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ABSTRACT

Introduction. The Lower Volga region, including the Volgograd Oblast, remains one of Russia’s most rabies-affected areas to date. Data on the genetic diversity
of rabies viruses (RABVs) currently circulating in the Volgograd Oblast are insufficient, making phylogenetic analysis of RABV isolates from this region a relevant
scientific objective.

Objective. The study aims to conduct a phylogenetic analysis of current RABV isolates recovered from animals in the Volgograd Oblast, based on the full-length
nucleoprotein gene sequence.

Materials and methods. Brain tissue samples from animals diagnosed with rabies were used. The obtained nucleotide sequences of the RABV nucleoprotein
gene were analyzed using the Bayesian strict molecular clock method. The spatial distribution of RABV isolates was described using Natural Earth physical map.
Results. Full-length nucleoprotein gene sequencing was performed for 13 RABV isolates collected in the Volgograd Oblast. Phylogenetic analysis revealed that the
RABV population in this region comprises distinct genetic variants of genetic group , formed at different times. Genetic relationship to the isolates from Kazakhstan,
Ukraine, Moldova and Central/Southern Russia indicates intensive RABV circulation in Southern European Russia. Notably, distinct virus variants were detected
on the left and right banks of the Volga River.

Condusion. All studied RABV isolates collected in the Volgograd Oblast belonged to genetic group Cand exhibited high genetic diversity among variants.
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OunoreHeTYeCKMI aHANN3 U30NATOB BUPYCa
beLeHCTBa, BbIENEHHBIX OT XMBOTHbIX HA TEPPUTOPUM
Bonrorpagckoii obnactu
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PE3IOME

BBepenue. HuxHee [oBomkbe, B TOM uncie BOHFOFpaﬂ(KaH 0611acTb, BNNOTb /10 HACTOALLErO BpeMeHU OTHOCUTCA K unucny Hanbonee He6narononyqu|x
no 6EUJ€HCTBy pernoHoB Poccun. (BefieHma o reHeTueckom pa3Hoo6pa3MM BO36y,U,I/IT€IIFI bewweHcTBa B (OBpeMEHHbIVI nepuoa ana BOHFOFpaﬂCKOVI obnactu npea-
(TaB/eHbl HEA0CTATOYHO, NO3TOMY ¢I/IIIOTEHETI/NE(KVII7I aHanu3 U3onAaToB BUpyca 6eLweHCTBa 13 3TOro pernoHa npeacTaBnaeTca aKTyaanon Hayl{HOVI 3ajavei.

Llenb nccnepoBaHms. I'Ipose,ueﬂme d)MHOFEHETW-IECKOI'O dHanu3a COBPEMEHHbIX U301ATOB BUPYCa belweHCTBa, BblAENEHHbIX OT XMBOTHBIX Ha TeppuTopun
BOHFOFpa,U.CKOVI 061acTI, Ha 0CHOBAHMN nonHopa3M9pH0|7| nocnesoBaTeNIbHOCTA reHa HyKneonpoTenHa.
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Marepuanbi u metoppl. [cnonb3oBany ronoBHoii Mo3r XMBOTHBIX € ANArHO30M «OelleHCTBO». AHanu3 NoNyuYeHHbIX HYKNEeoTUAHbIX NOCNe0BaTeNbHOCTEN
reHa HyKneonpoTenHa Bupyca beleHcTBa NPOBOAMAYN C NOMOLLbIO 6aliecoBCKOro MeTofia CTPOrMX MONeKyNAPHbIX YacoB. [laHAwadTHO-reorpaduyeckas kapta
Natural Earth ucnonb3oBaHa anA onucaHna NPoCTPaHCTBEHHOTO pacnpezieneHna U3onaToB Bo3byauTens GewweHcTBa.

Pesynbratbl. OnpefeneHa nonHopasmepHad Nocnef0BaTeNbHOCTb reHa HyKneonpoTeuHa 13 u3onAToB BUpyca belweHcTBa u3 Bonrorpapckoii obnacti. Ouno-
TeHeTUYECKHil aHaNM3 NO3BOMIAA YCTaHOBUTb, UTO MPeCTaBUTEN NONYNALMM BO30YAMTENA GeLLeHCTBA U3 3TOT0 PEroHa OTHOCATCA K Pa3NInuHbIM reHeTUYecKiM
BapuaHTam rpynnbl C, copmupoBaBLUMMCA B pa3Hoe Bpems. [eHeTuueckoe poACTBO ¢ u3onATamu u3 KasaxcraHa, MonfjoBbl, LEHTPaNbHbIX 1 0XHBIX PETVIOHOB
Poccum, ¢ YkpanHbl CBIAETENbCTBYET 06 MHTEHCMBHOM NepemeLLeHIm BUpYca belueHCTBa Ha tore eBponelickoii yacTu Poccun. B 10 e BpemaA pa3Hble BapuaHTl
BUpYca BeLeHCTBa 06HapyXeHbl Ha neBoM 1 npaBoM beperax Bonru.

3aknioueHue. Bce N3yUYeHHbIe U30NATbI B036yﬂI/ITeJ1ﬂ 6elweHcTBa U3 BOJ'IFOFpaﬂCKOVI obnactm NPUHaAnNexann K reHeTYecKoi rpynne (v oTnNYanuco BbICOKUM
reHeTU4yeCkum pa3H006pa3|/|eM BapnaHToB.
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INTRODUCTION

The application of molecular genetic studies in epizoo-
tology has significantly enhanced surveillance capabilities
for zoonotic infections. Data on intra-species diversity
and genetic lineage relationships of pathogens, obtained
through phylogenetic analysis of both individual gene se-
quences and complete genomes, provide critical insights
into pathogen origins, spatial distribution patterns, and
their significance in human and veterinary pathology.
These advances have established and continue to de-
velop two emerging fields: molecular epidemiology and
genomic epidemiological surveillance [1, 2].

Multiple genetically distinct rabies virus (RABV) groups
with distinct geographical distributions have been identi-
fied in the Russian Federation [3, 4, 5, 6, 71. Representatives
of genetic group C ("steppe") [3] demonstrate the widest
distribution, currently spanning territories from Eastern
Europe through southern Siberia to Kazakhstan and north-
eastern China [6, 8, 9, 10, 11]. Since the mid-20t" century,
the red fox (Vulpes vulpes) has served as the primary RABV
reservoir in this region. Current epidemiological models
suggest that fox-mediated rabies epizootics originated
in 1939 in East Prussia (Polish Corridor), subsequently
spreading westward to France and Belgium and eastward
to the Baltics, Ukraine, Belarus and western Russia within
20-30 years [12, 13]. Cartographic analyses clearly docu-
ment this progressive expansion of fox rabies across the
European territories of the former USSR [14]. By the early
21 century, these epizootics had reached previously
rabies-free Siberian regions, including Krasnoyarsk Krai
and Transbaikalia, after decades of absence [7, 15].

A wild rabies outbreak was documented in the Volga
River Delta in 1942 [13]. This region, along with East Prus-
sia, is believed to have been one of the epicenters of fox
rabies spread in the USSR [13, 16]. To this day, the Lower
Volga region, including the Volgograd Oblast, remains one
of Russia’s most rabies-endemic areas [7, 16]. Nearly the
entire territory of the Volgograd Oblast is enzootic for the

disease [17, 18]. Although the fox is considered the RABV
primary reservoir in this region, up to 38% of all recorded
cases in recent decades have involved dogs and cats, while
wild animals accounted for no more than 25% [19]. Nota-
bly, in 4 out of 6 human rabies cases reported after 2000,
transmission occurred via dogs and cats [7, 20]. To date,
nucleotide sequences of the nucleoprotein gene (N gene)
have been published for only two RABV isolates from ani-
mals in the Volgograd Oblast, both belonging to genetic
group C [3]. Given the limited data on the genetic diversity
of current RABVs in the region, a phylogenetic analysis of
the virus isolates from the Volgograd Oblast remains a rel-
evant and necessary research objective.

The aim of the study was to conduct a phylogenetic
analysis of currently circulating RABV isolates recovered
from animals in the Volgograd Oblast, based on the com-
plete nucleoprotein (N) gene sequence.

MATERIALS AND METHODS

A total of 13 RABV isolates collected from animals in
the Volgograd Oblast in 2018-2021 were studied (Table 1,
Fig. 1).

RNA was extracted from animal brain tissue, and two
overlapping genome fragments containing the full-length
nucleoprotein (N) gene of RABV were amplified by reverse
transcription polymerase chain reaction. Following purifi-
cation, the fragments were subjected to Sanger sequenc-
ing as previously described [5]. The resulting sequences
were deposited in the international GenBank database
(accession numbers provided in Table 1).

The phylogenetic analysis was performed using the
Bayesian approach in the Bayesian Evolutionary Anal-
ysis Sampling Trees (BEAST X) software package [21].
A model suitable for constructing a phylogenetic tree was
preliminarily evaluated using the MEGA X program, with
the Bayesian information criterion (BIC) and the corrected
Akaike information criterion (AlCc) determined. Based on
the test results, the Hasegawa-Kishino-Yano model with
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Table 1
Information on RABV isolates recovered from animals in the Volgograd Oblast

Coordinates of
populated localitites

Isolate full name Host animal GenBank accession
latitude longitude number
1| 490_2/2018/Volgograd 50.19760 4269182 2018 dog 0P311892
2| 490_4/2018/Volgograd 49.98361 46.68835 2018 dog 0311893
3| 1563/2018/Volgograd 50.99677 4435670 2018 dog 0P311840
4 | 1299/138/2021/Volgograd 51.07931 4251306 2021 cattle 0P311869
5| 1299/139/2021/Nolgograd 50.08529 45.40216 201 dog 0P311870
6 | 1299/141/2021/Volgograd 4838944 4235912 201 dog 0P311871
7 | 1299/142/2021/Volgograd 48.09285 4259016 2021 cattle 0P311872
8 | 1299/143/2021/Nolgograd 50.24182 41.83726 201 dog 0311873
9 | 1299/144/2021Volgograd 49.85802 4233575 2021 dog 0P311874
10 1299/145/2021/Volgograd 49.35021 45.07359 2021 marten* 0P311875
1 1299/146/2021/Volgograd 49.73250 43.48296 2021 Gttle 0P311876
12 1299/147/2021/Volgograd 48.24536 4264595 2021 aat 0P311877
13 1299/148/2021/Volgograd 49.85802 4233575 2021 Wolf** 0P311878

* marten — Martes sp.; ** wolf — Canis lupus.

a4-category gammadistribution (HKY + G; BIC=21,360.059;
AlCc = 17,664.682) was selected [22]. A phylogenetic tree
reflecting the posterior probability of the formation time
of internal (ancestral) and terminal nodes with a 95% con-
fidence interval (95% Cl) was constructed using the strict
molecular clock method, with heterochronic calibration to
the year of sample isolation, a random initial tree model
with a constant population size, and a Markov chain Mon-
te Carlo (MCMC) chain length of 1 x 108 with sampling
every 1 x 10° steps. The posterior prognostic verification
was performed for all taxa belonging to the genetic group
C of the RABV.

The reliability of the MCMC was assessed using the
Tracer program by analyzing the BEAST X output data [23].

The tree was annotated using the TreeAnnotator util-
ity and the settings of outlier removal (burn-in = 10%,
10,000,000 states), maximum clade confidence (MCC), and
maintaining a given length.

Visualization of the phylogenetic tree was performed
using the FigTree v.1.4.5 program [24].

The QGIS 3.2.1 program and the Natural Earth elec-
tronic landscape-geographic map were used for carto-
graphy. The points were plotted on the map according to
the geographic coordinates of settlements where rabies
cases were detected.

RESULTS AND DISCUSSION

The full-length nucleotide sequence of the N gene
(1353 nt) was determined for 13 RABV field isolates col-
lected from animals in ten raions of the Volgograd Oblast
in 2018-2021. The map shows the locations where iso-
lates were detected (Fig. 1).

According to preliminary analysis, all studied isolates
belong to RABV genetic group C. Therefore, to construct
the phylogenetic tree, full-length sequences of all avail-
able isolates from this group identified in the Russian
Federation with known collection years were retrieved

from the GenBank database. Additionally, BLAST (Basic
Local Alignment Search Tool, https://blast.ncbi.nIm.nih.
gov/Blast.cgi) analysis of the studied sequences revealed
closely related isolates from Kazakhstan, Moldova, Po-
land, and Ukraine, which were also included in the phy-
logenetic analysis. To clearly represent group C, several
isolates from other genetic groups circulating in Europe
and European Russia were included as genetic variants
(excluding Arctic-related clade representatives due to
their distant genetic relationship). In total, 178 full-length
N gene sequences were analyzed, including 121 sequen-
ces from genetic group C. For improved figure readability,
the isolate groups phylogenetically distant from the tes-
ted ones were collapsed. The resulting phylogenetic tree
is presented in Figure 2.

According to the tree topology, all the studied isolates
belong to the genetic group C, the modern range of which
within the Russian Federation extends from the western
borders and regions of the central zone of the European
part of the country to the steppe and forest-steppe terri-
tories of Siberia, everywhere going beyond the borders
of Russiain the south [3, 6, 5, 11]. RABV of genetic lineage
C was isolated from both wild carnivores and domestic
and farm animals in the Volgograd Oblast.

All studied isolates are unique compared to previously
identified isolates, including those from the Volgograd
Oblast, and form several groups with a high posterior
probability estimate (PPE) with each other and with pre-
viously studied isolates from Russian and foreign regions.

Thus, isolate 490_4/2018/Volgograd shows significant
similarity (99.85%) with isolate Rab-8-4, identified in the
Turkestan Oblast of Kazakhstan. The estimated time of
evidence of the most recent common ancestor (MRCA)
for this group is 2015.9 (95% Cl — from 2012.1 t0 2016.93),
the PPE of the group is 1.0.

Isolates 1299/143/2021/Volgograd and
1299/148/2021/Volgograd show the greatest relationship
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Fig. 1. Distribution of RABV isolates collected from animals in the Volgograd Oblast (the isolates listed
in Table 1 are numbered)

with isolates previously identified in the Vladimir, Li-
petsk, Nizhny Novgorod and Ryazan Oblasts (more than
98.67%). The MRCA for this group is 2007.95 (95% CI -
from 2002.48 to 2009.67), the PPE of the group is 1.0.

The group of isolates (490_2/2018/Volgograd,
1299/138/2021/Volgograd, 1299/139/2021/Volgograd,
1563/2018/Volgograd) shows the greatest affinity (more
than 98.9%) with the isolates previously identified in
the Nizhny Novgorod and Lipetsk Oblasts (but with oth-
ers than in previous cases). The MRCA for this group is
2001.43 (95% Cl — from 1994.02 to 2002.65), the PPE of
the group is 1.0.

Another five isolates from the Volgograd Oblast
(1299/142/2021/Volgograd, 1299/147/2021/Volgograd,
1299/141/2021/Volgograd, 1299/144/2021/Volgograd,
1299/146/2021/Volgograd) form a group with a high
PPE (1.0) with isolates from the Belgorod, Lipetsk, Ryazan,
Smolensk, Kursk, Nizhny Novgorod, Moscow Oblasts, as
well as with isolates identified in other countries - Mol-
dova, Ukraine and Poland. It is noteworthy that this rela-
tively genetically dense group occupies an extremely vast

area, stretching at least 1,000 km from north to south and
2,000 km from west to east. The MRCA for this group was
1996.13 (95% Cl from 1989.12 to 2003.42).

Isolate 1299/145/2021/Volgograd genetically differs
significantly from other Volgograd isolates and shows the
greatest (although not very close) relationship with iso-
lates identified in the Astrakhan Oblast (98.74%). It forms
a group supported by a high PPE (0.98) with RABV iso-
lates identified in the Orenburg and Astrakhan Oblasts, as
well as in Kazakhstan. The MRCA for this group is 1978.98
(1974.35-1983.97).

Two isolates (2070f and 2072f) identified in the Volgo-
grad Oblast by I. V. Kuzmin et al. [3] in 2003 differ signifi-
cantly from the studied isolates from this region. Isolate
2070f forms a group with isolate 1350/2008/Krasnodar
from the Krasnodar Krai (PPE — 1.0; MRCA — 1984.33; 95%
Cl1-1977.17-1989.78), and isolate 2072f, although having
a genetic relationship with isolate 2070f (99.1%), but their
group has a very low posterior probability support - 0.19.

The number of analyzed isolates collected from various
animal groups generally reflects the morbidity structure
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observed during 2020-2024. Over 50% of these isolates
were derived from canine and feline specimens (Table 2).

Thus, the key characteristic of the RABV population
in the Volgograd Oblast is its remarkable heterogene-
ity, possibly the highest among well-studied regions to
date. At the same time, nearly all representatives of the
Volgograd RABV population have close genetic relatives

in other regions of Russia and abroad, suggesting active P°“1e'i°' OP328384 812/2014/Ryazan
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Fig. 2. Phylogenetic tree constructed using the full-length nucleotide sequence of RABV N gene and a strict molecular

clock algorithm. Isolates collected from animals in the Volgograd Oblast are highlighted in red. Numbers (0-1) indicate
posterior probability values for specific groups; the same parameter is indicated with the color of branches (see color scale
for interpretation). The horizontal timeline at the bottom shows the estimated years of the most recent common ancestor
for this or that group, with blue bars at nodes representing 95% confidence intervals for this value. The pink circle marks

the most recent common ancestor of genetic group C. Black diamonds denote the studied isolates, while triangles represent
two previously characterized isolates from the Volgograd Oblast
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Table 2

Data on rabies confirmation in animals from the Volgograd Region (2020-2024*) and sources of virus isolates for phylogenetic analysis

Animal categories

Confirmed rabies cases Number of tested isolates

% )

Livestock (cattle, small ruminants, horses) 42 233 3 23.1
Domestic carnivores (dogs, cats) 109 60.6 8 61.5
Wild carnivores (foxes, wolves, etc.) 29 16.1 2 154

Total 180 100 13 100

* Data for 2024 (9 months).

southwestern Volgograd Oblast on the right bank of the
Tsimlyansk Reservoir. Isolates from the left bank of the
Volga (490_4/2018/Volgograd, 1299/145/2021/Volgo-
grad) show genetic similarity to strains from southern and
eastern neighboring regions, reflecting shared landscape
characteristics with the semi-deserts and dry steppes of
Kazakhstan and Astrakhan Oblast. Major water barriers
(Tsimlyansk and Volgograd Reservoirs and the Volga-Don
Canal), which cross the entire region northeast to south-
west, freeze for only 2-3 months annually [25] and conse-
quently serve as effective natural barriers to rabies spread
for most of the year. We obtained only two isolates from
the left bank of the Volga, both distinct from the right-
bank strains. Thus, isolate 1299/145/2021/Volgograd
(recovered in the Bykovsky Raion), clusters with strains
from Orenburg and Astrakhan Oblasts (exact origins un-
known) and Kazakhstan. Isolate 490/4/2018/Volgograd
(identified in the Pallasovsky Raion) shows closest rela-
tions to some Kazakhstan strains and one strain (being
the only exception) from the Nizhny Novgorod Oblast.
Notably, raions with highest animal rabies incidence
(Nikolaevsky, Bykovsky, Leninsky, Oktyabrsky) [19] are
all located on the left Volga bank. The Volga-Akhtuba
floodplain appears to function as a significant ecological
corridor connecting Volgograd and Astrakhan Oblasts,
which is supported by the genetic similarity of the iso-
lates from these areas (1299/145/2021/Volgograd). The
limited number of studied isolates prevents definitive
conclusions. However, these findings warrant attention
for ongoing research and strategic planning of fox oral
vaccination programs.

CONCLUSION

All studied RABV isolates collected from animals in the
Volgograd Oblast belong to genetic group C. Within this
lineage, the RABV population in this region demonstrates
exceptionally high genetic diversity. The genetic related-
ness of these isolates to strains from Kazakhstan, Ukraine,
Moldova and central/southern Russian regions suggests
intensive host-mediated viral movement. This epidemio-
logical pattern requires careful consideration when plan-
ning and implementing anti-epidemic measures.
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