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Abstract

In this review, we examine the occurrence of two independent, single recombination events
which occurred between human enteroviruses (Picornaviridae, Enterovirus, Enterovirus beta-
coxsackie). These recombination events contributed to the emergence of two viruses which
adapted to pigs. These viruses have caused epizootics of swine vesicular disease (SVD) for
many years. As was shown previously, the classical SVD virus (SVDV-1) originated from
human coxsackievirus B5. The strain T75 (SVDV-2) emerged from human coxsackievirus
B4 in the Tambov region of Russia, where it circulated from 1975 to 1977. A high percentage
of similarity between both types of the SVD virus was found in the 3D protein coding
region (88%). In our previous work, analysis of the VP1 gene dates the appearance of
the SVDV-2 precursor to between 1954 and 1975. In this work, the origin of the genome
region encoding non-structural proteins was analyzed and is believed to be a result of
multiple recombination events between human enteroviruses (hypothetically, E1, E9, E11
and coxsackievirus A9). The recombination breakpoint between the region of structural
CVB4 proteins and non-structural T75 proteins is located in region 2A. This mini-review
also represents the historical research of SVDV-1 and SVDV-2 strains (O72(USS5/6/72) and
T75, respectively) isolated in the former Soviet Union.

Keywords: Enterovirus betacoxsackie; swine vesicular disease virus; RNA-virus recombination;
emerging diseases

1. Introduction

Swine vesicular disease virus (SVDV) (family: Picornaviridae; genus: Enterovirus;
species: Enterovirus betacoxsackie) affects exclusively domestic pigs and wild boars, with
both mild and severe forms of disease. It can also present sub-clinically with a prolonged
carriage of the virus. Swine vesicular disease (S5VD) is a highly contagious, but typically
not fatal, infection [1], with clinical signs similar to more serious foot-and-mouth disease,
vesicular exanthema, vesicular stomatitis, and senecavirus A disease.

Since January 2015, SVD has been removed from the World Organisation for Animal
Health (WOAH) list of declared diseases [2]. However, in some SVD-free countries, the
disease remains notifiable at the regional level. Current evidence indicates that Europe,
Africa, the Americas and Oceania are free of SVD, but the disease is likely still present in
various parts of eastern Asia.
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Within the genus Enterovirus, the species Enterovirus betacoxsackie comprises a diverse
group of viruses that infect humans and primates [3,4]. Among them are coxsackieviruses
(CVs), known as CVB1-CVB6 and CVAY, echoviruses and many others. Frequent genome
recombination events occur between these viruses, for which humans are the sole host [5-9].
Recombination is an important survival strategy and mechanism for the formation of new
virus variants, contributing to the spread and expansion of the host range. SVDV is hypoth-
esized to have a monophyletic origin from a common ancestor, arising via recombination
between human CVB5 and other members of the Enterovirus B species, followed by host
adaptation to swine [10-13]. Now, based on the antigenic cross-reactivity and the se-
quence homology between CVB5 and SVDV, SVDV is considered as a porcine variant of
CVB5 [1,2,10-14].

Historically, SVDV was considered to have a single serotype [1]. Then, in 1975, Russian
scientists discovered an unknown enterovirus which caused an epizootic that affected about
24,500 pigs with SVD-like clinical signs. Initially, the virus was identified as SVDV serotype
2 (SVDV-2), but much later, in the 21st century, it was determined that this virus was derived
from coxsackievirus B4 (rather than CVB5) following multiple recombination events [14,15],
making this the second case of interspecies transmission of a human betacoxsackievirus
to pigs. Here, we refer to SVDV-1 and SVDV-2 as viruses derived from CVB5 and CVB4,
respectively, while sometimes SVDV refers to SVDV-1 only.

This mini-review is devoted to the history and characterization of SVDV-2. It evaluates
research which has been carried out among scientists and institutions around the world.

2. Methodology and Techniques in SVDV Research

SVDV is routinely isolated and propagated in IBRS-2 cells or another suitable porcine
cell line. For laboratory detection and disease confirmation, immunological, serological,
and RT-PCR tests are recommended and described in detail by WOAH [1].

Earlier studies from the 20th century utilized complement fixation and virus neutral-
ization tests to detect viral antigens or antibodies against SVDV in samples, but these assays
needed several days to yield results. Faster, enzyme-linked immunosorbent assays (ELISA)
were developed in the 1990s, which significantly improved diagnostics [1]. This advance
was achieved when monoclonal mouse antibodies (MAbs) were obtained against SVDV,
which could then be used for diagnostics, as well as for research [1,16,17]. Notably, the 5B7
MAD has been widely used in both simple sandwich and in competitive serological ELISAs
for the detection of viral antigens [1], while a panel of MAbs allowed for the differentiation
of antigenic groups of SVD isolates [17].

The MAb-based ELISA, which was developed by Brocchi and colleagues [17], is briefly
described here. Microplates are coated with a rabbit anti-SVDV immune serum to capture
the virus particles from tested samples and the control reference strains. Then, MAbs
specific to the reference strain of each antigenic group are added to the plates followed
by anti-mouse secondary antibodies conjugated to horseradish peroxidase. The signal
is then developed using a color enzyme reaction (for example orthophenylenediamine
and substrate HyO,). Optical density is measured spectrophotometrically, and results are
expressed as a percentage relative to the corresponding reference virus for each MAb within
the panel.

There have also been advances in techniques for laboratory research. The first methods
of complete genome sequencing were labor-intensive and time-consuming [14]. Therefore,
for phylogenetic analysis, only short-length regions of important genes were sequenced by
the Sanger method [11,17]. This was until next-generation sequencing, using the Illumina
platform (Illumina, San Diego, CA, USA), was developed to quickly obtain complete
genome sequences [12].
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Nucleotide and amino acid sequence homology or diversity, as well as sequence
alignment and building of phylogenetic trees for small datasets can be carried out by
different programs such as MegAlign (Lasergene Software, v6, DNASTAR Inc., Madison,
WI, USA) and MEGA 6. The latest versions of MEGA (https:/ /www.megasoftware.net/)
and BEAST 2 [18] are suitable for more precise phylogenetic analysis, evolutionary tree
reconstruction, and molecular clock analysis.

According to the literature [5,19], recombination analysis for enteroviruses may be
carried out by the methods detailed in the Recombination Detection Program [20], and
the Genetic Algorithm for Recombination Detection [21] which are available on the Data-
monkey website (https://www.datamonkey.org/gard, accessed on 15 April 2026; [22]),
along with SimPlot software [23]. MEGA 6, BEAST 1.7.5 and SimPlot version 3.5.1 (S.C.
Ray, 1997-2003) were used for phylogenetic analysis in the current work.

3. Genome Structure

Similar to other members within the enterovirus genus, SVDV has a single-stranded,
polyadenylated, positive-sense RNA genome of 7400-7500 nucleotides (n.) with non-
translated regions at the 5’ and 3’ ends. The 3’ region of the genome encodes structural
proteins, while the 5’ region encodes non-structural proteins. Virion RNA is translated as a
single polyprotein, which is first cleaved into three precursors (P1, P2, and P3), and subse-
quently into 11 mature proteins [24]. The structural proteins (VP1/1D, VP2/1B, VP3/1C,
and VP4/1A (previous/current protein nomenclature)), which form the virion capsid,
contain epitopes that induce antibody production and are recognized by neutralizing and
monoclonal antibodies [10,17,25-27]. Non-structural proteins (2A, 2B, 2C, 3A, 3B, 3C, and
3D) include viral proteases (2A, 3C) as well as proteins involved in viral reproduction.
3D is an RNA-dependent RNA polymerase, which is responsible for RNA replication
and transcription. Due to the lack of proofreading activity of this enzyme, mutations and
genome recombination events are possible.

4. Outbreaks of Swine Vesicular Disease

SVD was first reported in Lombardy, northern Italy, in 1966 [28] where it remained
endemic until 2015, when the last outbreak was recorded there [19,29]. Wild boars have
been considered as carriers of the infection. Some researchers [11,17] propose that SVD has
always been endemic to Southern China (including Hong Kong) and that the virus likely
evolved in Southeast Asia [11]. From there, it is hypothesized that SVDV was repeatedly
introduced into Europe, resulting in sporadic outbreaks.

From 1970 to 1983, SVD spread to many countries of the Eurasian continent (Hong
Kong, Bulgaria, Austria, Great Britain, Italy, Poland, Japan, Romania, Germany, France,
Malta, the Netherlands, Belgium). The disease then subsequently re-emerged in the Nether-
lands (1992), Spain (1993), Taiwan (1997, 1998, 2000), and Portugal (1995, 2003, 2004) [30].

For a long time, information about the presence of SVD in the former Union of Soviet
Socialist Republics (USSR) was restricted and detailed only in documents for limited use.
Most of the research conducted during this time was either unpublished or published only
in internal proceedings of Soviet veterinary institutions [31-33].

Nevertheless, the first documented outbreaks of SVD occurred in February 1972 in the
Odessa region (Tatarbunarsky district) of Ukraine and in Moldova. Then, from 1973 to 1976,
outbreaks of SVD spread and were reported around the USSR in the Odessa, Kaliningrad,
and Chelyabinsk regions, as well as the Khabarovsk and Krasnoyarsk Territories [32,33].
The antigenic properties of the pathogen were shown to be similar to European SVDV
strains (Italy/66 and France/73).
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In February 1975, a disease with vesicular syndrome affecting pigs in the Rasskazovo
village of the Tambov region was identified. During 1975-1977, the epizootic spread to
the Tambov, Voronezh, Saratov, and Moscow regions. Clinically, the disease had similar
symptoms to SVD, but the pathogen was antigenically different from the SVD viruses
discovered earlier [34].

From those epizootics, only three strains have been preserved in the laboratory and
were designated O72 (Odessa region), T75 and T77 (Tambov region). The O72 strain
was antigenically similar to SVDV strains collected from Italy/66 and France/73 [32],
while the T75 and T77 strains had no commonality with SVDVs known at that time.
Electron microscopy, together with analysis of physical and chemical properties of the
virus, classified T75 as an enterovirus [35]. Cross-infection of pigs with the O72 and T75
strains showed that these viruses were distinct pathogens with similar clinical signs, as
infection with each virus did not protect the animals after recovery and hyperimmunization
with the other strain [36]. Similar results were obtained during experimental vaccination of
pigs with vaccines prepared from strains O72 or T75. Each vaccine only protected against
challenge with the homologous strain, no cross-protection was observed [37]. Although
both viruses were assigned to the genus Enterovirus, they were classified as different SVDV
serotypes due to the absence of antigenic cross-reactivity [36,37].

It is of note that both the O72 and T75 strains were able to replicate in pigs and in
swine-origin IBRS-2 cells (a porcine kidney epithelial cell line), which have been recom-
mended by WOAH [1]. It was later shown that both strains also grew well in human
rhabdomyosarcoma (RD) cell culture [14].

5. Antigenic Analysis

In 1973, Graves [38] showed that SVDV was closely related to human CVB5 anti-
genically, but CVB5 and SVDV can be distinguished by various methods [10]. Progress
in the study of SVDVs has mostly been achieved using monoclonal antibodies [17,25,26],
and through sequencing and nucleotide analysis [11,39]. Italian scientists (IZSLE, Brescia,
Italy) [16,17], in collaboration with colleagues from UK and Germany, characterized the
77 SVD isolates by antigenic and genetic methods including phylogenetic analysis for the
1D/VP1 nucleotide region. They identified four antigenic groups among the SVDV isolates
observed in Europe from 1966 to 1994, as well as in early isolates from Japan and Great
Britain (1972-1976). The first group was made up of the earliest and only examined strain,
Italy /66 (It66), which was isolated in Italy in 1966; the second group consisted of viruses
present in Europe and Japan between 1972 and 1981 with the reference strain Italy /73 (It73).
The third group contained strains which were isolated during outbreaks of SVD in Italy
between December 1988 and June 1992, with the reference strain Italy /91 (It91). A feature
of this group was the absence of an epitope for the 5A10 MADb (Figure 1, panel 1). Finally,
the fourth group included isolates from Romania, the Netherlands and Spain, which were
recorded from 1987 to 1994 (the reference strain was Netherlands/Italy /92 (NET/1t92)).
The MADb marker for fourth group was 1B3 (Figure 1, panel 3). Three panels of MAbs were
developed [17] and each panel included MAbs obtained against the reference strain of a
known antigenic group (Figure 1).

All SVDV antigenic groups had antigenic cross-reactivity with human CVB5. Epitope
mapping using SVDV-specific MAbs revealed that the epitopes were located primarily in
VP1/1D, VP2/1B, and VP3/1C capsid proteins [25,26].

The 072 and T75 strains, which were isolated in the former USSR, were also tested by
Brocchi and Borrego (performed in IZSLE, Italy, Brescia, 1998; published here for the first
time). In preliminary experiments by double-sandwich ELISA with rabbit serum antibodies
against CVB5, positive reactivity was found for the O72 strain, but results were negative
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against T75. These results were consistent with data obtained earlier, in Russia, which
demonstrated an absence of a relationship between T75 and O72 by cell-culture-based
neutralization assays [34,36,37].

Panel 1
Antigenic| Isolate Monoclonal antibodies against It73
group 4H9 | 5D9 | 3B8 | 5A10 | 4H3 1H1 | 5B7 | 3F5 | 2Bl | 5B8
1 It66 00 00 0 65 00 0 0 D0 50 0
2 1t73 00 00 00 00 00 00 00 DO D0 D0
3 It91 0 0 15 0 0 [ 70 00 00 00 0(
4 NET/It92| 20 20 0 | 60 60 | 10 00 25 | 50 60 |
Tested |O72 10 15 00 0 10 15 00 D0 00 00
Panel 2
IAntigenic| Isolate Monoclonal antibodies against It91
group 2G7 1G1 GE1 2D2 3G8 | 2HI11 | 4C5
1 [t66 0 0 0 35 0 0 0
2 [t73 10 20
3 t91
4 INET/It92
Tested |072
Panel 3
Antigenic|Isolate
group
1 1t66 100 100 100 100 100 100 0
IGE 100 100 100 100 EN 100 100 100 Y 100
3 ot 30 o U U 65| oMU 10| 0] 15/
4 NET/1t92 [ (LU Ui TR (1)) 100 100 100 100 100 100
Tested 072 100 100 100 100 '

The percentage of reactivity is indicated by color

I 0-100%. [T - 50-80%. -15-50%. [ ]-0-15%.

Figure 1. Reactivity patterns of swine vesicular disease viruses (SVDVs) with three panels of anti-
SVDV monoclonal antibodies (MAbs). Reactivity of viruses with antibodies was measured by
a capture ELISA as described in Section 2. The results are based on optical density values and are
expressed as a percentage relative to the reference virus against which the panel was raised. The
072 strain was tested in comparison with the reference strains for each of the four antigenic groups:
Italy /66 (1t66), Italy /73 (1t73), Italy /91 (It91), the Netherlands/Italy/92 (NET/I1t92). The SVDV
reference strain for each Mab panel is given in bold. The reactivity percentage value is indicated in
each cell of the panel and is highlighted according to value range. Analysis was carried out in 1998 in
IZSLE [40].

Subsequent characterization of the O72 strain by the MAb-based ELISA with the
panels of MAbs (Figure 1), as described in Section 2, assigned this virus to antigenic group
II. The isolates within this group differ significantly in their antigenic properties from the
later isolates within groups III and IV.

In Russia, the O72 (antigenic group II) and Italy /2008 (antigenic group IV) strains have
been used in laboratory diagnostics for serological monitoring of SVDV in pigs imported
from other countries [41,42]. Further, Russian researchers determined that the T75 strain
belonged to the SVDV-2 serotype, due to the lack of antigenic relatedness to previously
characterized SVDV strains [34,36,37].

6. Sequencing

At the end of the last century, the O72 strain was kindly transferred from the collection
of FGBI “ARRIAH” (Russian Federation, Vladimir) to the Pirbright Institute (United
Kingdom, England), where it was later sequenced completely and named USS/6/72
(GenBank: KT284982) in 2015 [12].

Before that, in 1998, the RNA-dependent RNA-polymerase genes (3D) of both the 072
and T75 strains (GenBank: AJ245863 and AJ245864) were sequenced in Russia. Comparative
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analysis using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 April 2026)
showed a high percentage of similarity between the 3D genes from T75, O72, other SVDVs,
and a partial fragment of human coxsackievirus A9 (CVA9). Unfortunately, the sequence of
CVA9 (GenBank: DQ388926) was incomplete and limited to the 3CD region. Despite this,
the observation of high similarity encouraged us to search for relatives or precursors of T75
among human enteroviruses.

The complete genome sequence of T75 (GenBank: KT006374) was determined much
later, in 2015 [14]. Surprisingly, the T75 strain had similarity with human CVB4 in the
structural region, which is responsible for receptor binding and immunogenicity. As CVA9
had a high degree of similarity with T75 in the 3CD region, we aimed to understand more
about the homology and phylogeny of these viruses in comparison with other similar
viruses. The 3CD region (KT006374, fragment 5844-6459) showed a 90% similarity to CVA9
(GenBank: DQ388926), which was first discovered in Romania in 1973 (isolate 113/73/2 [6]).
On the phylogenetic tree, T75 3CD occupies an intermediary position between SVD viruses
and human enteroviruses (Figure 2). Unfortunately, as the complete genome sequence for
the CVAQO strain is not available, further analysis of other genes could not be performed.

SVDV 19721978
A SOV KTZE4352 KR 1572
SVDV KTZE4558 HKG 1371
SOV KFSE3278 HKG 1573
SV IN KTZE4858 HKGE 1570
71 L SWIW KTZE45ST A 1855
& T75 KTO0A2T4 RUS 1575
W 1_-'.1'| A5 DQIBESZE ROU 1373
E1 AFIZSEES EGY 1351
| CxBE DQ2EEF12 ROU 1572
—_ HL_ CxBE DQIEE0T ROU 1573
94— E9X92888 USA 1953

LED AF524856 USA 1957
= CxB4 DQIEEE03 ROU 1575

—57‘| — CxB5 KT285011 GBR 1572

L CxBS KTZES00T USA 1572

e

Figure 2. Phylogenetic tree showing the evolutionary relationships of enteroviruses using the 3CD
region of the P3 precursor (fragment of 599 n.). The evolutionary history was inferred using the
neighbor-joining method. The confidence probability (multiplied by 100), as estimated using the
bootstrap test (1000 replicates), is shown next to the branches. The tree is drawn to scale (0.02),
with branch lengths in the same units as the evolutionary distances used to create the phylogenetic
tree. The evolutionary distances were computed using the Tamura 3-parameter method and are in
the units of the number of nucleotide substitutions per site. The analysis involved 45 nucleotide
sequences, but only the subtree is shown. Evolutionary analyses were conducted in MEGA 6 [43].
Triangle indicates O72 strain of swine vesicular disease virus (SVDV-1) isolated in the Ukraine in
1972. Circle indicates T75 strain of SVDV-2.

Phylogenetic analysis of the VP1 region was done both for O72 and T75 strains using a
Bayesian likelihood-based algorithm implemented in Beast version 1.7.5. Strain O72 shared
87.3-97% identity with other SVDVs derived from CVB5, while the strain T75 shared
80.0-90.4% identity with CVB4 sequences available in GenBank (Table 1) [14]. Therefore, it
was determined that T75 belongs to the CVB4 type, as viruses sharing >75% nucleotide
sequence identity in the VP1 genome region belong to the same enterovirus type [30,44].
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Table 1. Genomic similarity between the T75 strain [T75_KT006374_RUS_1975] and other enteroviruses (%).
. Genomic Region and Its Location Relative to KT006374 (T75)
Virus 4 Strain 7

5'UTR P1 P2 P3 VP4 vp2 VvP3 VP1 2A 2B 2C 3A 3B 3C 3D

Coxsackievirus B4 1-743 744— 3292—- 5025- 744— 951- 1734— 2448— 3292—- 3741- 4038- 5025- 5292 5358- 5907-

3291 5024 7292 950 1733 2447 3291 3740 4037 5024 5291 5357 5906 7292
AF311939_USA_1958 E2 [Edwards] 94 90 79 78 92 90 91 90 80 77 79 75 78 80 78
X05690_USA_1951 Benschoten 85 81 79 78 84 83 81 80 77 79 80 74 83 79 78
DQ480420_ITA_1999 Tuscany 85 81 79 78 85 83 81 80 77 79 80 75 83 79 78
KC558567_DNK_? Cph9 - 85 80 79 85 85 85 84 80 78 80 78 74 79 79
KC558563_DNK_? Cph5 - 85 80 79 84 85 85 85 79 79 81 78 77 79 79
Coxsackievirus A9
DQ388926_ROU_1973 113/73/2 - - - Boofr - - - - - - - - - Cr fr
Echoviruses
E1_AF029859_EGY_1951 Farouk 83.6/82 69 82 86 75 73 70 64 77 83 84 78 86 85 89
E9_X92886_USA_1953 Barty [Hill?] 83 64 81 86 76 68 63 59 76 76 85 89 86 89 84
E9_AF524866_USA_1957 Barty 84 64 81 86 75 69 63 59 76 77 85 89 86 89 84
E11_AY167106_RUS_1982 Mor/M/82 80 66 82 86 74 69 67 59 76 86 82 85 85 85 87
E11_AY167104_RUS_1987 Kar/87 83 67 82 86 75 70 65 59 77 82 85 83 84 87 86
E11_AJ577590_FIN_1989 FIN-0666 83 66 82 86 76 69 65 63 77 83 83 83 82 85 87
E11_AJ577594 ROU_1991 ROU-9191 83 67 81 85 76 70 66 63 76 81 83 79 86 86 87
E11_EF634316_SVK_? D207 82 67 81 86 75 70 65 63 77 82 83 80 84 85 87
E19_AY302544_USA_1955 Burke 82 65 78 79 75 69 64 60 76 80 79 76 84 77 80
E19_AY167107_RUS_1981 K/542/81 81 65 79 84 77 71 65 58 78 75 80 75 82 83 87
E20_AY302546_USA_1956 JV-1 84 66 80 80 81 66 69 58 79 80 81 77 89 79 80
E26_AY302550_PHL_1953 Coronel 81 63 79 80 75 68 63 54 76 80 80 79 85 80 80
E27_AY302551_PHL_1953 Bacon 89 63 81 79 74 67 63 57 78 81 82 77 82 79 79
SVDV

AY429470_HKG_1970 HK'70 Dg2/80 69 79 87 76 72 69 65 76 76 81 85 84 85 88
X54521_GBR_1972 UKG/27/72  81/81 70 79 87 77 72 70 66 75 76 82 85 83 86 88
D16364_JPN_1973 J1'73 81/79 70 79 87 77 72 71 65 75 76 81 85 84 85 88
KT284996_HKG _1970  HKN/19/70  -/83.3 69 80 87 76 70 70 64 75 75 83 85 81 86 88
KF963276_HKG_1973 HKN-8-73 -/80 70 80 87 77 73 70 65 76 77 82 86 83 86 87
KF963277_HKG_1974 HKN-18-74 -/81 70 80 87 77 72 70 65 75 77 82 84 83 85 88
KF963278_HKG_1975 HKN-25-75 -/80 70 79 87 79 72 70 66 75 76 82 85 81 86 87
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Table 1. Cont.
. Genomic Region and Its Location Relative to KT006374 (T75)
Virus & Strain 7
5'UTR P1 P2 P3 VP4 VP2 VP3 VP1 2A 2B 2C 3A 3B 3C 3D
KF963274_HKG_1976 HKN-1-77 -/81 70 79 86 77 73 71 65 74 77 82 84 81 85 88
D00435_JPN_1976 H/3'76 82/80 70 79 87 78 72 70 65 75 77 81 85 84 85 88
KT284997_ITA_1966 ITL/1/66 -/84.6 69 79 88 77 71 69 64 75 76 82 86 80 88 89
KT284995_POL_1973 POL/1/73 -/80.4 68 79 87 77 71 68 64 75 75 82 85 83 86 88
KT284982_UKR_1972 USS/6/72,072  -/82.1 68 79 87 77 70 69 64 75 75 81 86 83 86 88
EU151454_ITA_1992 Itl. 2-92 81/86 69 78 85 78 71 70 64 75 76 81 81 81 84 86
Coxsackievirus B5
AF114383_USA_1952 Faulkner 83 70 80 79 75 72 70 65 80 78 81 74 81 79 80
Cx5_KT285007_USA_1972 4469/USA/72 -/85.6 69 82 87 77 72 70 62 74 80 86 87 83 85 88
X67706_GBR_1954 1954/85/UK 83 69 80 79 76 73 71 63 76 78 82 78 80 78 79
Cx5_KT285011_GBR_1973 8068/UK/73  -/84.6 69 82 86 77 72 70 62 74 80 86 85 81 83 87

Notes: -, no data; ?, unknown. # GenBank Accession number, ISO country codes, isolation year. B Fragment of 3CD region (5844-6459). C Partial fragment. D Percent similarity in the
complete/partial 5'-UTR corresponding to fragments (1-739)/(439-739). Numbering relative to KT006374. The highest percentage of homology in each gene is designated in bold font

and highlighted.
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7. Recombination Analysis

Although T75 was clearly identified as a recombinant virus, exactly which viruses were
involved remained uncertain. As detailed in Section 2, BLAST (NCBI) and MEGA 6 were
applied to align (Muscle algorithm) and compare the nucleotide sequence of T75 (GenBank:
KTO006374) to sequences from representatives of the B4, B5, and A9 coxsackieviruses,
and echoviruses 9, 11, 19, 20, 26, and 27, as well as other SVDVs. Only viruses with a
complete genome or with the maximum percentage of similarity in the regions encoding
the compared proteins were selected (Table 1). The protein coding regions were determined
based on the sequence of the CVB4 ]J.V.B., Benschoten strain (GenBank: X05690). The
nucleotide sequence similarities were then calculated for each region in MEGA 6.

Notably, based on experimental data, the VP1/2A junction region was precisely
determined by [45]. VP1 turned out to be nine nucleotides (three aa) shorter than previously
predicted. Thus, the VP1/2A junction is at 3290/3291 n. with a SLVTT motif at the C-
terminal end of VP1 in T75. Although computational analyses are useful in understanding
genetic relationships, limitations like sampling bias and alignment artifacts can occur and
these results should be further analyzed using wet-lab techniques.

In the BLAST analysis (NCBI), the maximum nucleotide homology was determined
for sequences in the regions of precursors (P1, P2, P3) and for mature T75 proteins (Table 1).
Viruses that circulated before 1975 were preferentially chosen for this analysis, but some
sequences from the 1990s were also included. Many of the complete sequences for CVA9
were excluded since these viruses were isolated in the current century. Additionally, some
sequences with high homology were excluded due to incomplete coverage.

CVB4 had the highest sequence similarity with the T75 virus in the 5-UTR and in the
region coding the P1 capsid protein precursor (85-94% and 85-90%, respectively). For the
P2 precursor, the highest percentage of similarity (82%) was found with the early echovirus
E1 from Egypt (strain Farouk, 1951, GenBank: AF029859) and type 11 echoviruses, which
circulated in 1982-1989 in Russia and Finland. The T75 P3 precursor shows maximum
homology (88%) with the early Italy/1/1966 SVDV strain and an 87% similarity with
SVDVs isolated on the Eurasian continent from 1970 to 1976. It also has a high level of
homology to echoviruses 9 and 11 (86%) which circulated in the USA and Europe from
1953 to 1989 [15]. It is of note that although percentage of sequence identity is a useful
approximation of relation, it alone does not confirm evolutionary origin.

Analysis using SimPlot software (Version 3.5.1., Johns Hopkins University (Baltimore,
MD, USA) was carried out to determine possible recombination events between the T75
virus and representatives of different groups (Table 1). Recombination analysis (Figure 3)
revealed that the genomic 5’ region encoding capsid proteins was inherited by T75 from
CVB4. The 3’ region encoding non-structural proteins was formed as a result of multiple
recombination events between human enteroviruses. The main recombination breakpoint
was in the 2A protein coding region [15]. In contrast, a breakpoint in the 2B protein coding
region arose during recombination between two SVDV sub-lineages which circulated
simultaneously in Italy in the first decade of the 2000s [19].
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Figure 3. Genetic recombination analysis of the T75 strain (GenBank: KT006374). (A) Phylogenetic
tree reconstruction by neighbor-joining statistical method with 1000 bootstrap replications in MEGA
6. (B) BootScan analysis with a window size of 200 and a step size of 20 was carried out in SimPlot
(Version 3.5.1) for representatives of Enterovirus betacoxsackie species relative to T75 strain. Genome
structure is detailed above the graph. Genomic nucleotide positions are shown on the X-axis, while
the Y-axis shows the probability of cluster existence on the phylogenetic tree in % (see Figure 3A).
The confidence level was 60% based on analysis of 100 replicates using the Kimura 2-parameter (K2P)
model and neighbor-joining method. The legend shows strain nomenclature with accession number
(in GenBank), ISO country code, and isolation year. Designations are SVDV: swine vesicular disease
virus; B4: Coxsackievirus B4; Cx5: coxsackievirus B5; echoviruses: E1, E9, E11.

8. The Origin of SVDV from Recombination Events

Enteroviruses exist as a global gene pool, constantly evolving due to the exchange of
genome fragments and mutational processes [6]. Recombination events have been shown
between CVB4, CVB5, CVA9, and 17 serotypes of echoviruses [5,13], as well as between
SVDVs themselves [13,19].

The CVB5 and SVDV-1 viruses have similarities in the capsid protein region, despite
their different natural hosts [10,17,25,26]. Attempts to uncover the origin of the SVDV non-
structural regions [10-13] were limited by the availability of only short genomic fragments
(typically 400-800 n.), mostly in the 3BC and 3D regions. Additionally, for comparison
only the VP1 SVDV-1 region was used. The data which was obtained supported the
monophyletic recombinant origin of SVDV-1 from CVBS5 in the capsid region, but it also
speculated about an origin of the non-structural region from recombination of short regions
from echovirus 9 (strain Barty) [10,11], or CVA9 [12] and other human enteroviruses,
without strong evidence for the complete non-coding region. Although, it is impossible
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to reliably determine where and when the last common ancestor of CVB5 and SVDV-1
appeared, some scientists consider that the major center of CVB5 transmission was in China
whereas the major center of SVDV-1 transmissions were in Italy [13].

To study the origin and evolution of enteroviruses, genomic regions without recom-
bination breakpoints are usually used. These are regions of structural proteins (VP1) and
conservative non-structural proteins (3C, 3D) [11-14].

Various studies have determined that the estimated time to most the recent common
ancestor (TMRCA) for SVDV-1, based on VP1, was at approximately the same time (1948-
1964) as the proposed CVB5 adaptation to pigs [11,13,14].

In our previous work, analysis of 65 complete VP1 CVB4 sequences determined that
date of the TMRCA of strain T75, and of other CBV4 strains, was in 1950 (Figure 4, node A),
with a 95% probability density interval that the date was between 1945 and 1954. Therefore,
the swine T75 virus most likely diverged from human CBV4 after 1945, but before its
isolation in 1975 [14]. Thus, the ancestors for swine T75 and SVDV-1 emerged from human
CVB4 and CVBS5 viruses, respectively, in a close time interval (not earlier than 1945-1954 or
1948-1964, respectively).

Human CVB4 Europe 1986-1998

AF160012 FIN 1993
AF160010 DNK 1993
AF160013 LVA 1998
AF160008 NLD 1977

AF160009 ROU 1986

*0< Human CVB4 Europe 19651989

AF160069 USA 1981
AF160073 NLD 1989
AF160070 USA 1976

AF160071 USA 1974

AF160072 USA 1975

AF160070 USA 1958

AF160065 NLD 1960

AF160066 NLD 1959

AF160067 NLD 1961

AF160068 NLD 1962
T75 RUS 1975

AF160003 FRA 1996
{ E AF160002 FRA 1996
’ AF160007 FIN 1986

—— AF160007 FIN 1972
—— AF159998 NLD 1965

JX308222 CHN 2010
.[ E KF781525 CHN 2010

KF781524 CHN 2010

Vi3 X bt 1

1930 1950 1970 1990 2010

Figure 4. Phylogenetic tree of CVB4, including strain T75 (bold). The dataset contained 65 full-length
VP1 sequences (924 n.). Phylogenetic analysis was performed using a Bayesian likelihood-based
algorithm implemented in BEAST 1.7.5 [46]. The SRDO06 substitution model was used with a relaxed
log-normal clock. Analysis was run over 50 million generations and trees were sampled every
10,000 generations, resulting in 5000 trees. Trees were annotated with Tree-Annotator 1.4.8 using a
burn-in of 1000 trees and visualized with FigTree 1.3.1. Bar: Time in years. Ages of nodes are indicated
with circles. Node A had posterior probability values of 0.95. Reproduced from [14]. (Permission to
reproduce the figure was obtained from Joe Kelly, Publishing Operations Lead, Microbiology Society,
www.microbiologysociety.org).
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Between 1975 and 1977 in the Tambov and neighboring regions in Russia, the T75-
lineage virus affected more than 24,500 pigs. The presence of this virus was confirmed
by partial VP1 sequencing of the one of the isolates, T77, which was sampled at the end
of the epizootic in 1977. During the two years of circulation in the new pig host, four
nucleotide mutations occurred in the short VP1 region (331 n.), resulting in two amino acid
substitutions (C56Y, K98R; VP1 numbering according to T75) [15]. The total nucleotide
substitution rate was found to be 0.0064 substitutions/site/year (s/s/y) for this region.
This was slightly higher than the global CVB4 VP1 (0.00482-0.00520 s/s/y) [47] and for
SVDV VP1 (0.00334 s/s/y [11] and 0.0039-0.0051 s/s/y [13]).

It is hypothesized that the swine T75 virus arose due to a rare, single event. The
outbreak appeared suddenly in February 1975 in one pig farm, from where it spread to
neighboring farms and regions in a short time. It was determined later that the spread
occurred when piglets, which probably had sub-clinical infection, were transferred for
fattening (pp. 79-90) [34]. A thorough investigation by veterinary services to find out the
causes of the epizootic did not reveal the source of infection [34]. All food and ingredients
received in the period preceding the epizootic, from the affected region and from abroad,
were tested for the presence of the SVDV. Among them was maize imported from Romania,
where CVA9 was present [6] (see Figure 2). Human enteroviruses were also widespread
throughout Russia during that time. Unfortunately, there is no further information on
this topic in open sources. From current knowledge, it can be hypothesized that the likely
source of infection was non-disinfected human food waste from canteens that was then
fed to pigs [34]. During the epizootic period, attempts were made to identify the pathogen
among animal viruses, but human viruses were not evaluated.

Thanks to the precise actions of the veterinary services, the epizootic was stopped
and the pathogen was eradicated. Nowadays, modern methods of molecular research
allow reconstruction of unique events leading to the appearance and disappearance of
recombinant enterovirus T75, which likely arose as a result of the cross-species transfer of
the CVB4 recombinant common ancestor from humans to pigs with following adaptation.

9. Conclusions

Studies of the emergence and evolution of SVDVs hypothesize at least two indepen-
dent events of cross-species transmission of human enteroviruses to pigs, which occurred
due to multiple recombination events between human enteroviruses of different serotypes.
Finally, two variants of SVDV (SVDV-1 and SVDV-2) emerged. The capsid protein region
of SVDV-1 arose from CVB5, and SVDV-2 from CVB4. According to data from the literature
and our own research, several human representatives of Enterovirus betacoxsackie species
participated in the formation of the 3’ non-structural regions.

Transmission to a new host was accompanied by increased virulence of the recombi-
nants, which caused numerous epizootics among pigs, worldwide. It took half a century to
eradicate SVDV-1 in Italy and European countries, while SVDV-2 was suppressed in Russia
within two years.

In this work, we have reviewed previous research and included previously unpub-
lished data to together formulate a hypothesis of the origins of SVDV-2. As much of the
previous research from the USSR is limited to internal theses and reports, there is still much
to understand about the origins of this virus. It would be beneficial if future work sought to
fully understand the recombination events which led to the virus responsible for the 1975
outbreak. Now, up-to-date techniques, like next-generation complete genome sequencing,
phylogenetic analysis and access to various bioinformatic databases, allow identification of
new emerging microbiological agents in a short period of time. However, it has been more
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than half a century since SVDV-2 first appeared in Russia (1975), and more is still being
uncovered about the nature of this virus.

Currently, the issues relating to SVD have been resolved, as the virus is considered
to be eradicated. However, the emergence of at least two virulent porcine variants from
human enteroviruses, driven by recombination, adaptation and host transmission, remains
an important lesson for researchers, particularly those in early-career stages, as novel
viruses continue to arise.

Author Contributions: Conceptualization, N.EL.; formal analysis, N.EL.; investigation, N.EL.;
writing—original draft preparation, N.EL. and S.E.A.; writing—review and editing, S.E.A.; visualiza-
tion, N.EL. and S.E.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study except for those
that were not previously published for the reasons mentioned in Section 9.

Acknowledgments: We are deeply thankful to all researchers and institutions which participated
in different years in study of enteroviruses isolated in the former USSR. The former affiliations and
names of institutions are given below according to the time when the research was carried out.
Our thanks to V.V. Drygin (All-Russian Research Institute for Animal Health, Vladimir, Russia) and
D.V. Kolbasov (All-Russian Scientific Research Institute of Veterinary Virology and Microbiology,
Vladimir region, Russia) for kindly providing virus strains. We thank Massimo Amadori for research
organization, and Belen Borrego and Emiliana Brocchi for antigenic analysis (Istituto Zooprofilattico
Sperimentale della Lombardia e dell’Emilia Romagna, Brescia, Italy). We are grateful to A.N. Luka-
shev (Chumakov Institute of Poliomyelitis and Viral Encephalitides, Moscow, Russia), ].F. Drexler
(Institute of Virology, University of Bonn Medical Center, Bonn, Germany), N.J. Knowles (The Pir-
bright Institute, United Kingdom) and their colleagues for help with the complete virus genome
sequencing. We would like to express our special gratitude to A.N. Lukashev and N.J. Knowles, who
contributed to the official classification of the T75 virus as SVDV-2.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

WOAH. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals, Thirteenth Edition 2024 (Updated 29/11/2024). Chapter
3.9.7. Swine Vesicular Disease (Version Adopted in May 2018). Available online: https:/ /www.woah.org/fileadmin/Home/eng/
Health_standards/tahm/A_summry.htm (accessed on 16 April 2026).

Niedbalski, W.; Fitzner, A. Occurrence and diagnosis of swine vesicular disease: Past and present status. Med. Weter. 2017, 73,
197-201. [CrossRef]

Zell, R.; Knowles, N.J.; Simmonds, P. A proposed division of the family Picornaviridae into subfamilies based on phylogenetic
relationships and functional genomic organization. Arch. Virol. 2021, 166, 2927-2935. [CrossRef]

The Pirbright Institute; The Picornavirus Pages. Enterovirus betacoxsackie. Available online: https://picornaviridae.com/
ensavirinae/enterovirus/ev-b/ev-b.htm (accessed on 16 May 2026).

Pu, X; Qian, Y,; Yu, Y,; Shen, H. Echovirus plays a major role in natural recombination in the coxsackievirus B group. Arch. Virol.
2019, 164, 853-860. [CrossRef] [PubMed]

Bolanaki, E.; Kottaridi, C.; Markoulatos, P.; Kyriakopoulou, Z.; Margaritis, L.; Katsorchis, T. Partial 3D gene sequences of
Coxsackie viruses reveal interspecies exchanges. Virus Genes 2007, 35, 129-140. [CrossRef]

Lukashev, A.N.; Lashkevich, V.A.; Koroleva, G.A.; Ilonen, J.; Hinkkanen, A.E. Recombination in uveitis-causing enterovirus
strains. J. Gen. Virol. 2004, 85, 463-470. [CrossRef]

Lukashev, A.N. Role of recombination in evolution of enteroviruses. Rev. Med. Virol. 2005, 15, 157-167. [CrossRef] [PubMed]
Lukashev, A.N.; Shumilina, E.Y.; Belalov, L.S.; Ivanova, O.E.; Eremeeva, T.P.; Reznik, V.I.; Trotsenko, O.E.; Drexler, ].F.; Drosten,
C. Recombination strategies and evolutionary dynamics of the Human enterovirus A global gene pool. J. Gen. Virol. 2014, 95,
868-873. [CrossRef] [PubMed]

https://doi.org/10.3390/pathogens15060565


https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/A_summry.htm
https://doi.org/10.21521/mw.5678
https://doi.org/10.1007/s00705-021-05178-9
https://picornaviridae.com/ensavirinae/enterovirus/ev-b/ev-b.htm
https://picornaviridae.com/ensavirinae/enterovirus/ev-b/ev-b.htm
https://doi.org/10.1007/s00705-018-4114-1
https://www.ncbi.nlm.nih.gov/pubmed/30600351
https://doi.org/10.1007/s11262-007-0083-2
https://doi.org/10.1099/vir.0.19469-0
https://doi.org/10.1002/rmv.457
https://www.ncbi.nlm.nih.gov/pubmed/15578739
https://doi.org/10.1099/vir.0.060004-0
https://www.ncbi.nlm.nih.gov/pubmed/24425417
https://doi.org/10.3390/pathogens15060565

Pathogens 2026, 15, 565 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

Knowles, N.J.; McCauley, ]. W. Coxsackievirus B5 and the relationship to swine vesicular disease virus. In The Coxsackie B Viruses;
Tracy, S., Chapman, N.M., Mahy, B.W.]., Eds.; Current Topics in Microbiology and Immunology; Springer: Berlin/Heidelberg,
Germany, 1997; Volume 223, pp. 153-167. [CrossRef]

Zhang, G.; Haydon, D.T.; Knowles, N.J.; McCauley, ].W. Molecular evolution of swine vesicular disease virus. J. Gen. Virol. 1999,
80, 639-651. [CrossRef]

Bruhn, C.A.; Nielsen, S.C.; Samaniego, ].A.; Wadsworth, J.; Knowles, N.J.; Gilbert, M.T. Viral meningitis epidemics and a single,
recent, recombinant and anthroponotic origin of swine vesicular disease virus. Evol. Med. Public Health 2015, 2015, 289-303.
[CrossRef]

Huang, HW.; Chu, PH,; Pan, C.H.; Wang, C.E; Lin, C.C.; Lu, PL.; Chen, Y.S,; Shi, Y.Y; Su, H.].; Chou, L.C.; et al. Evolutionary
histories of coxsackievirus B5 and swine vesicular disease virus reconstructed by phylodynamic and sequence variation analyses.
Sci. Rep. 2018, 8, 8821. [CrossRef]

Lomakina, N.F; Shustova, E.Y.; Strizhakova, O.M.; Drexler, ].E,; Lukashev, A.N. Epizootic of vesicular disease in pigs caused by
coxsackievirus B4 in USSR in 1975. ]. Gen. Virol. 2016, 97, 49-52. [CrossRef]

Lomakina, N.F,; Shustova, E.Y.; Strizhakova, O.M.; Kolbasov, D.V.; Lukashev, A.N. Decoding the epizootics with vesicular
syndrome: A unique case of infection of pigs with coxsackievirus B4. In Molecular Diagnostics 2017. Proceedings of the IX All-
Russian Scientific and Practical Conference with International Participation; Central Research Institute of Epidemiology: Moscow,
Russia, 2017; Volume 2, pp. 375-376. Available online: https://elibrary.ru/download/elibrary_30357120_64140298.pdf (accessed
on 16 May 2026). (In Russian)

Brocchi, E.; Berlinzani, A.; Gamba, D.; De Simone, F. Development of two novel monoclonal antibody-based ELISAs for the
detection of antibodies and the identification of swine isotypes against swine vesicular disease virus. J. Virol. Methods 1995, 52,
155-167. [CrossRef]

Brocchi, E.; Zhang, G.; Knowles, N.J.; Wilsden, G.; McCauley, ].W.; Marquardt, O.; Ohlinger, V.E; De Simone, F. Molecular
epidemiology of recent outbreaks of swine vesicular disease: Two genetically and antigenically distinct variants in Europe,
1987-1994. Epidemiol. Infect. 1997, 118, 51-61. [CrossRef]

Bouckaert, R.; Heled, J.; Kithnert, D.; Vaughan, T.; Wu, C.H.; Xie, D.; Suchard, M.A.; Rambaut, A.; Drummond, A.J. BEAST 2: A
software platform for Bayesian evolutionary analysis. PLoS Comput. Biol. 2014, 10, e1003537. [CrossRef] [PubMed]

Bregoli, A.; Benedetti, D.; Calzolari, M.; Benevenia, R.; Di Nardo, A.; Castelli, A.; Corsa, M.; Grazioli, S.; Chiapponi, C.; Brocchi, E.;
et al. Genetic evolution of swine vesicular disease viruses circulating in Italy from 1992 to the eradication in 2015 and emergence
of a recent recombinant strain. Virus Evol. 2025, 11, veaf066. [CrossRef]

Martin, D.P,; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and analysis of recombination patterns in virus
genomes. Virus Evol. 2015, 1, vev003. [CrossRef]

Kosakovsky Pond, S.L.; Posada, D.; Gravenor, M.B.; Woelk, C.H.; Frost, S.D. Automated phylogenetic detection of recombination
using a genetic algorithm. Mol. Biol. Evol. 2006, 23, 1891-1901. [CrossRef] [PubMed]

Weaver, S.; Shank, S.D.; Spielman, S.J.; Li, M.; Muse, S.V.; Kosakovsky Pond, S.L. Datamonkey 2.0: A modern Web application for
characterizing selective and other evolutionary processes. Mol. Biol. Evol. 2018, 35, 773-777. [CrossRef] [PubMed]

Samson, S.; Lord, E.; Makarenkov, V. SimPlot++: A python application for representing sequence similarity and detecting
recombination. Bioinformatics 2022, 38, 3118-3120. [CrossRef]

Inoue, T.; Suzuki, T.; Sekiguchi, K. The complete nucleotide sequence of swine vesicular disease virus. J. Gen. Virol. 1989, 70,
919-934. [CrossRef]

Borrego, B.; Carra, E.; Garcia-Ranea, J.A.; Brocchi, E. Characterization of neutralization sites on the circulating variant of swine
vesicular disease virus (SVDV): A new site is shared by SVDV and the related coxsackie B5 virus. J. Gen. Virol. 2002, 83, 35-44.
[CrossRef] [PubMed]

Borrego, B.; Garcia-Ranea, ].A.; Douglas, A.; Brocchi, E. Mapping of linear epitopes on the capsid proteins of swine vesicular
disease virus using monoclonal antibodies. J. Gen. Virol. 2002, 83, 1387-1395. [CrossRef] [PubMed]

Nijhar, S.K.; Mackay, D.K.; Brocchi, E.; Ferris, N.P.; Kitching, R.P.; Knowles, N.J. Identification of neutralizing epitopes on a
European strain of swine vesicular disease virus. J. Gen. Virol. 1999, 80, 277-282. [CrossRef] [PubMed]

Nardelli, L.; Lodetti, E.; Gualandi, G.L.; Burrows, R.; Goodridge, D.; Brown, E,; Cartwright, B. A foot and mouth disease syndrome
in pigs caused by an enterovirus. Nature 1968, 219, 1275-1276. [CrossRef]

Tamba, M.; Plasmati, F.; Brocchi, E.; Ruocco, L. Eradication of Swine Vesicular Disease in Italy. Viruses 2020, 12, 1269. [CrossRef]
Knowles, N.J. Worldwide Occurrence of Swine Vesicular Disease; Picornavirus Home; The Pirbright Institute: Woking, UK, 2022.
Available online: https://picornaviridae.com/ensavirinae/enterovirus/ev-b/svdv/svdv.htm (accessed on 16 May 2026).
Fedorishcheva, A.G.; Semenikhin, A.L.; Yurkov, G.G. Symptoms and course of vesicular disease in experimentally infected pigs.
In Voprosy Veterinarnoi Virusologii, Mikrobiologii I Epizootologii; Issues in Veterinary Virology, Microbiology and Epizootiology;
National Research Institute for Veterinary Virology and Microbiology: Pokrov, Russia, 1980; pp. 29-31. (In Russian)

https://doi.org/10.3390/pathogens15060565


https://doi.org/10.1007/978-3-642-60687-8_7
https://doi.org/10.1099/0022-1317-80-3-639
https://doi.org/10.1093/emph/eov026
https://doi.org/10.1038/s41598-018-27254-y
https://doi.org/10.1099/jgv.0.000318
https://elibrary.ru/download/elibrary_30357120_64140298.pdf
https://doi.org/10.1016/0166-0934(94)00158-D
https://doi.org/10.1017/S0950268896007170
https://doi.org/10.1371/journal.pcbi.1003537
https://www.ncbi.nlm.nih.gov/pubmed/24722319
https://doi.org/10.1093/ve/veaf066
https://doi.org/10.1093/ve/vev003
https://doi.org/10.1093/molbev/msl051
https://www.ncbi.nlm.nih.gov/pubmed/16818476
https://doi.org/10.1093/molbev/msx335
https://www.ncbi.nlm.nih.gov/pubmed/29301006
https://doi.org/10.1093/bioinformatics/btac287
https://doi.org/10.1099/0022-1317-70-4-919
https://doi.org/10.1099/0022-1317-83-1-35
https://www.ncbi.nlm.nih.gov/pubmed/11752698
https://doi.org/10.1099/0022-1317-83-6-1387
https://www.ncbi.nlm.nih.gov/pubmed/12029154
https://doi.org/10.1099/0022-1317-80-2-277
https://www.ncbi.nlm.nih.gov/pubmed/10073685
https://doi.org/10.1038/2191275a0
https://doi.org/10.3390/v12111269
https://picornaviridae.com/ensavirinae/enterovirus/ev-b/svdv/svdv.htm
https://doi.org/10.3390/pathogens15060565

Pathogens 2026, 15, 565 15 of 15

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

Karpov, G.M. Study of Biological Properties of the Virus and Development of Tools and Methods of Laboratory Diagnostics for
Swine Vesicular Disease. Ph.D. Thesis, National Research Institute for Veterinary Virology and Microbiology, Pokrov, Russia,
1979. (In Russian)

Rakhmanov, A.M.; Zhuchkova, L.G.; Baibikov, T.Z. The epizootic situation assessment based on the results of sero-diagnostic
studies for animal vesicular diseases in the former USSR territory. In Viral and Microbial Diseases of Animals. Proceedings of
All-Russian Research Institute for Animal Health; Federal Center for Animal Health: Vladimir, Russia, 1995; pp. 159-164. (In Russian)
Fedorishcheva, A.G. Study of Epizootology of Swine Vesicular Disease Caused by Serotype II. Ph.D. Thesis, National Research
Institute for Veterinary Virology and Microbiology, Pokrov, Russia, 1980. (In Russian)

Anufrieva, T.A. Study of Physico-Chemical Properties of Swine Vesicular Disease Virus, Strain T-75. Ph.D. Thesis, All-Union
Scientific Research Institute of Foot-and-Mouth Disease, Vladimir, Russia, 1983. (In Russian)

Shazhko, Z.A.; Sokolov, L.N.; Mishchenko, V.A.; Efimova, A.L; Spirin, VK.; Koshetsyan, E.G.; Syusyukina, M.S. Testing the
immunological relationship between strains of porcine vesicular disease virus. In Veterinary Virology, Microbiology and Epizootiology;
National Research Institute for Veterinary Virology and Microbiology: Pokrov, Russia, 1980; pp. 85-86. (In Russian)

Shazhko, Z.A.; Dudnikov, A.L; Smirnov, V.I; Mishchenko, V.A.; Sokolov, L.N.; Okovytaya, M.A.; Spirin, V.K. Formation of
post-vaccination immunity in swine vesicular disease. In Veterinary Virology, Microbiology and Epizootiology; National Research
Institute for Veterinary Virology and Microbiology: Pokrov, Russia, 1980; pp. 83-84. (In Russian)

Graves, ].H. Serological relationship of swine vesicular disease virus and Coxsackie B5 virus. Nature 1973, 245, 314-315. [CrossRef]
Knowles, N.J.; Wilsden, G.; Reid, S.M.; Ferris, N.P,; King, D.P,; Paton, D.].; Fevereiro, M.; Brocchi, E. Reappearance of swine
vesicular disease virus in Portugal. Vet. Rec. 2007, 161, 71. [CrossRef]

Brocchi, E.; Borrego, B. (IZSLE, Brecia, Italy). Personal communication, 1998.

Lugovskaya, N.N. Antigenic relationship of strain O-72 to European and Asian strains of swine vesicular disease virus. Proc. Fed.
Cent. Anim. Health 2012, 10, 113-121.

Kalinina, Y.N.; Fomina, S.N. Biological properties of swine vesicular disease virus strain 2348 Italy/2008. Vet. Sci. Today 2021, 10,
203-208. [CrossRef]

Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Mol.
Biol. Evol. 2013, 30, 2725-2729. [CrossRef] [PubMed]

Knowles, N.J.; Hovi, T.; Hyypia, T.; King, A.M.Q.; Lindberg, A.M.; Pallansch, M.A.; Palmenberg, A.C.; Simmonds, P.; Skern, T.;
Stanway, G.; et al. Picornaviridae. In Virus Taxonomy: Ninth Report of the International Committee on Taxonomy of Viruses; King,
AM.Q., Adams, M., Carstens, E.B., Lefkowitz, E.J., Eds.; Elsevier: London, UK, 2012; pp. 855-880.

Mulders, M.N.; Salminen, M.; Kalkkinen, N.; Hovi, T. Molecular epidemiology of coxsackievirus B4 and disclosure of the correct
VP1/2A(pro) cleavage site: Evidence for high genomic diversity and long-term endemicity of distinct genotypes. J. Gen. Virol.
2000, 81, 803-812. [CrossRef]

Drummond, A.].; Rambaut, A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol. Biol. 2007, 7, 214. [CrossRef]
[PubMed]

Xiao, J.; Wang, J.; Zhang, Y,; Sun, D.; Lu, H.; Han, Z.; Song, Y.; Yan, D.; Zhu, S.; Pei, Y.; et al. Coxsackievirus B4: An underestimated
pathogen associated with a hand, foot, and mouth disease outbreak. Arch. Virol. 2021, 166, 2225-2234. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pathogens15060565


https://doi.org/10.1038/245314a0
https://doi.org/10.1136/vr.161.2.71-a
https://doi.org/10.29326/2304-196X-2021-3-38-203-208
https://doi.org/10.1093/molbev/mst197
https://www.ncbi.nlm.nih.gov/pubmed/24132122
https://doi.org/10.1099/0022-1317-81-3-803
https://doi.org/10.1186/1471-2148-7-214
https://www.ncbi.nlm.nih.gov/pubmed/17996036
https://doi.org/10.1007/s00705-021-05128-5
https://www.ncbi.nlm.nih.gov/pubmed/34091782
https://doi.org/10.3390/pathogens15060565

	Introduction 
	Methodology and Techniques in SVDV Research 
	Genome Structure 
	Outbreaks of Swine Vesicular Disease 
	Antigenic Analysis 
	Sequencing 
	Recombination Analysis 
	The Origin of SVDV from Recombination Events 
	Conclusions 
	References

