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Abstract

Introduction. The Tuva mountain plague focus (TMPF) in Russia has been continuously epizootically active
since its discovery in 1964. The strains of Yersinia pestis isolated in this focus belong to the phylogenetic lineage
4.ANT of the antique biovar of the main subspecies. They are highly virulent and epidemically significant. The use
of modern molecular genetic technologies will make it possible to determine the population structure of 4 ANT
strains in the TMPF.

The aim of the study was to analyze the phylogenetic and population structure of Y. pestis strains of the 4 ANT
lineage from the TMPF according to the data of whole-genome SNP (single nucleotide polymorphism) typing and
MLVA25 (multiple locus variable number tandem repeats analysis) typing.

Materials and methods. Whole-genome nucleotide sequences of 68 Y. pestis strains, including 60 strains of the
4.ANT lineage, were analyzed. Sequencing of strains was performed on the MGI platform. SNP-analysis was
performed by sequence alignment in the Snippy v. 4.6 program with subsequent construction of a Maximum Like-
lihood dendrogram based on the identified core SNPs in the SeaView program. SNPs, being markers for strains
of the 4. ANT lineage, were detected using the MEGA11 program. MLVA-genotyping of Y. pestis strains of the
4.ANT lineage was performed by searching loci and then counting the number of tandem repeats in the Tandem
Repeats Finder program. MLVA-dendrogram construction was performed by UPGMA method in the BioNumerics
v. 7.6.3 program.

Results. According to SNP-analysis of Y. pestis strains of lineage 4.ANT from the TMPF, the presence of
4 phylogeographic groups was established: T1 (Saglinsky, Tolaylyg and Barlyk mesofoci, 1971-1987), T2
(Karginsky mesofocus, 2014-2024), T3 (Karginsky mesofocus, 1977-2009), T4 (Karginsky, Tolaylyg and
Boro-Shai mesofoci, 2006—2013). Eight MLVA-genotypes of strains of 4.ANT lineage from Tuva and variable
VNTR loci were identified: yp71290ms04, yp1935ms05, yp0559ms15, yp4042ms35, yp4425ms38, yp1108ms45,
yp4280ms62, yp1580ms70.

Discussion. Among the strains analyzed, the earliest representatives of the 4.ANT branch are strains of the T1
cluster from the TMPF. The population of strains from the Altai Mountains and Mongolia and the population of
strains from the TMPF (1977-2024) are represented as separate sub-branches on the tree. The latter population
is represented by polytomy and is characterized by pronounced clustering according to the spatial and temporal
principle.

Conclusion. The presence of 4 main phylogeographic groups in the population of 4. ANT lineage in the TMPF was
determined and genetic differences between them were established, which can be used for in-depth molecular-
genetic differentiation and typing of Y. pestis strains in this focus.
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@®unorennsa wrammos Yersinia pestis nnuuun 4. ANT
13 TYBUHCKOIrO rOpHOro n conpepesnbHbIX 04aroB 4yMbl

CrankoBueBa E.B.™, OrnoauH E.I.', Bepxyukun [.5.2, Yepesakosa H.C.",
HapbiwkuHa E.A.", Degopos A.B.', EpoweHko I'A.", BanaxoHoB C.B.?, KyTbipes B.B.'

'PoCCUnCKIi MPOTUBOYYMHbIV MHCTUTYT «MuKpo6» PocnotpebHagsopa, Capatos, Poccus;
2/IpKYTCKMI HayYHO-NCCNEA0BATENbCKNA MPOTUBOYYMHbBIN MHCTUTYT Cbupwn 1 JanbHero Boctoka, MpkyTck, Poccua

AHHOMauus

BeeaeHue. TyBUHCKUI ropHbIv odar Yymbl (TFTOY) B Poccun ¢ momeHTa ero oTkpbiTis B 1964 1. nposBnsaer nocTto-
SIHHYIO 3MM300TMYECKYI0 aKTUBHOCTb. LLITammbl Yersinia pestis, BolgensieMble B 3TOM o4are, OTHOCATCSt K domno-
reHeTnyeckon nuHmum 4. ANT aHTnyHoro 6roBapa ocHoBHOro noasunaa. OHU BbICOKOBUPYNEHTHBI U AMMOEMUYECKN
3Ha4MMbl. icnonb3oBaHne COBPEMEHHbIX MOMNEKYNSIPHO-TEHETUYECKMX TEXHOMOIMIM NO3BONUT ONpeaenuTb nomny-
NSAUMOHHYI0 CTPYKTYpY wtammos 4.ANT B TIOM.

Llenb nccnegoBaHus — OUNOreHETUYECKUN U MONYNAUMOHHLIA aHanu3 wrtaMmmoB Y. pestis nuHun 4. ANT u3
TIOY no pgaHHbIM nonHoreHoMHoro SNP-Tunuposanus (single nucleotide polymorphism) n MLVA25-tunuposa-
Hus (multiple locus variable number tandem repeats analysis).

MaTtepuanbl U meToabl. VIcnonb3oBaHbl MOMHOMEHOMHbBIE HYKMNEOTMAHbIE MocregoBaTensHocTM 68 wram-
MoB Y. pestis, Bkntovaa 60 wrammoB nuHumn 4. ANT. CekBeHMpOBaHME LUTAMMOB MPOBOAMIM Ha nnatgopme
MGI. SNP-aHanu3 BbINONHANM NyTEM BblpaBHMBAHWSA MNocnefoBaTenbHoCcTel B nporpamme «Snippy v. 4.6»
C nocnegywoLwmmM noctpoeHneM aeHgporpammbl Maximum Likelihood Ha ocHoBe BbisiBNEHHbIX kopoBbix SNPs
B nporpamme «SeaView». SNPs, mapkepHble Ans wraMMmoB nuHuM 4.ANT, BbISBRSNM Npy NOMOLLM Nporpam-
Mbl «t MEGA11». MLVA-reHoTMnupoBaHue wtammoB Y. pestis nuHum 4. ANT npoBoavnu nyTém nomcka foKycoB
C nocriegyrowmm noac4HETOM KonmyecTBa TaHAEMHbIX NOBTOPOB B nporpamme «Tandem Repeats Finder». NMo-
ctpoeHne MLVA-geHaporpammebl BbinonHsanyu metogom UPGMA B nporpamme «BioNumerics v. 7.6.3».
Pe3ynbratbl. [1o gaHHbiM SNP-aHanu3a wtammoB Y. pestis nuHum 4. ANT u3z TITOY yctaHoBneHO Hanuuue
4 cdwmnoreorpaduyeckux rpynn: T1 (Carnunckui, Tonanneirckuin n Bapnbikckuin mesoodarun, 1971-1987 rr.),
T2 (KapruHckuin mesoovar, 2014—2024 rr.), T3 (KapruHckuin mesoouar, 1977-2009 rr.), T4 (KapruHckui, Tonan-
neircknii n bopo-LLawckuin mesooyarn, 2006—2013 rr.). BeisiBneHbl 8 MLVA-reHOTMNOB WiTammoB nuHum 4 ANT 13
TyBbl 1 BapuabenbHble VNTR-nokycbl: yp1290ms04, yp1935ms05, yp0559ms15, yp4042ms35, yp4425ms38,
yp1108ms45, yp4280ms62, yp1580ms70.

O6cyxaeHune. Cpean LUITaMMOB, B35iTbIX B aHanu3, Haubonee paHHuMn npeactasutensimu seteu 4. ANT BbICTy-
natT wrammbl knactepa T1 13 TFTOY. OTaensHbIMM NOABETBSAMU HA AepeBe npeacTaBneHbl Nonynaums wram-
moB un3 lopHoro Antas n MoHronun n nonynsaumsa wrammos n3 TIOY (1977—-2024 rr.). NocnegHsia nonynAums
npeacraBneHa nonMToMUEN U XapaKTepu3yeTCcs BblpaXEHHOWM KrnacTepusauuer no npocTpPaHCTBEHHO-BPEMEH-
HOMY NpUHLMNY.

3akntoyeHne. OnpegeneHo Hannume 4 OCHOBHbIX dmrnoreorpadmyecknx rpynn B nonynsauum 4.ANT B TTOY un
YCTaHOBMEHbI FTEHETUYECKME PA3NMYMS MeXAY HAMM, YTO MOXET ObITb MCMOMNb30BaHO AN yrnyOnéHHok Moneky-
NAPHO-reHeTnYecKon auddepeHumaLnm n TMNMPOBaHNS LWITaMMOB Y. pestis B 9TOM ovare.

KnroueBble cnoBa: yyma, Yersinia pestis, TysuHckul eopHbil odyae, SNP-aHanu3, MLVA-munupoeaHue

HUcmoyHuk puHaHcupoeaHusi. ABTOpbI 3asiBMsIOT 06 OTCYTCTBUU BHELLUHETO (DMHAHCUPOBAHWUS NPU NPOBEAEHUN UC-
crnepoBaHus.

KoHgbnnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbIX M MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukauuern HacTosILLEn CTaTbu.

Ana yumupoeaHusi: CtaHkoBueBa E.B., Ornogun E.I, Bepxyukun [O.B., YepssikoBa H.C., HapbiwkuHa E.A.,
depopos A.B., Epowenko I"A., BanaxoHoB C.B., KyTbipeB B.B. dunoreHuns wrammoB Yersinia pestis nuHun 4.ant n3
TyYBMHCKOro rOpHOrO M ConpeaenbHbIX o4aroB Yymbl. XKypHan Mukpobuonoauu, anudemuornoauu U UMMyHobuonoauu.
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Introduction

Natural foci of plague are located on most
continents and are constantly manifested by outbreaks
of this particularly dangerous infection, which has
left a deep trace in the history of civilization in the
prehistoric period as well as the modern era [1]. In
recent years, outbreaks of plague have been reported
in the Democratic Republic of the Congo, the Republic
of Madagascar, the United States of America, the
People's Republic of China and Mongolia [2]. Plague
is a natural focal infection with a predominantly vector-
borne mechanism of transmission of the pathogen, the
bacterium Yersinia pestis, which persists in natural
foci, mainly circulating between rodents and fleas
parasitizing them. There are 45 natural foci of plague
in the countries of the Commonwealth of Independent
States, including 11 of them in Russia.

The modern intraspecific classification, based
on data on the global genetic diversity of the plague
pathogen, divides Y. pestis strains into 7 subspecies:
the major subspecies — ssp. pestis (ancient, medieval,
eastern and intermediate biovars) and 6 non-major
subspecies [3]. Strains of the major subspecies circulate
in most natural foci of the world and are highly virulent.
Strains of the ancient biovar were etiologic agents of the
1*t and 2" plague pandemics, the Manchurian epidemic
of pneumonic plague in China in 1910-1911, and
modern outbreaks of plague in the Democratic Republic
of Congo [3, 4]. Antique biovar strains are genetically
diverse and belong to 5 phylogenetic lineages according
to the genetic nomenclature of evolutionary branches:
0.ANT, 1.ANT, 2.ANT, 3.ANT and 4.ANT, which
are currently found in natural plague foci in Asia and
Africa [5]. Strains of the 4. ANT lineage circulate in an
endemic megafocus, which is transboundary and covers
the territories of the TMPF and the Gorno-Altaisk high-
mountain plague focus in Russia and natural foci in
Mongolia [6]. 4. ANT strains are not found in other
regions of the world. For many years, the 4. ANT mega-
focus has shown constant epizootic activity. In 2014—
2016, 3 cases of human plague caused by strains of the
4.ANT lineage occurred in the Gorno-Altaisk highland
focus [7, 8]. Plague cases are also registered in the
neighboring region of Mongolia [2, 9].

In addition to the 3 virulence plasmids pFra,
pCad, and pPst resident to Y. pestis, 4. ANT strains
contain the pTP33 plasmid, which apparently encodes
adaptation factors of Y. pestis strains to the conditions
of natural ecosystems in this geographic region [10,
11]. 4.ANT strains have been isolated in the Gorno-
Altaisk focus since 2012. The phylogenetic structure of
4.ANT strains from the Altai Mountains and Mongolia
has been well investigated using whole genome
sequencing and MLVA25-typing [6, 12]. Circulation
of the Tuva variant of 4. ANT in the TMPF was
detected as early as 1964. [13]. Since then, epizootic
activity in the TMPF has been recorded continuously
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and with the isolation of Y. pestis cultures, but the
number of publications on molecular genetic studies
of the population structure of Tuvan strains of 4. ANT
is rather limited [6, 12, 14, 15]. There are practically
no publications on phylogenetic analysis of the
population structure of 4.ANT strains based on the
data of whole genome sequencing.

The TMPF covers 3 administrative districts of
Tuva: Mongun-Taiginsky, Ovyursky and Tes-Khemsky.
The main territory of the focus is located near the
southern slopes of the Tsagan-Shibetu and Western
Tannu-Ola mountain ranges [16]. The territory of the
focus includes various geographical landscapes: from
the steppe zone to alpine biotopes. The main feature
of the epizootic process in the focus is a pronounced
microfoci, which is directly related to the presence
of separate populations of the main carrier — the
long-tailed gopher Urocitellus undulatus. The TMPF
includes a number of mesofoci: Karginsky, Saglinsky,
Tolaylygsky, Barlyksky, Verkhne-Barlyksky, Boro-
Shaysky, Mogen-Burensky, Aspaitinsky, Kara-
Beldyrsky, Chozinsky and Despensky [17]. The main
vector in the territory of the focus is the flea Citellophilus
tesquorum, however, other species of fleas, ixodes
and gamaze ticks, and lice are also involved in the
epizootic process [ 18]. The existence of separate plague
mesofoci and micro-foci of the territory implies the
presence of different phylogeographic populations and
a pronounced diversification of the 4. ANT lineage in
the TMPF. The combination of the methods of whole-
genome SNP analysis (single nucleotide polymorphism)
and MLVA2S typing (multiple locus variable number
tandem repeats analysis) has proven to be an effective
genetic tool for determining the population structure of
Y pestis [19, 20]. The first method allows reconstruction
of the long-term evolution of Y. pestis, and MLVA25
shows high resolution when studying closely related
strains circulating in the same or adjacent territories
[21,22].

The TMPF is one of the active plague foci of
Russia. The southern part of the focus is adjacent to
the border with Mongolia, where active plague foci are
located. The development of tourism, economic ties
and transportation in this region may lead to cases of
human plague infection and transfer of the pathogen
outside the epizootic areas. The planned construction
of the Elegest — Kyzyl — Kuragino railroad in 2026
may also increase the threat of contact with carriers
and vectors of the disease. Another threat is the illegal
harvesting of the marmot tarbagan by local people,
which has been sporadically involved in epizootics
in the last 10—15 years. The intensity of the epizootic
process in the TMPF and the high virulence of
4.ANT strains necessitate their comprehensive study,
determination of their range, phylogenetic analysis and
establishment of the current population structure using
molecular genetic technologies.
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The aim of this study is the phylogenetic and
population analysis of Y. pestis strains of lincage 4. ANT
from TMPF according to whole genomic SNP- and
MLVA25-typing data.

Materials and methods

Whole-genome SNP analysis of Y. pestis strains of the
4.ANT phylogenetic lineage

The whole-genome nucleotide sequences of 68 Y.
pestis strains were used in this study, of which 60 strains
isolated in 1971-2024 belong to the phylogenetic
lineage 4. ANT. Among them, 53 strains were obtained
from the TMPF, 5 strains from the Gorno-Altaisk focus
and 2 strains from Mongolia. Strains from the TMPF
were isolated from the long-tailed gopher Urocitellus
undulatus (26%), tarbagan Marmota sibirica (4%);
Daurian pika Ochotona dauurica (4%), lice (11%),
fleas Citellophilus tesquorum (35%), Oropsylla
alaskensis (4%), Paramonopsyllus scallonae (2%),
Rhadinopsylla i transbaikalica (6%), Frontopsylla
elatoides (4%); from Gamasina (2%), Ixodidae (2%)
ticks. Y. pestis strains were obtained from the State
Collection of Pathogenic Bacteria of the Russian Anti-
Plague Institute “Microbe” of Rospotrebnadzor.

Strains were grown on agar or LB broth (pH
7.2) at 28°C for 24-48 hours. DNA was isolated using
the PureLink Genomic DNA Mini Kit (Invitrogen)
according to the manufacturer's instructions. Nucleotide
sequences of Y. pestis strains were obtained by whole
genome sequencing on MGI platform (DNBSEQ-
G50RS sequencer) using MGIEasy Fast FS Library Prep
Set and MGIEasy UDB Primers Adapter Kit A reagent
kits. The resulting reads (DNA fragments produced by
the sequencer) were assembled into contigs (a set of
overlapping DNA segments that together represent the
consensus DNA region) with an average coverage per
genome of 98.56% (50% read depth). The average size
of the assembled genome was 4.55 million nucleotide
pairs. Y. pestis strains of different phylogenetic lineages
from the NCBI GenBank database were taken as a
comparison group for dendrogram construction: 620024
(NZ_ADPMO000000000000. 1, 0.PE7), Pestoides
A (NZ_ACNTO000000000000.1, 0.PE4), Antiqua
(NC _008150.1, 1.ANT), CO92 (NC_003143.1,
1.ORI1), KIM10 (NC 004088. 1, 2.MEDI),
Nepal516 (NC 008149.1, 2.ANT1), MGJZ11 (NZ_
ADSU000000000000.1, 3.ANT2), MGJZ12 (NZ_
ADSV000000000000.1, 4.ANT). Sequences of certain
4.ANT strains were also taken from the NCBI GenBank
database: 1-3113 (NZ_CP045149.1, 4.ANT), 1-3223
(LZNEO00000000.1, 4.ANT), 131-133 (M2085) (NZ_
CP064125.2, 4. ANT), 256 (M2029) (NZ_CP064123.1,
4.ANT).

Core SNP mutations were detected by aligning
Y. pestis strain contigs to the Y. pestis CO92 genome
using the Snippy v. 4.6 program, then 28 homoplasy

SNPs were removed, which appear independently in
representatives of different phylogenetic lineages and
do not reflect the unity of origin [5]. The resulting file
contained 1133 core SNPs. The PhyML module in the
SeaView program was used to construct a dendrogram
based on core SNPs. Maximum Likelihood dendrogram
with nucleotide substitution model — GTR (general
time reversible) was visualized in the FigTree v. 1.4.5
program. The search for marker SNPs was performed
in the MEGAT11 program.

MLVA25-genotyping of Y. pestis strains of the 4. ANT
phylogenetic lineage

Genotyping was performed at 25 VNTR loci
with exclusion of the yp3057ms09 locus from the
analysis [23, 24]. VNTR loci were searched using the
FragmentFinder v. 0.4 program [25]. The number of
tandem repeats was counted in the Tandem Repeats
Finder program under the following parameters:
alignment parameters — 2, 3, 5 (match, mismatch,
indel, respectively); minimum match score to report
the presence of a repeat — 50; maximum period size
(the program's best guess for the size of the tandem
repeat template) — 500 bp [26]. A dendrogram based
on the number of tandem repeats was constructed in the
BioNumerics v. 7.6.3 program (Applied Maths) using
the UPGMA method (unweighted pair group method
with arithmetic mean).

Statistical data processing included calculation of
the allele polymorphism index /# and evaluation of the
discriminatory ability of the method by calculating the
Hunter-Gaston index [27, 28].

Results

Based on the results of whole-genome SNP
analysis, a phylogenetic study was performed and the
population structure of Y. pestis strains of the 4. ANT
lineage from the TMPF was determined, which was
found to include 4 major phylogeographic groups
(Fig. 1). The phylogenetic relatedness of the strains
was reconstructed on the basis of 1133 identified
bark SNPs. The phylogenetic tree in Fig. 1 is rooted
using Y. pestis strain 620024 (NCBI GenBank: NZ
ADPMO000000000000.1, 0.PE7) [5]. The locations of
isolation of Y. pestis strains of line 4. ANT in TMPF are
shown in Fig. 2.

The search for SNP mutations underlying the
separation of strains of the 4.ANT lineage from the
common stem of the phylogenetic tree of Y. pestis
revealed 12 specific SNPs common to all strains of
the 4.ANT lineage. Of these, 9 SNPs are located in
genes encoding cell life support proteins, including
6 nonsynonymous SNP mutations. Another 3 SNP
mutations are located in the intergenic space. One
of the identified SNP mutations with coordinate
1610851 in the genome of Y. pestis strain CO92
(G—A, rlmKL gene) was previously used as a target
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Fig. 1. Maximum Likelihood dendrogram of Y. pestis strains of the 4. ANT phylogenetic lineage, constructed from the data
of whole genome SNP analysis based on 1133 bark SNPs.

The PhyML module of the SeaView program was used to construct the dendrogram. The model of nucleotide substitutions — GTR with
500-fold bootstrap support was used. FigTree v. 1.4.5 program was used for dendrogram visualization. To improve the resolution of the figure,
the branch of strain 620024 is not shown in the dendrogram.
mesof. — mesofocus, n. |. — natural landmark (tract).

for detection of strains of the 4.ANT lineage in allele-
specific qPCR [29].

In the dendrogram, Y. pestis strains of the 4. ANT
lineage isolated in the TMPF area separated into four
phylogenetic clusters (phylogroups). Cluster T1, which
separated from the trunk of the 4.ANT lineage earlier
than the others, included 6 strains obtained in 1971
1987. These are some of the earliest strains from the
TMPF in the study sample. Strains 2060, 1771, [-3110
were obtained in the Sagli mesofocus in 1971 and
1984. Strain [-3205 (1986) was isolated in the Tolaylyg
mesofocus (Buure tract). The genome of strain [-3113
(1984) was taken from the NCBI GenBank database
(NZ_CP045149.1). Strains 1-3113 and 1-3223 (1987)
were isolated in the Barlyk mesofocus. Fourteen SNP
mutations characteristic only of strains of the T1

cluster were detected, of which 12 SNP mutations were
located in the coding region (9 nonsynonymous), and
2 mutations were located in the intergenic space. The
branch that gave rise to the remaining strains of the
4.ANT lineage branches off from the phylogenetic node
common to the T1 cluster.

Between the strains of cluster T1 and other
strains of the 4.ANT lineage in the dendrogram is
strain MGJZ12, which is a member of the comparison
group strains [5]. This strain was isolated in Mongolia
in 2002, which indicates phylogenetic continuity of
4.ANT strains distributed in this transboundary area of
natural plague foci.

A separate cluster on the dendrogram is formed
by strains from the Altai Mountains and Mongolia.
Strain 1-3240 was isolated earlier than other strains of



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOT M. 2025; 102(3)

DOI: https://doi.org/10.36233/0372-9311-659

289

OPUTVHANbHbBIE NCCJTIEAOBAHNA

Fig. 2. Spread of Y. pestis strains of phylogroups T1-T4 of the 4.ANT lineage in the territory of the TMPF.

this cluster (1988) in the territory of the Khukh-Serkh-
Munkh-Hairkhan focus (Mongolia). Modern strains
from the Mountain Altai and Mongolia (2012-2019)
originate from a common ancestor with strain 1-3240.
These strains belong to a new powerful clone of the
4.ANT lineage, which manifested itself in the second
decade of the 21st century in the transboundary section
of the 4. ANT megafocus, including cases of human
plague in Russia and Mongolia [7, 8]. Four specific
SNP mutations were identified for strains from the
Gorno-Altaisk highland focus of Russia and Mongolia,
located in coding regions of the genome.

All other strains from the TMPF taken in the study,
represented by a separate branch on the dendrogram, lie
at the base of the overall polytomy. This branch includes
three different clusters, designated as T2-T4, as well as
individual strains (I-3462, 2002; 1-3471, 2003; 1-3383,
1994; 1-3401, 1998) that did not fall into any cluster. All
of these strains were isolated in the Kargi mesofocus.

Cluster T2 included 10 strains isolated in 2014-
2024 in the Karginsky mesofocus. They are separated
from other clusters by the presence of 2 specific SNP
mutations, one of which is located in the coding region
with coordinate 2774153 on the CO92 genome (G—A,
gene YPO RS13360, synonymous).

Cluster T3 includes strains obtained in the
Karginsky plague mesofocus in 1977-2009. This large
cluster is formed by strains with a similar SNP profile.
Diversification of individual subclusters within cluster
T3 in combination with isolation of cultures of the
plague pathogen during 40 years in the territory of this
mesofocus suggests the presence of an independent
process of microevolution of strains of cluster T3
during that period. The strains of the T3 cluster have

one common specific SNP mutation with the coordinate
4263645 on the CO92 genome (G—T, gene YPO
RS20065, nonsynonymous).

4.ANT strains of another cluster, T4, were isolated
in the Tolaylyg and Karginsky mesofoci of the TMPF
in 2006-2013. Strain 3 (2012), isolated in the Boro-
Shai mesofocus, was also included in the T4 cluster.
Three SNP mutations specific for strains of this cluster
were detected, 2 SNP mutations are nonsynonymous
and located in the coding region (325289, T—A, gene
YPO _RS02605;3972331,C—T, gene YPO_RS18755).

Thus, the presence of diversification of Y. pestis
4.ANT strains in the TMPF due to independent
microevolution of the pathogen in isolated plague
microfoci was established on the basis of a whole-
genome SNP analysis, and the main phylogeographic
groups of these strains were described. SNP mutations
specific for individual phylogeographic populations
of this line of evolution of the plague pathogen are
characterized.

MLVA25-genotyping of Y. pestis strains of the 4. ANT
phylogenetic lineage from the TMPF

MLVA25-genotyping was carried out for all 60
Y. pestis strains of the 4. ANT lineage obtained in 1971—
2024 in the TMPF, the Gorno-Altaisk high-mountain
focus in Russia, and foci of Mongolia. Based on the
typing results, 11 MLVA-genotypes were identified
(Hunter-Gaston index equal to 0.78). The following loci
were variable for 4. ANT strains: yp1290ms04 (number
oftandem repeats 6, 7); yp1935ms05 (4,9); yp0559ms 15
(8, 9); yp4042ms35 (9, 10); yp4425ms38 (5, 8);
ypl108ms45 (6, 7); yp3060msS56 (8,9); yp4280ms62 (6,
7,9, 10, 11, 12, 13, 14); yp1580ms70 (4, 5, 6) (Table).
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Characterization of variable VNTR loci of Y. pestis strains of
the 4.ANT lineage by MLVA25 genotyping

Repeat Number of alk_ales_ Allelic _
VNTR locus length. bp and repeat copies in polymorph|sm
the VNTR locus index h
yp1290ms04 17 6,7 0,19
yp1935ms05 17 4,9 0,03
yp0559ms15 15 8,9 0,35
yp4042ms35 15 9,10 0,19
yp4425ms38 16 5,8 0,10
yp1108ms45 12 6,7 0,03
yp3060ms56 16 8,9 0,21
yp4280ms62 9 6,7,9,10, 11, 12,13 0,74
yp1580ms70 9 4,5,6 0,44

For the remaining loci (yp0120ms01; yp2769ms06;
yp2916ms07; yp1814ms20; yp1895ms21; yp0581ms40;
yp0718ms41; ypl018ms44; yp1335ms46; yp2058ms51;
yp2612ms54; ypll18ms69; yp1925ms71; yp3236ms73;
yp3245ms74), all strains appeared identical. Strains
from TMPF formed 8 MLVA genotypes. The same loci
were found to be variable for them as for all strains of
the 4.ANT lineage, with the exception of yp3060ms56

(8).

When constructing the MLVA25-dendrogram
using the UPGMA method based on the number of
tandem repeats in the VNTR loci, all the strains from
TMPF were divided into 3 major clusters: A and
B (Fig. 3). The division of strains into clusters and
subclusters coincides with their spatial and temporal
origin in the focus: cluster A consists of strains from
1971-1987 from the Saglinsky, Tolaylygsky and Barlyk
mesofoci; cluster B is formed by strains from 1977—
2024. Cluster B includes subclusters: B1 — territory
of Karginsky mesofocus (Chalyyash and Kok-Dorgun
tract); B2 — Tolaylyg and Karginsky mesofoci; B3 —
Karginsky mesofocus; B4 — Karginsky and Boro-
Shai mesofoci. A separate cluster on the dendrogram
is formed by strains from the Altai Mountains and
Mongolia.

Cluster A, as in the whole-genome SNP analysis,
included some of the most previously isolated
strains from Tuva. These are 3 strains from the Sagli
mesofocus (I-3110, 1984; 2060 and 1771, 1971),
strain 1-3205 from the Tolaylyg mesofocus (1986),
and strains from the Barlyk mesofocus (I-3223, 1987;
1-3113, 1984). The MLVA profile of this group is very
different from the other strains of the 4.ANT lineage.
The presence of 2 alleles at the yp4425ms38 locus (5
and 8) and 2 alleles at the yp1108ms45 locus (6 and 7)
underlies the formation of three MLVA genotypes in
the strains of cluster A: Tuv.6, Tuv.7 and Tuv.8. Strains
1-3110, 2060 and 1771 from the Sagli mesofocus have
8 tandem repeats in the VNTR yp4425ms38 locus and
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6 repeats in the ypll108ms45 locus (genotype Tuv.6).
Strains 1-3205 (1986) and 1-3223 (1987) have the Tuv.7
genotype, characterized by the presence of 5 repeats at
the yp4425ms38 locus and 6 repeats at the yp1108ms45
locus. Strain [-3113 (1984), which has 5 repeats at the
yp4425ms38 locus and 7 tandem repeats at the VNTR
ypll108ms45 locus, belongs to a separate genotype,
Tuv.8.

Cluster B was formed by all other studied Y.
pestis 4.ANT strains from the 1977-2024 TMPF
isolation. This is a fairly homogeneous group in terms
of MLVA profile. Only the presence of 3 alleles at the
yp4280ms62 locus (11, 12, 13) and 2 alleles at the
ypl1580ms70 locus (4, 5) underlies the division of the
strains into subclusters B1, B2, B3, and B4 as well
as the formation of 4 genotypes (Tuv.4, Tuv.1, Tuv.2,
Tuv.3), respectively.

Subcluster B1 was formed by 2 strains from the
Karginsky mesofocus — 1-2638 (1977, Kok-Dorgun
tract) and [-3403 (1998, Chalyyash tract). The formation
of the Tuv.4 genotype is based on the presence of 4
repeats in the ypl580ms70 locus. The most similar
MLVA-profile has strains of cluster B3, which on the
tree originate from strains of cluster B1. Subcluster B3
includes strains isolated in 1992-2015 in the Kargin
mesofocus. Cluster B1 and B3 strains (genotypes
Tuv.4 and Tuv.2) are united by the presence of 12
tandem repeats at the yp4280ms62 locus. Subcluster B2
(genotype Tuv.1) is formed by 18 strains isolated in the
Tolaylyg and Karginsky mesofoci (2002—-2013). The
strains of genotype Tuv.1 have 11 VNTR repeats at the
yp4280ms62 locus. The presence of 13 repeats at the
yp4280ms62 locus separates the 7 strains that formed
subcluster B4 (2002—-2024). This included strains from
the Karga mesofocus, as well as strain 3 (2012) from the
Boro-Shai mesofocus. The Y. pestis strain 549, isolated
in 2020 in Kyzyl-Bom tract (Karginsky mesofocus),
was not included in any cluster formed by other strains
from the TMPF. This is the only strain that has 5 tandem
repeats at the yp1935ms05 locus, which accounts for its
characteristic MLVA-genotype Tuv.5.

A separate cluster on the dendrogram was formed
by strains from the Altai Mountains and Mongolia
(genotypes Alt.1, Alt.2, Mon.1).

Discussion

In Tuva, the Altai Mountains and the adjacent
territory of Mongolia there is a natural megafocus of
plague, in which strains of Y. pestis of the phylogenetic
lineage 4.ANT of the antique biovar of the main
subspecies endemic to this region are distributed.
They are highly virulent and epidemically significant.
The use of modern molecular genetic technologies
is necessary to analyze the population structure and
directions of microevolution of 4.ANT strains, to
determine the diversity of genotypes and areas of
their distribution, which is important for improving
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strain genotype year, place
P 45 2012 Gomny Altai
517 2014 Gorny Altai
1-3656  Alt.1 2018 Mongolia Sajljugemsky mesof. Gorny Altai
25 2016 Gorny Altai and Mongolia
_E 256 2018 Gorny Altai
349 Alt.2 2015 Gorny Altai
|-3240 Mon.1 1988 Mongolia Huh-Sjerh-Munh-Hajrhanskij mesof.
1-3503 2006 Tuva Tolaylygsky mesof. n.l. Balyktyg
1813 2012 Tuva Tolaylygsky mesof. n.l. Bert-Charyg
228-232 2013 Tuva Karginsky mesof. n.l. Kadyr-Orug
863-865 2013 Tuva Karginsky mesof. n.l. Kara-Jash
65-68 2012 uva Tolaylygsky mesof. n.l. Bert-Charyg
851 2012 Tuva Karginsky mesof. n.l. Buure
1025-1028 2012 Tuva Karginsky mesof. n.|. Balyktyg-Hem
1063 2012 Tuva Karginsky mesof. n.l. Ush-Dorgun
1-3462  Tuv.l 2002 Tuva Karginsky mesof. n.l. Uzun-Hem
704-705 2012 Tuva Karginsky mesof. n.l. Chalyjash Tuva
1762 2012 Tuva Karginsky mesof. n.l. Uzun-Hem 2006-2013
1823 2012 Tuva Tolaylygsky mesof. n.l. Bert-Charyg
1825 2012 Tuva Tolaylygsky mesof. n.l. Bert-Charyg
1833 2012 Tuva Karginsky mesof. n.|. Choldak-Ak-Kara-Sug
1905 2012 Tuva Karginsky mesof. n.l. Chalyjash
B2 2243 2012 Tuva Karginsky mesof. n.l. Chalyjash
—e— 2685 2012 Tuva Karginsky mesof. n.l. Taldyg-0Oj
2845 2012 Tuva Karginsky mesof. n.l. Chinge-Put
2565 2015 Tuva Karginsky mesof. n.l. Oruktug
429 2015 TuvaKarginsky mesof. n.l. Kurgak
1636 2015 Tuva Karginsky mesof. n.|. Kara-Jash
1-3471 2003 Tuva Karginsky mesof. n.l. Kyzyl-Bom
272276 2014 Tuva Karginsky mesof. n.l. Kadyr-Orug
1-3363 1992 Tuva Karginsky mesof. n.l. Taldyg-Oj
1-3383 1994 Tuva Karginsky mesof. n.l. Buure
1-3418 1999 Tuva Karginsky mesof. n.l. Chalyjash
1-3450 2001 Tuva Karginsky mesof. n.l. Kadyr-Orug Tuva
1-3472  Tuw.2 2003 Tuva Karginsky mesof. n.l. Ojuk-Hem 1992-2015
1-3498 2005 Tuva Karginsky mesof. n.l. Taldyg-Oj
1-3522 2007 Tuva Karginsky mesof. n.l. Kurgak
1-3358 1992 Tuva Karginsky mesof. n.l. Kurgak
1-3384 1994 Tuva Karginsky mesof. n.l. Chalyjash
1-3524 2007 Tuva Karginsky mesof. n.l. Suur-Tajga
| 131-133 2015 Tuva Karginsky mesof. n.l. Ojuk-Hem
1-3401 1998 Tuva Karginsky mesof. n.l. Chalyjash
ﬂ}j 1-3415 1999 Tuva Karginsky mesof. n.l. Chalyjash
1-3419 1999 Tuva Karginsky mesof. n.l. Chalyjash
650 2024 Tuva Karginsky mesof. n.l. Uzun-Hem
660 2024 Tuva Karginsky mesof. n.l. Uzun-Hem
. 661 2024 Tuva Karginsky mesof. n.l. Uzun-Hem
Fig. 3. MLVA-denqro- 885 Tuv.3 2024 Tuva Karginsky mesof. n.l. Kurgak -Sai b
grgm of Y. pestis 1 3 2012 Tuva Boro-Shajsky mesof. n.l. Holan 2002-2024
strains of the ,4'ANT _B,‘_‘I 1-3464 2002 Tuva Karginsky mesof. n.l. Buure
og?a}jfegg?nquyqugg“ B 1-3533 2009 Tuva Karginsky mesof. n.l. Verhnij Ojuk-Hem
in the TMPF, the Gorno- —-B;ll 1-2638 Tuv.4 1977 Tuva Karginsky mesof. n.l. Kok-Dorgun Tuva
Altaisky high-mountain 13403 1998 Tuva Karginsky mesof. n.I. Chalyjash 1977-1998
focus in Russia and foci L 549 Tuv.5 2020 Tuva Karginsky mesof. n.l. Kyzyl-Bom
of Mongolia according 1-3110 1984 Tuva Saglinsky mesof. n.|. Hany-Kara-Sug
to MLVA25-genotyping 2060 Tuv.6 1971 Tuva Saglinsky mesof. n.l. Shin
data, constructed by the 1771 1971 Tuva Saglinsky mesof. n.l. Verhov'e Sagly Tuva
UPGMA method. A 1-3205 1986 Tuva Tolaylygsky mesof. n.l. Buure 1971-1987
mesof. — mesofocus, 13223 7 1987 Tuva Barlyksky mesof. n.l. Onachi
n. l. — natural landmark L 1-3113 Tuv.8 1984 Tuva Barlyksky mesof. n.l. Kyzyl-Haja

(tract)
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the efficiency of epidemiological monitoring in these
active foci of Siberia. Over the last few years, the use
of whole-genome SNP analysis and MLVA typing has
proved the effectiveness of these methods for tracking
the evolution and typing of Y. pestis strains, as well as
in epidemic investigations and for controlling plague
epizootics [6, 12, 15, 20-23, 30, 31].

Our phylogenetic study of 60 strains of Y. pestis
lineage 4.ANT from the natural megafocus of plague,
based on the data of whole-genome SNP-analysis,
showed that the strains from the 1971-1987 TMPF were
the earliest to diverge from the evolutionary trunk of
this lineage. On the phylogenetic tree, strains from this
period formed a closely related cluster, which included
strains isolated in the Sagli (1971, 1984), Barlyk (1984,
1987), and Tolaylyg (1986) mesofoci. The strains were
first isolated in this area in the Saglinsky mesofocus in
1966, in the Barlyksky mesofocus in 1983, and in the
Tolaylygsky mesofocus in 1985 [16]. After large-scale
disinfestation activities in 1981-1985, Y. pestis cultures
were no longer isolated in the Saglinsky mesofocus. The
performed phylogenetic analysis showed that the Tuvan
strains from the 1971-1987 cluster are evolutionarily
earlier and precede on the dendrogram all other strains
of Y. pestis from the 4. ANT megafocus in Tuva and the
Altai Mountains.

The strains of this cluster are followed on the
dendrogram by two modern branches of evolution, one of
which includes 4. ANT strains from 1988-2019 from the
Gorno-Altaisk high-mountain focus in Russia and foci
in Mongolia (Sailugemsky and Khukh-Serkh-Munkh-
Hairkhansky). The second branch of 4.ANT consists of
Tuvan strains from 1977-2024 predominantly from the
Karginsky mesofocus. The SNP profile of this branch
of Tuvan strains differs significantly from the strains
of the 1971-1987 cluster, suggesting a subsequent
independent microevolution of 4.ANT in the Kargin
mesofocus. This branch of Tuvinian strains shows
spatial and temporal clustering and their diversification
within separate clusters, which indicates the ongoing
process of independent microevolution of the 4. ANT
lineage in the TMPF.

It was previously shown that the MLVA25-
typing method has a significant discriminatory ability
with respect to strains of Y. pestis of the major and
non-major subspecies from the TMPF and the Gorno-
Altaisk high-mountain plague focus, respectively [15].
It was shown that strains were clustered on the basis of
the number of tandem repeats both at the population
level (separation of strains depending on the focus)
and at the intrapopulation level (separation of strains
within one focus). Our data confirm the diversity of
MLVA25-genotypes of 4. ANT strains isolated in the
Tyva Republic, Gorny Altai and Mongolia. The data
of MLVA25- and SNP-typing coincide, which proves
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the prospect of integrated use of these two modern
methods to reconstruct the long-term evolution and
analyze the population structure of 4. ANT strains. High
discriminatory capabilities of the MLVA25 method in
determining the intrapopulation structure of Y. pestis
strains will allow further effective monitoring of the
genetic variability of the plague pathogen in the natural
megafocus of 4. ANT in Tuva and the Altai Mountains.

Conclusion

The phylogenetic structure of 4. ANT strains from
the plague megafocus located in Russia and Mongolia
was determined based on the data of whole-genome
SNP analysis of 60 Y. pestis strains of the 4. ANT lineage
from the plague megafocus, reflecting the spatial and
temporal circulation of the pathogen in the megafocus.
The presence of 4 major phylogeographic groups
of 4. ANT strains from the TMPF was established.
Phylogroup T1 includes strains from the Sagli, Barlyk,
and Tolaylyg mesofoci of 1971-1987. Phylogroup
T2 includes 10 strains isolated from 2014-2024 in the
Karginsky mesofocus. Phylogroup T3 includes strains
from the Karginsky mesofocus obtained in 1977-2009.
Phylogroup T4 consists of strains isolated in 20062013
from Karginsky, Tolaylygsky and Boro-Shai mesofoci.
Marker SNP-mutation dendrograms for phylogenetic
nodes of 4. ANT were identified, which can be used for
extended molecular genetic identification of strains from
the TMPF. Using MLVA25-typing, the presence of 8
MLVA-genotypes for the Tuvan population of 4. ANT
was established and variable VNTR loci were identified.
The revealed genetic diversity of Y. pestis strains of the
4.ANT lineage is associated with microevolution of
separate phylogeographic groups in different microfoci in
the TMPF. The pronounced diversification distinguishes
the 4.ANT population from the TMPF from the 4. ANT
population from the Gorno-Altaisk focus, which is
characterized by significant genetic homogeneity.

Thus, strains of lineage 4.ANT from the
transboundary plague megafocus in Russia and
Mongolia are a convenient model for studying the
influence of existence conditions on the microevolution
of different phylogeographic populations of Y. pestis.
The obtained results of whole-genome SNP-analysis
and MLVA25-typing can be used for molecular-
genetic differentiation of Y. pestis strains of lineage
4.ANT from the TMPF, detailing the molecular-genetic
passportization of the territory and increasing the
efficiency of molecular-epidemiological monitoring
of the TMPF and adjacent plague foci of Russia and
Mongolia. Against the background of the growing
tourist flow and construction of new transportation
networks, the obtained data may contribute to reducing
the risks of human plague as well as carrying the
pathogen outside the epizootic territories.
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