721 (Int4-Tn2l-
ATnl1721-Tn3), strain 08-5707 has a shortened 7n5393
transposon  ([nt4-Tn21-Tn1721-ATn5393-Tn3), and
strain 07-1511 has only 3 transposons (Tn1721-Tn21-
Tn3) with region inversion.

The SLK-11 sublineage strains were characterized
by the absence of both SGII island genes and mobile
genetic elements Int4, Tn21, Tn1721, and Tn3, which
are characteristic of SGI1-K, indicating the absence of
SGI1 island integration into the chromosome.

For strains of SLK-2 sublineage, the SGI1-K ref-
erence sequence overlap ranged from 19% to 61%. At

the same time, most strains were characterized by the ab-
sence of the main part of the backbone genes in the range
from the S005 gene to the resG gene and the presence
of transposons Int4, Tn21, Tni721 carrying resistance
genes. SLK 7836, SLK 7843 and SLK 7842 strains,
which lacked mobile elements, were also characterized
by the absence of antibiotic resistance genes. SLK 6643
strain was characterized by a similar pattern of reference
sequence overlap with SGI1-K. In turn, SLK 5116 and
SLK 4223 strains were similar to the SGI1-K 08-5707
variant with a deletion of the bark traG-resG genes and
a set of Int4-Tn21-Tnl721-Tn3 mobile elements.

All SLK-1 sublineage strains had a similar com-
position of SGI1 island genes and 90% overlap of the
SGI1-K reference sequence. The set of mobile ele-
ments, including Int4-Tn21-Tn1721-Tn3, was similar
to the SGI1-K variant described previously in strain
08-KS6.

In the SLK-7 sublineage, strain SLK_ 10077 was
characterized by 60% percent overlap of the reference
sequence due to the presence of island genes and ab-
sence of mobile elements, which correlated with the
absence of resistance genes in the contig analysis. At
the same time, the nucleotide reads of strain SLK 5298
overlapped the reference sequence SGI1-K by 100%.

SLK-4sublineage strains were characterized by dif-
ferent variants of SGI1. For example, strain SLK_ 10358
(61% overlap) was characterized by the presence of all
island genes, while only transposon 7rn5393 was pres-
ent among mobile elements. SLK 4955 (87% overlap)
and SLK 1731 (85% overlap) strains were character-
ized by a similar set of Int4-Tn21-Tnl721-Tn539 trans-
posons. However, SLK 1731 lacked the SGI1 island
genes (S025-resG).

Discussion

The epidemiologic significance of S. Kentucky se-
rotype is due to its potential for spread, adaptability to
various environmental conditions, and genetic mecha-
nisms, including chromosomal and plasmid-mediated,
which allow resistance to a wide range of antimicro-
bial drugs to be realized. Along with a high proportion
of strains resistant to ciprofloxacin, cases of combined
resistance to ciprofloxacin and cefotaxime (III genera-
tion cephalosporins) have been registered. In particular,
strains with combined resistance were registered on the
island of Malta and belonged to bacterial isolates pro-
ducing ESBL [26]. S. Kentucky strains with genes for
ESBL (CTX-M-1, -M-14, -M-15, -M-104), cephalo-
sporinase AmpC beta-lactamases (CMY-2 and -4), and
carbapenemases (VIM-2, OXA-48, NDM-1) localized
not only on plasmids but also in the SGI1 chromosom-
al region [4, 5, 19, 26-29]. Although salmonellosis is
considered a strictly zoonotic infection, there have been
suggestions of the spread of some epidemic clones of
S. Kentucky from human to human and that humans are
areservoir [18].
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Fig. 3. The degree and nature of overlap of the reference sequence SGI1-K (NCBI accession number AY463797.8)
with short nucleotide reads of each of the compared genomes.

The order of strains in the diagram corresponds to the order of strains in the phylogenetic tree in Fig. 2.

To date, there are 10 different STs of S. Kentucky,
3 of which (ST198, ST152, and ST314) are the most
frequent [30]. In certain cases, different representation
of these STs has been noted, both territorially (interna-
tional differences) and in relation to the sources of Sal-
monella isolation [31, 32]. However, the predominance
of ST198 and ST152 in humans and poultry has been
noted [33]. In our study, more than 90% of the strains
associated with different isolation sources were ST198
and ST152 was represented by a single strain, which is
consistent with international data.

The use of whole genome sequencing is the gold
standard and universal tool for genomic surveillance
of socially important pathogens [34, 35]. The possi-
bility of hierarchical clustering of phylogenetically
significant markers of a certain pathogen at different
levels of detail and comparison with sequences de-
posited in international databases not only provides
valuable information on evolutionary trends and as-
sessment of pathogen spreading factors on a global
scale, but also makes it possible to determine clonal
and familial relationships between strains for epide-

miological investigation of outbreak and sporadic
morbidity [36-38].

According to the phylogenetic analysis, the major-
ity of ST198 strains circulating in Russia belonged to
4 major sublineages of the international monophyletic
MDR lineage of S. Kentucky ST198, which includes
strains with MDR phenotype to antimicrobials [5].
A majority of Russian strains belonged to phylogenetic
sublineages SLK-1 and SLK-2. At the same time, the
long period of isolation of strains from different sourc-
es belonging to these two sublineages may indicate the
presence of two established and genetically distinct
subpopulations of the MDR-lineage of S. Kentucky
ST198 on the territory of Russia. It is interesting to note
that the character of phylogenetic clustering into sepa-
rate sublineages coincided with a certain combination
of 3 mutations in the gyr4 and parC genes, determining
resistance to quinolones, which allows us to use them
as markers for differentiation of Russian S. Kentucky
ST198 strains into the main phylogenetic sublineages.

Two strains of the SLK-4 sublineage, SLK 10358
(Irkutsk, sporadic case in 2022) and SLK 4955 (a re-
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presentative strain from a salmonellosis outbreak in
Izhevsk in 2015), were representatives of the phylo-
genetic sublineage that has been associated with the
S. Kentucky population established since 2005 in Euro-
pean countries [18]. The peculiarity of these ciproflox-
acin-resistant S. Kentucky strains is the presence of the
bla .y \,.., gene integrated into the chromosome, encod-
ing ESBL [18]. This gene was also detected in Russian
strains of SLK-4 sublineage. Cases of isolation of such
strains may indicate single and independent cases of
introduction of strains of S. Kentucky bla ., ,, , from
the territory of the EU countries, but this assumption
requires investigation of an expanded sample of strains.

The data obtained, based on the identification of
genetically similar strains, using a clustering approach
at a level not exceeding 5 nucleotide variations between
strains (t5-SNP cluster), revealed 6 groups of clonally
related strains within 3 sublineages of Russian S. Ken-
tucky ST198 strains. The size of the groups varied from
2 to 11 strains. In most cases, the identified t5 clusters
were associated with the circulation of a particular clone
of S. Kentucky ST198 in a limited area and in a relatively
short period of time (not more than 1 year): in an epizo-
otic outbreak of salmonellosis at a turkey poultry farm
in Tula region (2012); detection of salmonella strains in
turkey litter at a poultry farm in Moscow region (2022);
in mixed feed for turkeys in the Moscow region (2022);
and in 2 independent cases of salmonellosis in humans
in Angarsk and Irkutsk in 2022. At the same time, our
studies demonstrate the possibility of the existence of la-
tent circulation of a certain clone of S. Kentucky ST198
with strains detected in 2019 and 2020 in Omsk (rn = 7)
and Irkutsk (n = 1), which were associated with sporad-
ic cases of salmonellosis and isolation of salmonellae
from environmental objects and from food products,
thus indicating a probable epidemiologic linkage.

The approach used in our study to analyze the
structure of the SGI1 genomic island allowed us to
indirectly assess its composition and demonstrate the
sensitivity of this genomic region to genetic rearrange-
ments caused by the activity of transpositional ele-
ments [5, 9, 19]. These rearrangements can lead to the
deletion of some or all genes within SGI1 [5]. In most
cases, Russian strains are characterized by the presence
of SGI1-K variants. Nevertheless, in a number of ge-
nomes, the detected set of transposons differed from the
existing SGI1 variants, which probably indicates the
presence of a new variant of the genomic island. High
variation of this island was also observed in previous
studies, where almost every strain was characterized by
a different SGI1 structure. In addition to large deletions
of the SGI1 island, some strains had inversions of all or
part of the segment including resistance genes, as well
as transposon rearrangements [5].

The analysis of SGI1 organization and phyloge-
netic clustering of strains based on the analysis of SNP
profiles generally correlated with each other for differ-

ent SLK sublineages. However, in SLK-2 strains be-
longing to the same t5-SNP cluster, the SGI1 structure
showed differences in set of transposons. Such discrep-
ancies may indicate a high rate of genetic rearrange-
ments of the SGI1 region in clonally related strains and
explain the difference in antibiotic resistance gene set.

The presence of SGI1 correlated with the detected
antibiotic resistance gene set. Most strains (86%) were
characterized by the presence of aadA7, bla_,,, ,, sull
and tetA genes, which are known to be associated with
SGI1 in S. Kentucky ST198 strains [19].

Collectively, the antimicrobial resistance genes
identified were responsible for resistance to various
classes of antibiotics, including aminoglycosides,
B-lactams, phenicols, quinolones, sulfonamides and
tetracyclines. Based on the data obtained, there is still
uncertainty about the association of certain resistance
genes with the detected plasmid type due to the lack
of completed genome assembly. However, the data ob-
tained on the diversity of plasmid types indicate their
ability to transfer resistance genes. It has been shown
that the small ColRNAI plasmids, rep cluster 2335
and rep_cluster 2350 can successfully carry a diverse
range of resistance genes, such as bla, \, .o, blag,,
bla e blagy, > ac(3)-1la, strB, strd, aadAl6, gn-
rB66, ogxA and ogxB [39-42].

Conclusion

Despite the relatively small sample of strains,
we were able not only to come closer to understand-
ing the population structure of Russian S. Kentucky
ST198 strains on a global scale, but also to conduct a
detailed study of the genetic determinants of antibiotic
resistance, including the structure of the SGI1 genomic
island. The findings provide a basis for understanding
and tracking the ongoing evolution of the MDR lineage,
which is a globally distributed clone capable of rapid
expansion and accumulation of antimicrobial resistance
determinants. Our data demonstrate instances of circu-
lating clonally related S. Kentucky ST198 strains in dif-
ferent sources, which indicates the need to develop an
integrated approach to salmonellosis surveillance based
on the One Health concept.
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