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Abstract. Aim. The present paper provides a comparative analysis of the phylogenetic relationship between Yersinia
pestis strains isolated in the Volga-Ural sandy natural focus during the periods of 1912—1945 and 1963-2003, which were
characterised by different levels of epidemic activity, in order to identify the spatiotemporal patterns in the circulation
of the plague pathogen in the North Caspian region. Materials and methods. We studied the properties and performed
whole-genome sequencing of 18 Y. pestis strains from the Volga-Ural sandy focus, along with 12 strains from other foci
in the North Caspian and North Aral regions, isolated from 1912 to 2003. The phylogenetic analysis was performed
drawing on the whole-genome SNP analysis, which was conducted on the basis of 2188 SNPs identified in the core
genome using the Wombac 2.0 program. Maximum Likelihood Dendrogram (GTR model) was used for the analysis
of phylogenetic relationships between strains. Results and discussion. All studied strains from the foci of the North
Caspian region belong to the main subspecies (biovar medievalis) of the plague pathogen. These are highly virulent and
epidemiologically dangerous strains. The whole-genome sequencing and phylogenetic analysis of 30 strains from the
Volga-Ural sandy focus, as well as adjacent plague foci, reveal that the strains (biovar medievalis) of two phylogenetic
branches — 2.MED4 and 2.MED1 — were spread across the focus under study in the early 20th century. It is confirmed
that 2.MED/1 strains were the etiological agents of plague outbreaks in the Volga-Ural sandy focus during this period. The
study revealed the presence of parallel evolutionary lines in 2.MED1 associated with plague outbreaks in the first half of
the last century. In the second half of the 20th and early 21st centuries, the modern evolutionary line of 2.MED1 became
widespread in the Volga-Ural sandy focus. The strains of this line are closely grouped, which indicates their close genetic
relationship. Only sporadic cases of plague were recorded during this period. Modern strains from the Volga-Ural sandy
focus (1963-2003), as well as the strains previously isolated there (1912—1945), do not originate from each other. These
strains represent closely related, independent evolutionary branches, extending from the common trunk of 2.MEDI.
Modern strains originating from those of the North Aral desert focus (1945) form a separate cluster in the dendrogram.
This suggests that, following a break in the 1950s, the Volga-Ural sandy focus was re-colonised by closely related strains
from the North Aral region.
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NMPOCTPAHCTBEHHO-BPEMEHHOW AHATN3 LUIUPKYNALUWUN YERSINIA PESTIS
B BOJITO-YPAJIbCKOM NECHYAHOM OYATE

I@OKY3 «Poccutickutl HAyYHO-UCCLE008aMeNbCKULL NPOMUSOUyMHbILL uncmumym « Muxpo6y, Capamos, Poccutickas @edepayusi;
’PI'Y «Vpanvckas npomusouymuas cmanyusiy Komumema koHmpons kauecmea 6e30nacHOCHU Mosapos u yeiye
Munucmepcmesa 30pasooxpanenus Pecnyonuxu Kasaxcman, Ypanwck, Pecnybauxka Kasaxcman

Leapb paboThl — CPaBHUTENBHBIN aHATN3 (QHIOTEHETHIESCKOTO POJICTBA IITAMMOB Yersinia pestis, BBIICICHHBIX B ITe-
puonsr 1912—-1945 u 19632003 IT. ¢ pa3nUYHON SMTUAEMUYECKOW aKTUBHOCTHIO B Bonro-YpamsckoMm mecqaHoM ImpH-
PORHOM odare, IJisi BBISBICHHS MPOCTPAHCTBEHHO-BPEMEHHBIX 3aKOHOMEPHOCTEH IMPKYIAINU BO3OYIUTEIS YyMBI B
perunonax CesepHoro Ilpukacnus. Martepuasl 1 MeToabl. [IpoBeseHO Hccie0BaHUE CBOMCTB U MOJIHOTEHOMHOE CEK-
BeHupoBanue 18 mrammoB Y. pestis n3 Bonro-Ypaiabckoro rnec4yaHoro ouara u 12 mraMMoB u3 Apyrux oyaroB CeBepHOTo
Ipuxacnus u CesepHoro Ilpuapanss, BeigeneHssix ¢ 1912 no 2003 roa. duiioreHeTndeckuil aHaau3 BBINOIHEH IO
JaHHBIM nosTHoreHoMHOro SNP-ananusa Ha ocHoBe 2188 BrisiBeHHBIX SNPs. ITonck SNPs B kopoBOM reHOMe MpOBEEH
¢ moMoInkko mporpammsl Wombac 2.0. s aHann3a GrIoreHeTHIEeCKUX CBA3EH MTaMMOB HCIIOIB30BaHa ACHAPOTrpaMMa
Maximum Likelihood, monens GTR. Pe3yabTarsl # 00cy:xkaeHune. Bee ucciaeqoBanHbie mTaMMbl 13 04aroB CeBepHOTo
[pukacmust OTHOCATCS K CPEIHEBCKOBOMY OHOBapy OCHOBHOIO MOJABH/IA BO3OYIUTEIST YyMbl. ITO BHICOKOBUPYJICHTHBIC
U DIHUJICMHUYCCKHU OMACHBIC IITaMMBI. [10 JaHHBIM TOJIHOTCHOMHOTO CEKBEHUPOBAHUS U (PHIOTCHETHYCCKOTO aHamm3a 30
wTaMMoB U3 Boiro-Ypajibckoro nec4aHoro v ConpeesbHbIX 04aroB YyMbl YCTaHOBJIEHO, UTO B Hayajie XX B. HA TEPpH-
TOpHH OYara OBLTH pacIpOCTPAHECHEI IITAMMBI IBYX (PHIOTCHETHUCCKUX BETBEH cpemHeBekoBoro omuosapa — 2.MED4 u
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2.MEDI. [Joka3ano, uro mrtammbl 2.MED1 SBISIUCH STHOTOTHYECKUMHU areHTaMH BCTIBIIIEK YyMbl B Bonro-Ypanbckom
MeCYaHOM OYare B 3TOT MepHO. BhIsABICHO Halnuue napanienbHbIX JUHUN BoIIOIMK B BeTBU 2.MEDI, cBA3aHHBIX CO
BCIIBIIIKAMH YyMBbI B IEPBOM MOJIOBUHE MPOILIOro Beka. Bo BTopoil nonosune XX u Hauane XXI BB. B Bonro-Ypansckom
MEeCYaHOM Ouare Moly4uiaa PacHpoCTpaHEHHE COBpeMEHHas MuHus 3Bononuu BetBu 2.MEDI, mtamMbl koTopoii Tec-
HO CTPYNITUPOBAHBI, YTO CBHIETEIBCTBYET O OJIM3KOM I€HETHYECKOM POACTBE ATHX INTAaMMOB. B 3TOT mepuon 3aperu-
CTPUPOBAHKI JIUIIH CITIOPAINIECKHE CIydan 3a001eBaHus oaei aymoii. CoBpeMeHHBIE ITaMMBI 13 Bonro-Ypansckoro
necua”oro ogara (1963-2003 rr.) u panee BoiensBImuecs mraMmsel (1912—1945 rr.) He BeayT NPOUCXOXKACHUS APYT OT
Jpyra, a IpeJCTaBIAIOT OIM3KOPOJICTBEHHbIE, HO HE3aBUCUMbIE BETBH BOJIOLIMH, OTXO/SIIME OT OOIIEro CTBOJIA BETBU
2.MEDI1. CoBpemeHHBIE ITaMMBbl 00pa3yIOT OTIENIBHBIHN KIacTep JIeHIPOrpaMMbl, B OCHOBAaHUH KOTOPOTO JISKAT MITaM-
Ml 13 Cesepo-IIpuapanbckoro mycTeiHHOTO odara 1945 r. OTo mo3BoseT clienarh NpeanoaokeHHe 0 TOBTOPHOM 3ace-
JIEHUU TeppuTOopHn Bomro-Ypaabckoro necyaHoro oyara mnocie nepepbiBa akTHBHOCTH B 50-€ rofibl IPOIITIOro CTOIETUS
6:1M3K0pOICTBEHHBIMU IITaMMaMu 13 CeBepHoro [Ipuapainss.

Kniouesvie crosa: mrammsl Yersinia pestis, Bonro-YpaibCKuid recyaHblid ovar, pUIOreHeTHYECKHH aHalu3, IIMPKY-

JSIOA B036yI[I/IT€J'I$I YyMBbI.

KoppecnoHdupyrowuti asmop: Epoluerko ManvHa AnekcangpoBHa, e-mail: rusrapi@microbe.ru.
[ns yumuposarus: Epowenko IA., Monos H.B., Anbxosa X.B., Banbikoa A.H., Kyknesa J1.M., Yepssikosa H.C., Maiikavos H.C., CapmynauHa A.X., KyTeipes B.B.
[MpocTpaHcTBeHHO-BpeMeHHOW aHanu3 umpkynauun Yersinia pestis B Bonro-Ypansckom necyaHom ovare]. [1pobnemsi ocobo onacHbix uHgpekyut. 2019; 3:51-57. (AHrn.

a3.). DOI: 10.21055/0370-1069-2019-3-51-57

OpuruHan cTaTtby Ha PyCCKOM A3blke pasMellieH Ha calte xypHana (ebin. 3, 2019).

Introduction

The Russian Federation encompasses 11 natural
foci of plague, which are located in the Caspian region,
Siberia and the Caucasus [1, 2]. The total plague-enzoo-
tic area on the territory of the Russian Federation comes
to 222,377 km?. The North Caspian region includes
the transboundary Volga-Ural sandy natural focus oc-
cupying sandy landscapes in the southern part of the
Volga-Ural interfluve [3]. Administratively, the above-
mentioned focus is located in the Astrakhan Region
of the Russian Federation, as well as in the Ural and
Atyrau regions of the Republic of Kazakhstan. This
focus, encompassing a total area of 61,000 km? (inclu-
ding 8,625 km? on the territory of Russia), constitutes a
multi-host and multi-vector system. Main plague hosts
are small gerbils: midday gerbil (Meriones meridianus)
and tamarisk gerbil (M. tamariscinus), accounting for
93 % of the total cultures that have been isolated from
rodents since 1926. The plague vectors are parasites spe-
cific to gerbils (Nosopsyllus laeviceps and Xenopsylla
conformis), accounting for 74.7 % of the total cultures
that have been isolated from fleas since 1926. In the last
century, the Volga-Ural sandy focus was one of the most
epizootically and epidemically active natural plague
foci of the Russian Federation and other countries of the
Commonwealth of Independent States (CIS). The focus
has been regularly monitored since 1926, with plague
epizootics being first recorded in that area in 1922. From
1922 to 2007 (85 years), epizootics were recorded for 65
years (epizootic index of 0.76). Major deterioration of the
epizootic situation occurred in 1937-1941, 1945-1946,
1951-1952, 1962-1963, 1966, 1971-1972, 19791980
and 1989-2002. The periods when infected animals were
registered in different parts of the focus varied from 1 to
13 years. In separate landscape areas of the focus, inter-
vals between infected animals being registered reached
from 2—6 to 10-38 years. In 1989-2007, epizootic mani-
festations were recorded mainly in the northern and cen-
tral parts of the focus. From 2008 to 2019, no infected
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animals were found on the territory of the focus. Long
intervals between registered epizootic manifestations of
plague on the territory of the Volga-Ural sandy focus are
referred to as inter-epizootic periods [4, 5]. The mecha-
nism involved in the subsequent reactivation of the focus
remains unclear [6-8]. Significantly, long intervals be-
tween registered epizootic manifestations of plague are
also characteristic of other plain natural foci of the North
Caspian and North Aral regions. In particular, the cessa-
tion of epizootics that took place in 2002-2019 also oc-
curred on the plague-enzootic territory of the Ural-Emba
interfluve, which is adjacent to the Volga-Ural sandy fo-
cus, as well as in other landscape regions in the northern
part of the desert zone of the Russian Federation and
the Republic of Kazakhstan [9, 10]. In 1899-2019, 38
epidemiological years and 117 outbreaks were recorded
in the Volga-Ural sandy focus, with most of these out-
breaks being associated with livestock breeders work-
ing in sandy areas. The largest outbreaks were noted in
1905 (Beketay; 659 cases, 621 deaths); 1911 (Kulken;
148 cases, 148 deaths), 1923 (Kunbergen; 80 cases, 76
deaths) and 1937-1938 (Volga-Akhtuba floodplain, 61
cases) [11]. The total number of infected people amoun-
ted to 2,450 in 214 populated localities. The epidemic
outbreaks were facilitated by the socio-economic condi-
tions of the local population, migration when changing
pastures, living in dugouts, an abundance of insects in
dwellings and hunting. Bubonic forms of the disease
predominated, although pneumonic forms of plague
were often recorded.

Presently, the risk of plague infection is increasing
due to the closer contacts of the population with natural
foci (agricultural work, oil and gas extraction, an increase
in the migratory activity of the population, hunting,
etc.). The long-term environmental and epidemiological
forecast for 2019-2020 indicates a high probability that
the natural plain foci in the northern and eastern Caspian
regions will become more active [12, 13]. In this con-
nection, a number of measures need to be implemented
in order to ensure the epidemiological welfare on the
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territory of the Volga-Ural sandy focus. Firstly, the epi-
demiological surveillance of plague should be strengthe-
ned significantly. Secondly, it is necessary to decipher
the mechanisms involved in activating the natural foci of
this highly dangerous infection on the plague-enzootic
transboundary territory of the Russian Federation and
the Republic of Kazakhstan [14—-16].

As it was previously shown using traditional
microbiological methods and confirmed by molecu-
lar genetic analysis, as well as the whole-genome se-
quencing, Y. pestis strains from the natural foci of the
Caspian region belong to the medieval biovar fo the
main subspecies, i.e. they are highly virulent and epi-
demiologically significant. The Y. pestis strains of me-
dieval biovar (2.MED line according to the genetic no-
menclature) constitute one of the youngest evolutionary
lines, which includes the following branches: 2.MEDO
(strains from the Central Caucasian high-mountain fo-
cus of the Russian Federation), 2.MED1 (most foci of
the Russian Federation and other CIS countries, Iran,
China), 2.MED2 and 2.MED3 (foci of China) [17-19].

Over a long period of monitoring the Volga-Ural
sandy focus, a large number of Y. pestis strains were
isolated from patients, hosts and vectors (1912-2003).
This collection, whose chronology reflects the history of
the focus, belongs to the State collection of pathogenic
bacteria housed by the Russian Research Anti-Plague
Institute “Microbe”. Modern technologies of molecular
genetic analysis and whole-genome sequencing provide
a unique opportunity to study the evolution of Y. pestis
in the Volga-Ural sandy focus over a period of about 100
years, as well as to analyse epizootological and epide-
miological data. Earlier, we published a similar work on
the phylogenetic analysis of the Yersinia pestis strains
(biovar medievalis) isolated in the North-West Caspian
steppe focus [20].

Aim: The present paper provides a comparative
analysis of the phylogenetic relationship between Yersinia
pestis strains isolated in the Volga-Ural sandy focus dur-
ing the periods of 19121945 and 19632003, which are
characterised by different epidemic activity, as well as
identifies the spatiotemporal patterns in the circulation of
plague pathogens in the North Caspian region.

Materials and methods

Y. pestis strains, culture conditions, biochemical
analysis. The strains of Y. pestis used in this work were
obtained from the State collection of pathogenic bacte-
ria at the premises of the Russian Research Anti-Plague
Institute “Microbe”. The strains were cultured in agar and
Hottinger broth at 28 °C for 24-48 hours. The capacity of
Y. pestis strains for the fermentation of sugars and glyce-
rol, as well as for the reduction of nitrates was determined
using standard laboratory diagnostic methods [21].

Whole-genome sequencing, identification of
SNPs, dendrogram construction. The DNA of Y. pes-
tis strains was isolated using a PureLink Genomic DNA
Mini Kit (Invitrogen, USA). The whole-genome se-
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quencing of Y. pestis strains was performed in the Ion
PGM system (Life technologies), with the Ion Torrent
Suite software package 3.4.2 and Newbler gsAssembler
2.6 being used for data processing. SNPs were identified
by aligning the contigs of strains against the CO92 ge-
nome using Wombac 2.0 followed by the removal of 28
SNP homoplasies [22]. A model of nucleotide substitu-
tions was selected using two programs: J]MODELTEST
2.1.7 and MEGA X. Considering the AIC and BIC cri-
teria, the GTR model was selected. Phylogenetic analy-
sis was performed through the Maximum Likelihood
method using the following programs: Mesquite 3.6 and
PhyML-3.1 (500 bootstrap replicas).

Results

Features of strains from the Volga-Ural sandy fo-
cus. We studied a total of 18 Y. pestis strains isolated in
the Volga-Ural sandy focus during the 1912-2003 pe-
riod. In addition, a total of 12 strains from other foci of
the North Caspian and North Aral regions were taken
for comparison, which included two strains from the
North-West Caspian steppe focus, one strain from the
Volga-Ural steppe focus, two strains from the Trans-Ural
steppe focus, one strain from the Ustyurt desert focus,
three strains from the North Aral desert focus, one strain
from the Caspian sandy focus, as well as one strain from
the Central Caucasian high-mountain focus and one
strain from the Zangezur-Karabakh mesofocus of the
Transcaucasian high-mountain focus (Table). Strains
from the Volga-Ural sandy focus were isolated at dif-
ferent time periods and from different sources. Eleven
strains obtained in the first half of the 20th century from
(1912-1945) were isolated from humans (7 strains),
camels (1 strain), house mice (1 strain), yellow ground
squirrels (1 strain) and midday gerbils (1 strain).

In the second half of the 20th century (1963-2002),
seven of the other studied Y. pestis strains were isolated
in the Volga-Ural sandy focus from hosts and vectors:
tamarisk gerbils (M. tamaricinus, 4 strains), midday ger-
bils (M. meridianus, 1 strain) and their fleas (1 strain),
as well as from little ground squirrels (C. pygmaeus, 1
strain). Twelve strains taken for comparison from other
foci of the North Caspian and North Aral regions were
isolated in 1923-1992 from humans (6 strains), little
ground squirrels (C. pygmaeus, 3 strains), great gerbils
(Rhombomis opinus, 2 strains) and fleas (Citellophilus
tesquorum, 1 strain) (Table). In this study, we performed
a comprehensive analysis of the properties exhibited by
these strains. We studied phenotypic and genetic proper-
ties; performed whole-genome sequencing of 30 strains
(including 18 strains from the Volga-Ural sandy focus),
as well as their phylogenetic analysis.

All strains from the Volga-Ural sandy focus ex-
hibited cultural and morphological properties typical
of Y. pestis and were uniform in terms of biochemical
characteristics. They did not ferment rhamnose and
melibiose, which suggests they belonged to the main
subspecies of the plague pathogen. In addition, they uti-
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Origin and characteristics of the studied Y. pestis strains from the State collection of pathogenic bacteria at the premises
of the Russian Research Anti-Plague Institute “Microbe”

Strain No., name and No. of the focus Isolation source Location Ph}{)lg%le;etic

2 Volga-Ural sandy focus (16) human, 1912 Western Kazakhstan 2.MEDI1
3 Volga-Ural sandy focus (16) Mus musculus, 1917 Western Kazakhstan 2.MEDI
4 Volga-Ural sandy focus (16) camel, 1917 Western Kazakhstan 2.MED4
7 Volga-Ural sandy focus (16) human (corpse), 1922 Western Kazakhstan 2.MEDI
8 Volga-Ural sandy focus (16) human (corpse), 1922-1923 Western Kazakhstan 2.MEDI1
15 Volga-Ural sandy focus (16) human (corpse), pneumonic form, 1923 Ural province 2.MEDI1
31 Volga-Ural sandy focus (16) yellow ground squirrel, Citellus fulvus, 1924 Ural province 2.MED4
260 Volga-Ural sandy focus (16) human, 1924 No data 2.MEDI1
106 Volga-Ural sandy focus (16) midday gerbil Pallasiomys meridianus, 1928 Ural province 2.MEDI1
174 Volga-Ural sandy focus (16) human, 1932 Kazakhstan 2.MEDI1
556 Volga-Ural sandy focus (16) human (corpse), 1945 Guryev Region 2.MEDI1
768 Volga-Ural sandy focus (16) tamarisk gerbils Meriones tamaricinus, 1963 Astrakhan Region 2.MEDI1
M-1722 Volga-Ural sandy focus (16) 8 tamarisk gerbils Meriones tamariscinus, 1977 Guryev Region 2.MEDI
KM639 Volga-Ural sandy focus (16) tamarisk gerbils Meriones tamariscinus, 1980 Ural province 2.MEDI1
KM642 Volga-Ural sandy focus (16) 7 tamarisk gerbils Meriones tamariscinus, 1980 Guryev Region 2.MEDI1
M-1478 Volga-Ural sandy focus (16) 3 little ground squirrels Citellus pygmaeus, 1992 Aygyr 2.MEDI
M-1501 Volga-Ural sandy focus (16) 3 midday gerbils Meriones meridianus 1992 city of Sary 2.MEDI1
M-1773 Volga-Ural sandy focus (16) from fleas of midday gerbil Meriones meridianus, 2002 Astrakhan Region 2.MEDI1
146 Transcaucasian high-mountain focus human (corpse), pneumonic form, 1931 Azerbaijan SSR, Nagorno-Karabakh 2.MED4
(Zangezur-Karabakh mesofocus, 09)
27 North-West Caspian focus (14) little ground squirrel Citellus pygmaeus, 1924 Rostov Region 2.MED4
9 North-West Caspian steppe focus (14) human (corpse) Demetrius, 1923 Rostov Region 2.MEDI
M-1484 Volga-Ural steppe focus (16) 5 little ground squirrels Citellus pygmaeus, 1992 Boltay 2.MEDI1
M-1448 Trans-Ural steppe focus (17) little ground squirrel Citellus pygmaeus 1990 Chapaev anti-plague division, Esensay| 2.MEDI1
M-1489 Trans-Ural steppe focus (17) great gerbil Rhombomis opimus, 1992 Kois 2.MEDI
M-1467 Ustyurt desert focus (19) great gerbil Rhombomys opimus, 1990 Guryev Region 2.MEDI
578 North Aral desert focus (21) human, bubonic form, 1945 Kazakhstan, Kyzylorda Region 2.MEDI1
580 North Aral desert focus (21) human, primary pneumonic form, 1945 Kazakhstan, Kyzylorda Region 2.MED1
928 North Aral desert focus (21) human, bubonic form, 1955 Kazakh SSR 2.MEDI1
258 Caspian sandy focus (43) human, bubonic form, 1930 Astrakhan 2.MEDI1
KM 919 Central Caucasian high-moun- fleas Citellophilus tesquorum from Caucasian Kabardino-Balkar ASSR, 2.MEDI1
tain focus (1) Mountain ground squirrel Citellus musicus, 1986 city of Kyzy-Kol

lised glycerol and didn’t reduce nitrates which proves
their belonging to the biovar medievalis of the main sub-
species Y. pestis. The strains taken for comparison from
other foci (North-West Caspian steppe focus, Volga-Ural
steppe focus, Trans-Ural steppe focus, Ustyurt desert fo-
cus, Caspian sandy focus and North Aral desert focus)
belonged to the medieval biovar of the main subspecies
and exhibited the same set of properties.

The phylogeny of strains from the Volga-Ural
sandy focus. In order to construct a phylogenetic tree
of strains from the Volga-Ural sandy focus, we analysed
the whole-genome sequences of all 18 strains from this
focus and 10 strains from the adjacent foci of the North
Caspian and North Aral regions, as well as 1 strain from
the Central Caucasian high-mountain focus and 1 strain
from the Zangezur-Karabakh mesofocus (Transcaucasian
high-mountain focus), which we sequenced. The analy-
sis also included strains of other phylogenetic lines from
different world foci, whose sequences were taken from

54

the NCBI GenBank database. These include the follow-
ing genomes: Pestoides F (ssp. caucasica), Pestoides A
(ssp. altaica), 620024 (ssp. tibetica), C092 (main sub-
species, biovar orientalis), 351001 (main subspecies,
biovar antiqua), 91 (main subspecies, biovar medievalis,
2.MED2), CMCC125002 (main subspecies, biovar me-
dievalis, 2.MED?3).

Drawing on the whole-genome SNP analysis of
these genomes performed on the basis of 2188 found
SNPs, we constructed a dendrogram showing phyloge-
netic relationships between strains from the Volga-Ural
sandy focus (Figure). As it follows from the dendrogram,
all strains from the Volga-Ural sandy focus are divided
into three phylogeographic groups (No. 1, No. 2, No. 3)
in accordance with the time and place of their isolation.

Two strains — 4 (1917) and 31 (1924) — were inclu-
ded into a separate early diverged branch of the medieval
biovar strains, which is denoted as 2.MED4. In the den-
drogram, 2.MED4 (Figure, No. 1) precedes a large clus-
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ter of strains belonging to the biovar medievalis of the
phylogenetic branch 2.MEDI. In addition to two strains
from the Volga-Ural sandy natural focus (4 and 31),
2.MED4 includes strain 27 (1924) from the North-West
Caspian focus and strain 146 (1931) from the Zangezur-
Karabakh high-mountain focus. Strain 146 was isolated
from a human (1 case), the other three strains were ob-
tained from a camel (1 case) and ground squirrels (2 ca-
ses), which confirms the circulation of Y. pestis belong-
ing to 2.MED4 in the natural biocenosis of the Volga-
Ural sandy focus. Thus, strains belonging to the early
evolutionary branch of medieval biovar (2.MED4) were
isolated in these foci in the early 20th century, with their
subsequent disappearance from this territory.

The remaining sequenced strains from the Volga-
Ural sandy focus, obtained in the first half of the 20th
century (1912—-1945), make up another group of strains
that belongs to 2.MEDI (Figure, No. 2). The 2.MED1
population of this period in the Volga-Ural sandy focus
includes a number of separate evolutionary lines repre-
sented in the dendrogram by single strains and one clus-
ter, which consists of 7 strains isolated in 1912-1932,
mainly in Western Kazakhstan. This cluster, in turn,
includes two subclusters, one of which consists of two
strains, 174 (1932) and 260 (1924); whereas the other
subcluster includes strains 2 (1912) and 15 (1923), as
well as a far branch consisting of two strains 3 (1917)
and 8 (1922-1923). Strain 9 (1923) from the North-West
Caspian steppe focus is also included in the same clus-
ter. In addition to the cluster made up of seven strains,
the phylogenetic group No. 2 comprises strains forming
separate evolutionary lines: 7 (1922, human), 106 (1928,
midday gerbil), 556 (1945, human), as well as a single
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strain 258 (1930, human) from the Caspian sandy focus.
Thus, of nine 2.MEDI1 strains isolated in 1912-1945 in
the Volga-Ural sandy natural focus, 7 strains were ob-
tained from humans. Clearly, this cluster is represented
by epidemic strains — aetiological agents of plague out-
breaks in this focus.

In general, 2.MEDI1 strains isolated in the Volga-
Ural sandy focus in the early 20th century (1912—-1945)
are characterised by the presence of separate parallel
evolutionary lines having long branches, which indi-
cates their rapid evolution, possibly associated with the
occupation of new territories and/or changes in climatic
conditions. Many of these strains were obtained from
humans, proving that outbreaks that occurred in this area
in the early 20th century were caused by the Y. pestis of
the 2.MEDI phylogenetic branch (biovar medievalis),
which circulated in the natural biocenosis of the Volga-
Ural sandy focus. Strains belonging to the phylogenetic
lines of 2.MEDI (1912-1945), subsequently disap-
peared from this territory.

The phylogeny, differing from the strains of the
early 20th century, is represented by Y. pestis strains iso-
lated in the Volga-Ural sandy focus in the second half
of the 20th and early 21st centuries, which form a sepa-
rate phylogenetic group within 2.MED1 (Figure, No. 3).
The strains in question were obtained from hosts and
their fleas in 1963-2003. The entire cluster is preceded
by strains from the North Aral desert focus — Y. pestis
578 (1945) and 580 (1945). The group of modern strains
from the Volga-Ural sandy natural focus is divided into
three subclusters, the first of which, includes strain
M-1478 (1992) from the Volga-Ural sandy natural focus
and strain M-1484 (1992) from the Volga-Ural steppe
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focus. The strains of this phylogenetic group are further
divided into two subclusters, which are preceded by
Y pestis strain 928 (1955) from the North Aral focus.
One of them (strains isolated in 1976-2003) includes
a separately located strain M-1722 (1977) from the
Volga-Ural sandy focus, as well as two related strains:
M-1773 (2002) from the Volga-Ural sandy focus and
M-1467 (1990) from the Ustyurt desert focus (19). The
other large subcluster includes six strains, mainly from
the Volga-Ural sandy focus (1963—1992). This subclus-
ter contains a separately located strain 768 (1963). Two
strains KM639 (1980) and KM642 (1980) also form a
separate group in the subcluster. One more group con-
sists of two strains: M-1501 (1992) from the Volga-Ural
sandy focus and M-1448 (1990) from the Trans-Ural
steppe focus. In the dendrogram, these two strains are
preceded by strain M-1489 (1992) from the Trans-Ural
steppe focus (17).

In general, the modern strains from the Volga-
Ural sandy focus isolated from hosts and vectors in
19632003 exhibit a close clustering of strains, which
indicates close genetic affinity of these strains and the
constancy of their living conditions that are not associ-
ated with climate changes and/or the occupation of new
territories. Evidently, they are well adapted to the current
biocenosis of the Volga-Ural sandy focus. These strains
are not associated with plague outbreaks, which distin-
guishes them from strains isolated at the beginning of
the 20th century in the Volga-Ural sandy focus. In gene-
ral, the strains of these two phylogenetic groups do not
originate from each other; they represent closely related,
independent branches of evolution, extending from the
common trunk of 2.MED1.

Discussion

The Y. pestis strains of the main subspecies (bio-
var medievalis) are widespread in the natural foci of
the Russian Federation, other CIS countries, Iran and
China. These are highly virulent and epidemiologically
dangerous strains. In the late 18th — early 20th centu-
ries, numerous plague outbreaks of unknown aetiology
were recorded in the Caucasus and the Caspian region.
The study results presented in this article along with the
data that we have published previously [12], prove that
at least since the beginning of the 20th century (1912),
outbreaks in the North Caspian region have been caused
by the strains of a biovar medievalis. The strains belong-
ing to 2.MED4, which were isolated in the early 20th
century in the foci of the Caspian region (Volga-Ural
sandy focus, North-West Caspian steppe focus) and the
Transcaucasian high-mountain focus, were detected for
the first time. This branch which diverged earlier from
the common evolutionary trunk might be associated with
the plague outbreaks that occurred there in the late 18th —
early 20th centuries. A younger phylogenetic branch
2.MEDI1 diverged from the common evolutionary trunk
of the medieval biovar later than 2.MED4. However,
2.MEDI strains are currently widespread in the various
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foci (mountain, high-mountain, low-mountain, steppe
and desert) of the Russian Federation and other CIS
countries in the Caucasus, in Caspian region and Central
Asia. The reasons for biovar medievalis being adapted
to different geographical landscapes and, especially, to
foci characterised by a highly arid climate (where other
strains of the plague pathogen are not found) are not
known. It is also unknown when the medieval biovar oc-
cupied these territories. Paleogenetic studies, which have
become possible with the development of high-resolu-
tion whole-genome sequencing, can provide the answer
to this question. It is known that Y. pestis strains (biovar
antiqua) of the 1.ANT branch were isolated on the ter-
ritory of the 16th century Tatarstan. These strains — not
biovar medievalis strains, as previously thought — sup-
posedly caused the second plague pandemic [17]. We as-
sume that the biovar medievalis became widespread la-
ter — in the 18th century, at the end of the second plague
pandemic. The data obtained in this study confirm that
2.MEDI strains underwent intensive evolution in the
early 20th century on the territory of the North Caspian
region, with the development of independent parallel
evolutionary branches of 2.MED1, whose strains occu-
pied new territories or adapted to a changing habitat. In
the early 20th century, these strains served as aetiologi-
cal agents for a large number of high-mortality plague
outbreaks in the foci of the Caspian region. Mass high-
mortality outbreaks resulted from a wide distribution of
these strains in nature; a high number of hosts in the foci
of the Caspian region, as well as the proximity of a large,
at that time, population to rodent colonies, the abun-
dance of fleas and a low social level. In the years fol-
lowing the 1940s, such strains were no longer isolated.
The evolution of 2.MED1 continued with the formation
of the modern branch, which includes strains isolated in
the second half of the 20th century. For at least 10 years
(1950s), there was a temporary break between strain iso-
lations of the first and second halves of the 20th century
in the Volga-Ural sandy focus. During this period, the
strains were not isolated; no epizootic manifestations,
as well as no outbreaks and sporadic cases of plague in
humans, were observed. The last point mentioned indi-
rectly confirms the “healing” of the focus as a result of
Y. pestis strains of various phylogenetic groups being
eliminated under the influence of climatic and anthro-
pogenic factors. At the same time, strains of the modern
phylogenetic group have been isolated here since 1962.
According to the phylogenetic analysis, they are closely
related to strains that were previously isolated there in
the first half of the 20th century; however, they do not
originate directly from them. The dendrogram shows
that modern strains from the Volga-Ural sandy focus
are preceded by strains from the North Aral desert fo-
cus isolated in 1945. This may indicate that, following a
break associated with unfavourable climatic conditions,
the territory of Volga-Ural sandy focus was once again
populated by closely related strains of 2.MED1, which
originated from the northern subzone of the Aral deserts.
Prior to that, strains belonging to one of the indepen-
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dent evolutionary branches of 2.MEDI1 (presumably
from the Volga-Ural sandy focus) could be introduced
into the North Aral desert focus in the first half of the
20th century. A plague epidemic was recorded there in
1945, followed by epidemic outbreaks in 1947, 1955,
1966 and 1967. Thus, it can be assumed that, follow-
ing a break in the 1950s, the territory of the Volga-Ural
sandy focus was re-colonised by closely related Y. pestis
strains, which ‘returned’ from the North Aral desert re-
gion. However, in order to confirm the phylogenetic re-
lationships of strains from the North Caspian and North
Aral regions, it is necessary to study a larger number of
strains from the North Aral desert focus. From this point
of view, it is the elimination of the plague pathogen that
is one of the possible reasons for no infected animals
being currently found in the enzootic territory of the nor-
thern part of the desert zone of the Russian Federation
and the Republic of Kazakhstan. In this regard, the con-
ditions for another plague expansion on the territory of
the Volga-Ural sandy focus will be entirely determined
by the epizootic activity of adjacent natural plague foci
in the North Caspian and North Aral regions.

In terms of virulence, there is no difference between
the strains of the biovar medievalis of the beginning and
the second half of the 20th century. Differences in the
incidence rate of plague are associated with the follow-
ing points: difference in the epizootic activity; a wide
distribution of Y. pestis strains in the foci of the Caspian
region at the beginning of the 20th century; a greater
population density in the foci; as well as lower living
standards in the early 20th century.
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