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ABSTRACT

Molecular epidemiological studies are an important tool for regional and global surveillance of foot-and-mouth disease (FMD). These tests are based on constantly
progressing technologies of nucleic acid sequencing and phylogenetic analysis. The use of these technologies made it possible to assess the genetic diversity of
the FMD virus, to analyze the evolution of the virus in the enzootic regions, and track the pathways of FMD epizootic and panzootic spread. Molecular epidemiological
studies have shown that within the long-known seven serotypes of the FMD virus, there are numerous topotypes (geographical types), genetic lineages and sublin-
eages. Usually, the foot-and-mouth disease virus of a certain topotype and genetic lineage evolves within a certain area, periodically causing regional epizootics.
However, over the past 30 years, two FMD panzootics have occurred, invloving several continents. The first panzootic occurred in the late 1990s — early 2000s and
was caused by 0/ME-SA/PanAsia FMD virus, and the second, caused by O/ME-SA/Ind-2001 virus, began in 2013 and continues to the present. The emergence
of FMD panzootics is probably a consequence of the economic globalization. FMD is not enzootic in Russia, but sporadic outbreaks of this disease are periodically
reported. Molecular epidemiological studies have shown that these outbreaks are caused by the infection introduction from neighboring Asian countries, mainly
from China. The FMD virus, which has come to the Russian Federation from other countries, is characterized by great genetic diversity and belongs to three serotypes,
five topotypes and eight genetic lineages: 0/Cathay, 0/ME-SA/PanAsia, 0/SEA/Mya-98, 0/ME-SA/Ind-2001, O/ME-SA/unnamed, A/Asia/Iran-05, A/Asia/Sea-97,
Asia1/V. The results of molecular epidemiological studies are taken into account when vaccine strains are to be selected for preventive vaccination of livestock in
FMD high-risk areas. The review is based on the analysis of 68 literature sources.
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MonekynapHasa 3n1u3001onorua Awypa (063op)

A. B. lllep6akoB
OIBY «DeepanbHblil LLeHTp oxpaHbl 340pOBbA XMBOTHbIX» (OTBY «BHUN3XK»), Mkp. I0pbesew, . Bnagumup, 600901, Poccua

PE3IOME

MonekynapHo-3nu300Tonoruyeckine UCCefoBaHUA ABNAIOTCA BAXHBIM UHCTPYMEHTOM PervoHanbHOro 1 robanbHoro Haj30pa 3a ALYpoM. 3Th UCcefoBa-
HIA 633NPyIOTCA Ha MOCTOAHHO NPOTPeCCUPYHOLLMX TEXHONOTUAX CEKBEHUPOBAHNA HYKNEUHOBBIX KICIOT 1 GunoreHeTyeckoro aHanu3a. lpumeHeHne faHHbIx
TeXHONOr i N03BOANNO OLIEHUTb reHeTYeckoe pasHoobpasue Bo36yauUTeNA ALLYPa, U3y4nTb IBOMIOLMIO BUPYCA B PETUOHAX, SH300TUUHBIX M0 3aboneBaHuio,
11 OTCAIXMBATL MYTU PACMPOCTPAHEHNA MU300TUIA 1 NaH300TUiA ALLypa. MonekynapHo-3M1300ToN0rNYeCKIe MCCEA0BAHNA NOKa3aNK, uTo B Npefenax AaB-
HO U3BECTHbIX CEMY (EPOTUMOB BIPY(Ca AILLyPa CYLLECTBYIOT MHOTOUMCIIEHHbIE TONOTUMbI (reorpaduueckue TUMbI), reHeTMYEeCKIne MMHNIA U Cy6nuHUM. 06bIYHO
BIPYC ALLYPa TOFO WM MHOTO TOMOTUNA W FeHETUYECKOiA JIMHUM IBONIOLMOHMPYET B NPEAeNax onpezenieHHoro apeana, nepyoMYecky Bbi3blBas PerioHaNbHble
anu3ootim. OfHaKo 3a nocnieaHue 30 NeT CYYMANCH ABE NAH300TUN ALLYPa, OXBATUBLLME HECKONbKO KOHTUHEHTOB. llepBas NaH300TIAA NPON30LLNA B KOHLE
1990-x — Hauane 2000-x rr. 1 6bina o6ycnoneHa Bupycom Awypa 0/ME-SA/PanAsia, a BTopas, Bbi3BaHHaA Bupycom 0/ME-SA/Ind-2001, Hayanacb B 2013 .
11 IPOJIONKALTCA A0 HACTOALLEro BpeMeHu. Bo3HMKHOBeHNMe NaH300TMii ALLypa, BepOATHO, ABNAETCA CeCTBIUEM ro6anu3aLummn MUpoBoi 3koHomukw. B Poccum
ALLYP He IH300TUYEH, OHAKO NEPUOSMUECKU PErUCTPUPYIOTCA Copajuyeckine BCMbILLKK 370/ 60ne3Hn. MonekynapHo-3n1300ToNornyeckine McciesoBaHua
MoKa3anu, YT 3T BCbILLKM BbI3BaHbI 3aHOCOM UHOEKLIM U3 COCEZIHIX a3UaTCKIAX CTPaH, IMaBHbIM 06pa3om u3 KuTas. Bupyc siuypa, npoHuKaBLumii Ha Teppu-
Topuio Poccuiickoil Oedepauun U3 Apyrux CTpaH, Xxapaktepu3yeTca 60bLUIM reHETUYeCKIM pa3Hoobpa3inem 1 OTHOCUTCA K TpeM cepoTiunam, NATI TonoTnam
11 BOCbMU reHeTuyeckum nnHnam: 0/Cathay, 0/ME-SA/PanAsia, 0/SEA/Mya-98, 0/ME-SA/Ind-2001, 0/ME-SA/unnamed, A/Asia/Iran-05, A/Asia/Sea-97, Asia1/V.
Pe3ynbTaTbl MONeKynAPHO-3MM300TONOMMYECKYX UCCNEAO0BAHMI YUNTBIBAKOTCA NP BbIGOPE BaKLUMHHBIX LUTAMMOB ANA NPOGUNAKTIYeCKOil BaKLMHALMK CKOTa
B 30HaX € BbICOKIM PUCKOM 3aHoca ALypa. 0630p coCTaBNeH Ha 0CHOBE aHank3a 68 MCTOYHMKOB.
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INTRODUCTION

Foot-and-mouth disease (FMD) is a highly contagious
viral disease of cloven-hoofed animals, that may cause epi-
zootics and inflict dramatic economic damage.

The causative agent of the disease is a non-enveloped
RNA virus, which belongs to Aphthovirus genus of the Pi-
cornaviridae family. There are seven viral serotypes: O, A, C,
Asia-1, SAT-1, SAT-2 and SAT-3.

Currently, the disease is widespread in Africa, Asia and
some parts of South America, in which it causes huge eco-
nomic losses to the agricultural sector. For the FMD-free
countries there is still a danger of the disease introduction
from the infected regions.

FMD is characterized by a very dynamic and complex
epidemiology. The FMD virus (FMDV) is rapidly evolving,
new genetic and antigenic variants of the virus are con-
stantly emerging that can overcome the immunity of vac-
cinated animals and cause outbreaks of the disease. This
significantly complicates the control of the disease and
determines the need to constantly monitor the FMDV
diversity in nature and to timely develop new vaccines
adapted to emerging viral lineages.

Global FMD surveillance is performed by the FMD re-
ference laboratory network of the World Organization for
Animal Health and the Food and Agriculture Organization
of the United Nations (WOAH/FAQ) [1], with the main task
to monitor the emergence of new FMDV variants with
modified genetic and antigenic properties which render
the available vaccines ineffective. An important surveil-
lance tool is the molecular genetic analysis of the FMDV.

THE HISTORY OF THE DEVELOPMENT
OF MOLECULAR EPIDEMIOLOGICAL
TECHNIQUES

Molecular epidemiology as a scientific field is the com-
bination of molecular biology, epidemiology and popula-
tion genetics that has become a powerful tool to develop
control strategies for infectious diseases [2].

Historically, the first attempts to use laboratory meth-
ods in epidemiological studies of FMD were associated
with serological tests. More recently, biochemical methods
such as FMDV SP polyacrylamide gel electrophoresis and
T1 oligonucleotide fingerprinting of the viral genome be-
gan to be used [3, 4, 5, 6]. However, the resolution of these
methods was low, and they were not widely used.

A revolutionary event in the molecular epidemio-
logy of foot-and-mouth disease was the use of sequenc-
ing technologies and phylogenetic analysis of the viral
genome sequences. In 1987 E. Beck and K. Strohmaier

showed that sequencing and comparative analysis of
the VP1 gene of FMDV field isolates from the outbreak re-
veal their origin [7]. In particular, they established that 14
out of 18 FMD outbreaks in Western European countries
between 1964 and 1985 were caused by vaccine strains.
In most cases they were induced by improperly inactiva-
ted FMD vaccines. Several more outbreaks could occur as
a result of the virus escape from the vaccine production
plants. The German scientists suggested that nucleotide
sequence analysis should be used as a standard method of
diagnosis, because when compared with other techniques
it more clearly reveals the origin and course of epizootics
and offers the possibility of preventing further outbreaks.
Beck E. and Strohmaier K. also proposed to prohibit the
use of formalin-inactivated FMD vaccines, since they are
the main source of FMDV in Europe. After this proposal was
implemented, no FMD cases have been reported in Europe.

Since the late 1980s and early 1990s, nucleotide se-
quence analysis has been widely used to characterize
FMDV field isolates [8-28].

Initially, the so-called direct RNA sequencing method
was used for these purposes [29]. It included such prepa-
ratory steps as FMDV propagation in cell culture, purifi-
cation and concentration of the virus and viral RNA, and
therefore the method was very laborious and time-con-
suming. In addition, it allowed the determination of only
130-150 nucleotide bases of the FMDV VP1 gene. Since
the mid-1990s, polymerase chain reaction (PCR) has been
used to amplify genetic material for sequencing [30, 31].
The PCR use has literally revolutionized the FMDV nucleo-
tide analysis technology: the time needed for testing was
reduced from 1-2 weeks to 1-2 days, it became possible
to produce the full genome sequence of the VP1 gene
and even of the FMDV. To sequence the FMDV full ge-
nome, E. M. Cottam et al. amplified 24 overlapping viral
genome fragments using PCR [32]. Further progress in full
genome sequencing was associated with the use of NGS
(next-generation sequencing) technology [33].

STUDY OF THE FMDV GENETIC DIVERSITY

An impressive bank of nucleotide sequences of FMDV
field isolate VP1 genes from different countries has been
created at the World Reference Laboratory for Foot-and-
Mouth Disease (Pirbright, UK) and the WOAH/FAO FMD
regional reference laboratory network for FMD. The anal-
ysis of this database made it possible to evaluate the virus
genetic diversity, to determine the viral evolution patterns
in the endemic regions, and track the pathways of the FMD
epizootic spread.
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Molecular biological studies have shown that there are
several levels of the FMDV genetic diversity: types, topo-
types, genetic lineages and sublineages. The division of
the virus into types fully corresponds to its classification
into serotypes, that is, at the genetic level, as well as at
the antigenic level, seven groups of the virus are distin-
guished, defined as types: A, O, C, Asia-1, SAT-1, SAT-2 and
SAT-3.VP1 varies by 30-50% between the types [34].

Within each serotype, A.R. Samueland N. J. Knowles [35]
identified geographical types, which they called topotypes.
VP1 nucleotide differences between the topotypes are up
to 15-20%. It is obvious that the topotypes were formed
as a result of the relatively independent FMDV evolution
in certain geographical regions. The figure shows current
FMDV pools. The FMDV division into topotypes generally
corresponds to the division of the viral distribution into
pools [36].

There are 11 topotypes within type O lineage: Ca-
thay (China), SEA (Southeast Asia), ME-SA (Middle East
and South Asia), Euro-SA (Europe and South America),
WA (West Africa), EA-1 (East Africa-1), EA-2 (East Africa-2),
EA-3 (East Africa-3), EA-4 (East Africa-4) and two extinct
Indonesian topotypes ISA-1 and ISA-2 [37, 38, 39].

FMD type A virus is differentiated into 3 topotypes:
Euro-SA (Europe and South America), Asia and Africa.
Within each of these three topotypes, a very large genetic
diversity of the virus has been revealed.

The emergence of the topotypes within serotypes A
and O common for Europe and South America is explained
by the fact that FMD of these two types was introduced to
the American continent from Europe in the 19" century.

Antigenically FMD Asia-1 viruses are less diverse than
other serotypes. All known Asia-1 isolates form the only
topotype - Asia. Knowles N. J.and Samuel A. R. explain the
relatively low genetic diversity of the the serotype by its
more recent origin than the others, or a severe ‘bottleneck’
purification with only a single topotype surviving [34].

FMDV serotype C has not been detected since 2004 and
is currently considered to be extinct. FMDV type C, like se-
rotypes Aand O, is presumed to have been introduced into
South America from Europe. However, the results of mo-
lecular biological studies allowed the British scientists from
the Pirbright Institute to assume that the serotype C was

Fig. FMDV pools [1]

A, O,5AT1, 2,3 Pool 6

introduced to South America and evolved from type A in
around 1870 [40]. Later, this serotype was introduced to
Europe from South America, and from Europe it spread to
Africa and Asia. The scientists assume that exactly the oc-
currence of serotype C viruses in South America is the rea-
son for their lower suitability to the ecological conditions
of the other continents, which prevented them from per-
sistence in the Old World.

SAT-1, SAT-2 and SAT-3 viruses are clustered into
13 (from I to XllI), 14 (from | to XIV) and 5 (from | to V) topo-
types, respectively [37, 38, 39].

The discovery of the viral topotypes and their distribu-
tion pattern formed the basis for global FMD control stra-
tegy, which suggests clustering of seven regional alliances
(seven regional FMDV pools) of FMD infected countries
and coordination of national roadmaps for FMD progres-
sive control pathway [41].

The FMDV is continuously evolving within each topo-
type, generating new genetic lineages that force out pre-
viously existing ones. Some lineages extinct quite quickly
after their emergence, while others are able to circulate
in their pools for a long time. The viral divergence within
such“long-lived” genetic lineages leads to the emergence
of sublineages. For example, by 2021, 17 sublineages were
distinguished within the genetic lineage A/Iran-05, and
8 sublineages within O/PanAsia-2 [42].

It was found that FMDV genetic lineages evolve at very
similar rates, estimated at an average of 1.3 x 1072 nu-
cleotide substitutions/site/year (min-max range of
1.1 X 1072 - 1.4 x 1072). These results indicate that FMDV
evolves under a strict molecular clock that is largely con-
stant among the different serotypes [42].

STUDY OF FMD PANZOOTIC SPREAD

Usually, FMDV of a certain topotype and genetic line-
age evolves within a certain area (pool), periodically caus-
ing regional epizootics. However, over the past 30 years,
two FMD panzootics have occurred, invloving several
continents.

Molecular epidemiological studies made it possible
to trace in detail the movements of the most devastating
FMD panzootic on record caused by O/ME-SA/PanAsia
virus. The virus was first isolated from FMD outbreaks

'Pool 3
0O, A, Asia 1

0O, A Asia 1

SAT1, 2,3
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in northern India in 1990. From 1991 to 1997 the new
lineage appeared to spread to other parts of India and
in 1998 it spread to Bahrain, Iran, Jordan, Kuwait, Lebanon,
Syria, Saudi Arabia, and Yemen. In 1999, the spread of the
PanAsian virus in the Middle East continued (outbreaks in
Israel, Turkey and the United Arab Emirates), and it started
rapidly spreading eastward from Hindustan: in May 1999
China reported FMD outbreaks caused by this virus, and
in June O/ME-SA/PanAsia virus was isolated in Taiwan. To-
wards the end of 1999, the PanAsia virus moved to Myan-
mar, Thailand, Vietnam, Laos and by April 2000 all mainland
Southeast Asian countries had experienced outbreaks due
to the new strain. In March 2000 FMDV type O appeared
in South Korea and Japan, and in April in Mongolia and Pri-
morsky Krai of the Russian Federation. It should be noted
that these East Asian territories previously had been free
from FMD for many decades [34, 43, 44].

FMD panzootic caused by O/ME-SA/PanAsia virus was
not limited to Asia. In September 2000 FMD type O was
first reported in the Republic of South Africa. The outbreak
occurred near the port of Durban. The origin was traced
to feeding pigs with uncooked swill from a ship arrived
from Asia. In February 2001, PanAsia virus was introduced
and caused devastation in the United Kingdom. To eradi-
cate the outbreak 6.5 million animals were destroyed,
and direct and indirect losses to the country amounted
to about 8 billion pounds. From the UK FMD moved to
Ireland, France and the Netherlands [45].

Another FMD epidemic, but less serious, started in 2013.
It was caused by O/ME-SA/Ind-2001 genetic lineage and
covered the entire Asian continent and North Africa. This
virus was first isolated in India in 2001 [45]. By 2009 it
had spread widely in the territory of Hindustan and di-
versified into five sublineages: a, b, ¢, d, and e. In 2009,
the O/ME-SA/Ind-2001 virus moved beyond its original
range for the first time and caused an outbreak in Iran.
Since 2013, the virus became panzootic and caused ex-
tensive outbreaks in North Africa and the Middle East
in 2013-2014 [46, 47, 48], in Southeast Asia in 2015 [49]
and East Asia in 2016-2017 [50].

Using the nucleotide sequences of VP1 (n = 424) full ge-
nome (n = 74) of O/ME-SA/Ind-2001 isolates from different
countries, K. Bachanek-Bankowska et al. [50] used phylo-
dynamic and phylogeographic reconstructions to track
the global spread of this virus. In particular, it was shown
that FMD outbreaks in the Middle East and North Africa
in 2013-2015 resulted from five independent introductions
of O/Ind-2001d sublineage virus from Hindustan, and out-
breaks in Saudi Arabia in 2016 were caused by two indepen-
dent introductions of another sublineage — O/Ind-2001e.

In 2015, O/ME-SA/Ind-2001 virus started its spreading
eastward from Hindustan: from Bangladesh to Vietnam,
and then sublineage d was introduced to Laos, and sub-
lineage e was introduced through Myanmar in 2016 to
Thailand and Vietnam. After that O/Ind-2001e sublineage
virus caused an FMD epizootic in East Asia, involving Chi-
na, South Korea, Mongolia and the Zabaikalsky Krai of the
Russian Federation.

In December 2021, O/ME-SA/Ind-2001 virus caused an
outbreak in the Orenburg Oblast of the Russian Federation,
and in January 2022 in the Republic of Kazakhstan [51].

This means that the panzootic caused by O/ME-SA/
Ind-2001 virus had much in common with the previous
one caused by O/ME-SA/PanAsia virus: both genetic li-
neages originated from the Indian subcontinent (Bangla-
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desh, Bhutan, India and Nepal), in both cases the disease
spread first to the west (to Central and Western Asia), and
only then the virus was introduced into Southeast and
East Asia. Both viruses demonstrated the ability to spread
rapidly in regions where other type O genetic lines were
enzootic, as well as to spread to normally FMD-free coun-
tries [50]. The emergence of FMD panzootics is probably
a consequence of the economic globalization.

REGIONAL FMD EPIZOOTICS
INPOOLS 1 AND 3

FMD panzootics, covering the entire Asia and even sev-
eral continents, are a rather rare event. Most FMD epizoo-
tics never expand beyond their regional pools. Regional
epizootics occur when antigenically modified FMDV vari-
ants appear that break through the existing population
immunity [52].

The FMD situation in the Russian Federation is influ-
enced by epizootic in Pools 1 (East and Southeast Asia)
and 3 (West and Central Asia).

In Western and Central Asia (Pool 3), the largest regio-
nal epizootics were caused by A/lran-05, O/PanAsia-2 and
Asia1/Sindh-08 lineages.

The A/Iran-05 virus was first identified in Iran in 2003.
In 2005 it spread widely in this country, and then caused
an epizootic that covered Turkey, Afghanistan, Pakistan,
Bahrain, Saudi Arabia, Jordan, and Irag. Sporadic FMD
outbreaks caused by this virus were reported in Israel, Le-
banon, and Kuwait. A/Iran-05 has forced previously circu-
lating A/Iran-96 and A/Iran-99 lineages out from the Mid-
dle East and is dominating in this region to the present.
During this period, the virus diverged into many sublin-
eages. Some sublineages (for example, Iran-055A%0¢) pe-
came widespread, while others (for example, Iran-054f0-07
and Iran-058"97) were reported only in one country (Tur-
key). Iran-058A"% sublineage virus was introduced to Libya
in 2009, and to Egypt in 2010 [53, 54, 55, 56, 57].

O/ME-SA/PanAsia-2 virus is derived from the O/ME-SA/
PanAsia lineage, which became widespread in Western
and Central Asia in the late 1990s. As an independent line-
age, O/ME-SA/PanAsia-2 was first reported in Iran in 2006.
In 2007, the virus of this lineage was introduced to Tur-
key, Afghanistan, Pakistan, Saudi Arabia, Israel, and then
to other countries in the Middle East. In 2011, the virus
from Turkey was introduced to Bulgaria. O/ME-SA/Pan-
Asia-2 virus has been dominating in Pool 3 since 2007.
During this time, it has diverged into several sublineages,
among them sublineage PanAsia-2551° is the most wide-
spread [55, 56, 57]. In 2010, the virus of this sublineage
spread beyond Western Asia and caused FMD outbreaks
in Libya and Bulgaria [56].

Another significant regional FMD epizootic in Western
and Central Asia was caused by the Asia1/Sindh-08 virus.
It was first identified in 2008 in Pakistan, from where it
spread to Afghanistan, Iran, Iraq, Bahrain and Turkey.
The Asia1/Sindh-08 virus has forced three other Asia-1 ge-
netic lineages out from the pool and is dominating this
region to the present [55, 56, 571.

In 2021, A. Di Nardo et al. [42] reconstructed the evo-
lutionary history and spatial dynamics of FMD in Western
and Central Asia (Pool 3) over the last 20 years. Having
analyzed the history of A/Iran-05, O/PanAsia-2 and Asia1/
Sindh-08 genetic lineages, they showed they highligh-
ted the pivotal role played by virus circulation in Pakistan,
Iran, and Afghanistan. These countries represent primary
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conveyors of FMDV infection across the region and are
important sites for generating genomic diversity in Wes-
tern and Central Asia. Phylogeographic reconstructions
further revealed three main patterns of transboundary
movements of viruses in Pool 3: 1) the continuous virus
interchange between Pakistan, Afghanistan, and Iran,
likely constituting interconnected large metapopulations;
2) the key role of Iran as hub of virus diffusion to the west;
and 3) the unidirectional migration of viruses from Iran
toward Turkey. This spatial pattern of FMDV spread in the
region is common to all its serotypes.

In the 20™ century, the region of Western and Central
Asia (Pool 3) had an enormous impact on the FMD situa-
tionin Russia, however, in the 215 century the main source
of FMD for the Russian Federation was Pool 1, which in-
cludes East and Southeast Asia. This is explained by the
drastic change in the FMD situation in this region. The FMD
situation in most of the East Asia countries remained rel-
atively favourable during the 20" century: Japan was free
since 1908, Korea since 1934, the Far East of the Russian
Federation since 1964, Mongolia since 1973 [43]. To a large
extent, this favourable situation was achieved by the buf-
fer role of China, which separated these countries from
Southeast Asia, where FMD of types O and A is enzootic. In
China itself, probably only the O/Cathay virus has histori-
cally been enzootic. This virus has a unique feature: it is ca-
pable of causing clinical disease only in pigs [58]. Probably,
the absence in China of FMDV capable of infecting cattle
ensured the disease freedom in Mongolia, Korea, Japan
and the Russian Far East during the 20" century [59].

Globalization and the PRC economic development have
changed the situation. In the late 1990s, FMD O/ME-SA/Pan-
Asia virus was introduced and widespread in China, which
probably moved from China to South Korea, Japan, Mongo-
lia and the Primorsky Krai of the Russian Federation in 2000.

Numerous Asia-1 FMD outbreaks were reported first
in China, and then in Russia (Amur Oblast, Primorsky and
Khabarovsk Krais, Chita Oblast), Mongolia and North Korea
in 2005-2006. The virus responsible for this epizootic had
only 1.11-1.74% VP1 nucleotide difference from viruses
from India collected in 1980-1981 and had no close rela-
tives among the isolates circulating at that time [60, 61]. The
most probable cause explaining the extremely close rela-
tionship of the isolates from 2005-2006 and 1980-1981 is
the use of the Indian strain-based vaccine in China [61, 62].

In 2009-2010 East Asia was almost simultaneously co-
vered by two epizootics caused by FMD A/Asia/Sea-97 and
O/SEA/Mea-98 viruses. Both genetic lineages are enzootic
in Southeast Asian countries. In 2009, the geographic range
of A/Asia/Sea-97 expanded and caused outbreaks in six
provinces of China, and in January 2010 in South Korea [63].
In 2013, the virus moved from the PRC territory to the RF
Zabaikalsky Krai and Amur Oblast and Mongolia [64]. The
O/SEA/Mea-98 virus was responsible for a larger epizootic
in East Asia in 2010: FMD outbreaks caused by this strain
were reported in China, Korea, Japan, Mongolia and the
Zabaikalsky Krai of the Russian Federation [63, 65].

Since 2016, O/ME-SA/Ind-2001 virus has probably
spread through China to Russia, Mongolia and South Ko-
rea [50].

This means, if 25 years ago only FMD O/Cathay virus
was enzootic in China, currently four more genetic line-
ages are circulating in the country: O/ME-SA/PanAsia,
O/SEA/Mea-98, O/ME-SA/Ind-2001 and A/Asia/Sea-97.This
poses a high risk of FMD introduction from China to Russia.

MOLECULAR EPIDEMIOLOGICAL STUDIES
OF FOOT-AND-MOUTH DISEASE

IN THE RUSSIAN FEDERATION

In the Russian Federation, FMDV phylogenetic studies
are conducted at the Federal Centre for Animal Health
(Vladimir), which is the WOAH Regional Reference Labora-
tory for FMD for Eastern Europe, Transcaucasia and Central
Asia and the FAO Reference Center for FMD. Since 2005
the Federal Centre for Animal Health has been involved
into the network of WOAH/FAOQ reference laboratories for
FMD responsible for the global FMD surveillance, with the
main task to monitor the emergence of new FMDV vari-
ants with modified genetic and antigenic properties which
render the available vaccines ineffective. The identification
of FMDV genetic lineages and variants with modified an-
tigenic properties makes it possible to promptly develop
new vaccines against them. Within its international respon-
sibilities the Federal Centre for Animal Health analyzes mo-
lecular genetic and antigenic properties of FMDV isolates
responsible for the FMD outbreaks in the Russian Federa-
tion, Central Asia and Transcaucasia. FMDV isolates that
caused outbreaks in Russia, CIS countries and in Mongolia
were characterized by molecular genetic methods at the
Federal Centre for Animal Health in the period from 1995
t0 2022 [51, 59, 62, 64, 65, 66, 67, 68].

Studies showed that FMD outbreaks in post-Soviet Rus-
sia were caused by the introduction of the virus belong-
ing to various serotypes, topotypes and genetic lineages
from infected Asian countries (Table 1). For example, FMD
O/Cathay, O/ME-SA/PanAsia, O/SEA/Mya-98, O/ME-SA/
Ind-2001, Asial, A/Asia/Sea-97 viruses were introduced
from China to various regions of the Russian Federation.

Table 1
Characteristics of the virus responsible for FMD outbreaks
in the Russian Federation in 1995-2021

Virus
(type/topotype/
genetic lineage)
1995 Moscow Oblast 0/Cathay
2000 Primorsky Krai 0/ME-SA/PanAsia
2004 Amur Oblast 0/ME-SA/PanAsia
20052005 | o, Chie O sl
2010-2011 Zabaikalsky Krai 0/SEA/Mya-98
2012 Primorsky Krai 0/ME-SA/PanAsia
Kabardino-Balkaria, Karachay-Cherkessia, A/Asia/lran-05
2013 Krasnodar Krai;
Zabaikalsky Krai, Amur Oblast A/Asia/Sea-97
2014 Primorsky Krai 0/SEA/Mya-98
Zabaikalsky Krai 0/ME-SA/PanAsia, A/Asia/Sea-97
2016 Zabaikalsky Krai 0/ME-SA/Ind-2001
2017 Republic of Bashkortostan 0/ME-SA/unnamed
2018 Zabaikalsky Krai 0/ME-SA/PanAsia
2019 Primorsky Krai, Khabarovsk Krai; 0/SEA/Mya-98
Zabaikalsky Krai 0/ME-SA/Ind-2001
2020 Zabaikalsky Krai 0/SEA/Mya-98
2021 Orenburg Oblast 0/ME-SA/Ind-2001
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Table 2

Characteristics of the virus responsible for FMD outbreaks
in the CIS countries and Mongolia in 1996-2022

Virus
(type/topotype/
genetic lineage)

Country

1996 Armenia 0/ME-SA/Iran-01
1997 Georgia 0/ME-SA/Iran-01
1998 Armenia A/Asia/Iran-96
1999 Georgia A/Asia/Iran-96
2000 Armenia, Georgia Asia-1, 0/ME-SA/PanAsia
2000-2002 Mongolia 0/ME-SA/PanAsia
2001 Georgia Asia1/Vi
2001 Kyrgyzstan, Tajikistan 0/ME-SA/PanAsia
2003 Tajikistan, Uzbekistan Asia1/Il
2004 Kyrgyzstan, Tajikistan Asial/ll
2004 Mongolia 0/SEA/Mya-98
2005 Mongolia Asial/V
2006 Armenia A/Asia/lran-05
2007 Kyrgyzstan A/Asia/lran-05
2007 Kazakhstan, Kyrgyzstan 0/ME-SA/PanAsia-2
2008 Tadjikistan 0/ME-SA/PanAsia-2
2010 Tadjikistan A/Asia/lran-05
2010 Kazakhstan 0/ME-SA/PanAsia-2
2010 Mongolia 0/SEA/Mya-98
2011 Kazakhstan, Kyrgyzstan, Tajikistan 0/ME-SA/PanAsia-2
2011 Kyrgyzstan A/Asia/lran-05
201 Tadjikistan Asia1/Sindh-08
2011 Kazakhstan 0/ME-SA/PanAsia
2012 Kazakhstan 0/ME-SA/PanAsia
2013 Kazakhstan, Mongolia A/Asia/Sea-97
2014 Tadjikistan 0/ME-SA/PanAsia-2
2014 Mongolia 0/ME-SA/PanAsia
2015 Tadjikistan 0/ME-SA/PanAsia-2
2015 Mongolia 0/SEA/Mya-98, 0/PanAsia
2016 Armenia A/Asia/G-VII
2016 Tadjikistan O0/ME-SA
2016 Mongolia A/Asia/Sea-97
2017-2018 Mongolia 0/PanAsia, 0/Ind-2001
2021 Mongolia 0/ME-SA/Ind-2001
2022 Kazakhstan 0/ME-SA/Ind-2001

16

FMD outbreaks in the North Caucasus in 2013 were caused
by the introduction of A/Asia/lran-05 virus from Trans-
caucasia, and the introduction of O/ME-SA virus of a rare
non-classified group from Central Asia caused outbreaks
in the Republic of Bashkortostan in 2017.1n 2021 O/ME-SA/
Ind-2001 virus was probably introduced to the territory
of the Russian Federation from Kazakhstan. Thus, the re-
sults of the studies conducted by the Federal Centre for
Animal Health suggest a large genetic diversity of FMDV
introduced to the Russian Federation.
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Phylogenetic analysis of the virus isolates responsi-
ble for FMD outbreaks in Transcaucasia (Armenia and
Georgia) and Central Asia (Kazakhstan, Kyrgyzstan, Ta-
jikistan, Uzbekistan) revealed that they belong to ge-
netic lineages that dominated Pool 3 at different peri-
ods: O/ME-SA/Iran-01, A/Asia/lran-96, O/ME-SA/PanAsia,
Asial1/Vl, Asial/ll, A/Asia/lran-05, O/ME-SA/PanAsia-2,
Asia1/Sindh-08, A/Asia/G-VII (Table 2). In 2011-2013,
FMD outbreaks caused by O/ME-SA/PanAsia and A/Asia/
Sea-97 viruses, introduced from China were reported in
eastern regions of Kazakhstan. In 2022, O/ME-SA/Ind-2001
virus was introduced from China to Kazakhstan.

FMD outbreaks in Mongolia were caused by the virus
responsible FMD epizootics in Pool 1: O/ME-SA/PanAsia,
O/SEA/Mya-98, A/Asia/Sea-97, O/ME-SA/Ind-2001.

Within the network of the WOAH/FAOQ reference labo-
ratories for FMD, the Federal Centre for Animal Health
shares information on FMDV field isolates responsible
for oubreaks in various regions of the world. The VP1 nu-
cleotide sequences and full genomes of FMDV isolates
responsible for the outbreaks in Russia, CIS countries
and Mongolia produced by the Federal Centre for Ani-
mal Health were used to track the spread of global and
regional epizootics caused by O/ME-SA/PanAsia, Asial/ll,
Asia1/V, O/SEA/Mya-98, A/Asia/Sea-97, O/ME-SA/Ind-2001
viruses [42, 43, 47,50, 60, 61].

The results of molecular epidemiological studies per-
formed by the Federal Centre for Animal Health are taken
into account for the strain selection to manufacture vac-
cines and vaccinate livestock in FMD risk areas.

CONCLUSION

Thirty-five years of experience in molecular epidemio-
logy of foot-and-mouth disease proves that phylogenetic
analysis of the viral genome nucleotide sequences is an
effective tool to monitor FMD both on the regional and
global levels. FMD surveillance, which makes it possible
to track the emergence of new viral variants with modi-
fied genetic and antigenic properties, allows for the rapid
development of new vaccines and thus for a significant
improvement of FMD control performance.

The use of molecular biological methods has made it
possible to progress significantly in understanding of FMD
epidemiology, which is important for the development of
effective control strategies. The discovery of FMDV topo-
types and their distribution pattern formed the basis for
global FMD control strategy, which suggests clustering
of seven regional alliances (seven regional FMD pools) of
infected countries and coordination of national roadmaps
for FMD progressive control pathway.
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