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Simple Summary: Lumpy skin disease (LSD) is an economically important disease of cattle caused
by LSD virus (LSDV), a member of poxviruses. It had never been found in Thailand before March
2021, but has since spread broadly to various provinces. Regional veterinarians have collected
samples from the LSD cattle and submitted them for diagnosis as a part of disease surveillance
during the outbreaks. Our study aimed to monitor the distribution of the outbreaks by recording
the LSD cases based on clinical signs and laboratory tests up to June 2022, and characterise the
causative agent virologically and genetically. Outbreak maps were created to illustrate the rapid
temporal distribution of the LSD index cases in each province of Thailand. We detected two distant
origins of the outbreaks. LSDV DNA was confirmed in blood, milk, and skin samples collected from
sick animals by real-time PCR. LSDV was proven to be the causative virus based on serological,
virological, and pathological diagnoses. By genetic analysis, the Thai LSDV is a recombinant virus
derived from a vaccine strain previously appearing in China and Vietnam. Its genetic material is a
mosaic hybrid genome containing the vaccine virus DNA as the backbone interspersed with DNA
fragments of a field strain.

Abstract: The emergence of the lumpy skin disease virus (LSDV) was first detected in north-eastern
Thailand in March 2021. Since then, the abrupt increase of LSD cases was observed throughout the
country as outbreaks have spread rapidly to 64 out of a total of 77 provinces within four months.
Blood, milk, and nodular skin samples collected from affected animals have been diagnosed by
real-time PCR targeting the p32 gene. LSDV was isolated by primary lamb testis (PLT) cells, followed
by Madin-Darby bovine kidney (MDBK) cells, and confirmed by immunoperoxidase monolayer assay
(IPMA). Histopathology and immunohistochemistry (IHC) of a skin lesion showed inclusion bodies
in keratinocytes and skin epithelial cells. Phylogenetic analyses of RPO30 and GPCR genes, and the
whole genome revealed that Thai viruses were closely related to the vaccine-derived recombinant
LSDV strains found previously in China and Vietnam. Recombination analysis confirmed that the
Thai LSDV possesses a mosaic hybrid genome containing the vaccine virus DNA as the backbone
and a field strain DNA as the minor donor. This is an inclusive report on the disease distributions,
complete diagnoses, and genetic characterisation of LSDV during the first wave of LSD outbreaks
in Thailand.
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1. Introduction

Lumpy skin disease (LSD) of cattle and water buffalo is characterised by the presence
of fever, flat disc-like skin nodules on the body, and lymph node enlargement [1,2]. It is
caused by the lumpy skin disease virus (LSDV), which belongs to the genus Capripoxvirus
(CaPV), subfamily Chordopoxvirinae, family Poxviridae. LSDV is genetically related to the
sheeppox virus (SPPV) and goatpox virus (GTPV) [3]. The virion is enveloped and contains
a covalently cross-linked, double-stranded DNA genome of approximately 151 kb. The
genome comprises identical 2.4 kb-inverted terminal repeats at both ends and a central
sequence of 156 open reading frames (ORFs) coding for polypeptides of 53 to 2025 amino
acids [4]. The virus particle possesses at least 30 structural proteins associated with virion
morphogenesis and assembly [4].

LSD spreads rapidly and can cause significant economic losses, which must be re-
ported to the World Organisation for Animal Health (WOAH) [5]. It was first reported in
Zambia in 1929 [6] and expanded to several regions in Africa [7,8]. LSD has been found
in the Middle East since 2012 [9] and in Southeast Europe and North Caucasus since
2015 [10,11]. In 2019, the disease was identified in Bangladesh, India, and China before
spreading to other regions of Asia including Vietnam and Myanmar in 2020 [12–16]. The
disease is transmitted predominantly by bloodsucking insects such as stable flies, ticks, and
mosquitoes [17–19]. However, indirect contact transmission was recently demonstrated for
a virulent, vaccine-derived recombinant LSDV strain [20]. Moreover, uncontrolled LSD-
infected cattle through the legal and illegal movement of animals also play a role in disease
transmission. In Thailand, the first LSD case appeared in Roi Et, the north-eastern province
on 29 March 2021 [21]. The disease was detected by clinical signs and confirmed by real-
time PCR targeting the p32 gene as well as DNA sequencing of the fusion, RPO30, GPCR,
and ANK gene regions [21–23]. From June 2021 onward, live attenuated vaccines including
Lumpyvax™ (MSD, Pretoria, South Africa) and MEVAC™ (Kemin, Cairo, Egypt) were
applied to control disease outbreaks in Thailand. There were 5,360,000 doses of imported
vaccines, including 360,000 doses of LumpyvaxTM and 5,000,000 doses of MevacTM. How-
ever, there were about 9.9 million cattle in the country. Thus, the initial 360,000 ring vaccine
doses were administered to disease-free areas and at-risk animals within a 5–50-km radius
of epidemic areas in the north and northeast regions, respectively. Five million doses were
used for widespread immunisation in all regions, with disease-free areas, livestock within
a 5-km radius of national parks, and healthy animals on outbreak farms receiving priority.

Although extensive vaccination campaigns implemented on the total cattle population
of a country is a keystone of disease eradication, successful LSD control and prevention
also rely on early outbreak detection and rapid diagnosis [24]. Thus, this study aims to
describe the diagnosis and distribution of LSD in Thailand and genetically characterise the
circulating LSDV during the initial outbreak.

2. Materials and Methods
2.1. Sample Collection

Cattle and buffaloes exhibiting clinical signs such as skin nodules, enlarged lymph
nodes, and fever were defined as suspected LSD cases, which were recorded on the sam-
ple submission form. From March to July 2021, samples from 859 suspected animals at
530 farms were submitted to the National Institute of Animal Health (NIAH), Depart-
ment of Livestock Development (DLD), Thailand, for diagnosis. Concurrently, a total of
841 blood samples, 324 sera, 210 skin nodules, 18 organs, 8 milk samples, and 5 nasal swabs
were collected from animals suspected of LSD. One LSDV-infected skin nodule in good
condition with complete animal history was selected for histopathological [25] and IHC
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studies [26,27]. The clarified fluids from nodular skin tissue homogenates, blood, and milk
were frozen at −80 ◦C for real-time PCR and/or virus isolation.

2.2. Geographical Mapping of the LSD Outbreaks

Index cases for each province were retrieved from the DLD E-smart surveillance system
as secondary data. The cases were ordered by the date of reported clinical signs from March
to June 2022. The data included all diseased animals matching the LSD case definition,
positive by real-time PCR, or seropositive by ID Screen® Capripox Double Antigen Multi-
species ELISA (IDVET, Grabels, France) before vaccination. Outbreak maps were produced
using QGIS software version 3.4.9 (QGIS.org, 2019) to illustrate the temporal distribution of
the LSD index cases in each province per month. An animation of the outbreak distribution
was performed by a 3D map in Excel.

2.3. Real-Time PCR

DNA was extracted from tissue homogenates, whole blood, and milk using a High
Pure PCR Template Preparation Kit (Roche Diagnostics GmbH, Mannheim, Germany)
according to the manufacturer’s instructions. The samples were initially screened by
p32 real-time PCR in a 20 µL reaction containing 4 nM of each p32 specific primer [28]
(Table S1), 1.2 nM of TaqMan probe, 5 µL of DNA template, 3.96 µL H2O and 10 µL of
FastStart Essential DNA Probes Master (Roche Diagnostics GmbH, Mannheim, Germany).
Thermal cycler conditions included initial denaturation at 95 ◦C for 10 min followed by
40 amplification cycles (95 ◦C for 15 s and at 60 ◦C for 45 s). The LSDV DNA levels were
reported as threshold cycle (Ct) values.

2.4. Virus Isolation and Detection

In this case, 15 skin samples and one milk sample positive by real-time PCR with the
Ct less than 25 were selected for virus isolation. LSDV isolation was performed according
to the OIE manual with some modifications [24,29,30]. Briefly, 10% skin tissue suspension
and a 10-fold diluted milk sample were filtered through 0.45 µm. The processed samples
were inoculated onto primary lamb testis (PLT) cells, which were incubated at 37 ◦C with
5% CO2 for four to nine days. Next, the virus isolates were harvested by three freeze-thaw
cycles, clarified by centrifugation, and subsequently inoculated onto the PLT cells again.
The LSDV isolates were further inoculated onto the Madin-Darby bovine kidney (MDBK)
cell line (CCL-22™ Lot 63990115 ATCC®, Manassas, VA, USA). Once the CPE was observed,
the virus was collected, aliquoted, and kept at −80 ◦C for real-time PCR. In parallel, the
infected MDBK cells were fixed with 4% formalin buffer and stained with 0.15% crystal
violet (Sigma-Aldrich, Hamburg, Germany). To detect viral proteins, LSDV was inoculated
onto MDBK cells in a 96-well plate for immunoperoxidase monolayer assay (IPMA), as
described elsewhere [31,32].

2.5. DNA Sequencing and Phylogenetic Analysis

Conventional PCR and DNA sequencing of the RPO30 and GPCR genes were per-
formed with specific primers (Table S1) on five selected qPCR skin positive samples in-
cluding the first index case and representatives from each geographical region. The genes
were amplified as described elsewhere [33] using GoTag® Green Master Mix (Promega,
USA) according to the manufacturer’s instructions. The PCR products were submitted for
SANGER sequencing (Macrogen, Korea).

For the whole-genome sequencing (WGS), LSDV genomic DNA was extracted from
a skin homogenate using the DNeasy blood and tissue kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. The DNA library was constructed using the
Nextera XT DNA library preparation kit. Sequencing was performed using a MiSeq reagent
kit version 3 with 2 × 300-bp paired-end sequencing on a MiSeq benchtop sequencer
(Illumina, San Diego, CA, USA). The quality of raw data was assessed using FastQC
software version 0.11.9 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/


Vet. Sci. 2022, 9, 542 4 of 17

(accessed on 18 July 2021)). Genome assembly and annotation were performed using
Geneious Prime software version 2021.2.2 (Biomatters Ltd., Auckland, New Zealand). The
reads were trimmed using a BBDuk Trimmer based on quality (Q score > 30) and length
(>20 bp). The trimmed reads were de novo assembled into contigs using SPAdes assembler
version 3.15.2 and mapped to the reference genome (MZ577076). The full genome sequence
of LSDV/Thailand/Yasothon/2021 was deposited in the GenBank database (OM033705).

The processed study sequences were compared and aligned with those of 36 CaPV
strains (Table S2) using the Geneious Prime. The multiple sequence alignment and analyses
of sequence identities and divergences were performed by MUSCLE 3.8.425, which is
embedded in the Geneious Prime® 2021.2.2. Phylogenetic trees of RPO30, GPCR, and
WGS were constructed using the UPGMA method [34] exploiting the Tamura 3-parameter
model [35] in MEGA 7 software version 7.0.26 [36] with 1000 bootstrap replicates [37] and
default settings.

2.6. Recombination Analysis

Three LSDV genomic sequences including Yasothon/2021 (OM033705), SIS-Lumpyvax
vaccine (KX764643), and Neethling 2490 field strains (AF325528) were aligned and anal-
ysed using the Recombination Detection Program (RDP) [38], Bootscan [39], MaxChi [40],
GENECONV [41], Chimaera [42], and SiScan [43] available in the RDP software pack-
age version 4.101. Phylogenetic trees of recombination donor and acceptor (backbone)
sequences and the corresponding regions of 16 LSDV reference strains (Table S2) were gen-
erated in RDP4 software using the Neighbour-Joining method with 100 bootstraps. Next,
the potential recombination events were analysed by SimPlot software version 3.5.1 [44].

2.7. Statistical Analysis

Data were managed and analysed using Excel and GraphPad Prism software ver-
sion 9.3.1. Briefly, the data were sorted by month, province, region, number of cattle, and
qPCR results, respectively. All LSD-affected provinces in each region were summarized by
month. Per cent of LSDV positive provinces in each region and month were analysed by
Fisher’s exact test. Real-time PCR results from 111 animals’ skin and blood samples were
statistically analysed using Chi-square and odds ratio to determine the likelihood of viral
genome detection.

3. Results
3.1. Clinical Cases and Histopathological Findings

All LSD suspected cases showed clinical signs including skin nodules, lymphadenopa-
thy, and fever. The lumps appeared on the skin of the head, neck, body, and perineum
(Figures 1A and S1). Histopathological skin lesions were observed from the epidermis
to deep dermis layers (Figures 1B and S2), as previously reported [45]. The epidermis
contained hydropic degeneration and oedema with basophilic nuclei and necrotic ker-
atinocytes. Large numbers of spongiotic keratinocytes containing large, round eosinophilic
intracytoplasmic inclusion bodies were found dispersed throughout the epidermis and
dermis. The IHC of the consecutive slide revealed the brown cytoplasmic staining of LSDV
antigens in the infected cells (Figures 1C and S3).
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and slightly raised. (B) Haematoxylin and Eosin (H&E) staining histopathological lesions demon-
strating epidermal hyperplasia with hyper-eosinophilic cytoplasm and large numbers of spongiotic
keratinocytes containing large, round eosinophilic intracytoplasmic inclusion bodies were found
dispersed throughout the affected skin. The dermis and hypodermis were infiltrated by inflammatory
cells. Moderate to severe dermal vasculitis and perivascular accumulation of inflammatory cells and
fibrins were observed. The high magnification views (dashed boxes) depict the epidermis. (C) IHC of
the corresponding areas in the consecutive tissue section is shown in B. The brown staining of LSDV
antigens accumulated in the cytoplasm of the infected cells is shown in the inset.

3.2. Distribution of LSD

Since the confirmed case in north-eastern Thailand in March 2021 [21], we investigated
and collected data on LSD cases based on clinical signs, real-time PCR, and serological
tests up until June 2022 via the E-smart Surveillance system. There were 628,089 affected
animals and 283,212 affected farmers (data retrieved from DLD on 30 June 2022). During the
first five months of the outbreak from March to July 2021, the percentage of LSD-positive
provinces varied dramatically by month (p < 0.0001). The disease spread from the first
outbreak in the northeast to four nearby provinces in three days. In April, the number of
LSD-affected provinces increased considerably (p < 0.01), as LSD expanded to nine adjacent
provinces. Concurrently, new outbreaks distant from the events in the northeast occurred
in 10 provinces in central, western and southern Thailand (Figure 2, Tables S3 and S4, and
Video S1). In May, the outbreaks expanded to 27 other provinces in four regions (Figure 3A,
Table S4). The number of newly-affected provinces decreased remarkably in June (p < 0.01)
and July (p < 0.00001) to nine and four provinces, respectively. However, the number of
new LSD cases reached a peak in June with almost 30,000 reported cases per day, and
then reduced significantly in July (Figure 3B), corresponding to the vaccination campaign
established in June 2021. From August 2021 to June 2022, six provinces were affected by
the disease, four of which were in the southern region (Figure 3A, Table S4). There were a
few new cases during these 11 months (Table S3). In this wave, LSD spread to a total of 70
provinces in six regions of Thailand.

3.3. LSDV Diagnosis

From March to July 2021, 426 out of 859 LSD suspected animals were confirmed
positive by p32 real-time PCR (data not shown). To determine the likelihood of viral genome
detection, skin and blood samples collected at the same time from every 111 animals were
tested by real-time PCR, as shown in Table 1. The quantity of LSDV-positive skin was
significantly higher than blood samples (p < 0.0001) with an odds ratio of 10.18.

Table 1. Results of p32 real-time PCR for skin and blood samples collected from 111 animals.

Skin Blood Total

Positive 103 62 165

Negative 8 49 57

Total 111 111 222

From the 15 selected positive samples, LSDV could be isolated from four skin samples
and one milk sample, collected seven days after the presence of skin nodules. After three
passages in the cell culture, the aggregated cell foci with IPMA-positive viral antigens
in the cytoplasm were observed at three days post-infection (dpi) (Figures 4A,B and S4).
Non-infected cell control remained CPE and IPMA negative (Figure 4C).
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Figure 2. Distribution of LSD outbreaks in Thailand from March 2021 to June 2022. The affected
provinces were mapped, and assorted colours were assigned for each geographical region of Thailand:
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using QGIS software (QGIS.org, 2019). The numbers represent provinces with LSD cases ordered by
outbreak timelines. The names of provinces are displayed in Table S3.
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Figure 4. IPMA of LSDV infected MDBK cells. The cells were incubated with LSDV-specific antibodies
in the convalescent bovine serum, followed by HRP conjugated bovine IgG, and stained with DAB
substrate. LSDV infected cells contained brown staining LSDV antigens predominantly in the
cytoplasm. Cytopathic effects (CPE) appeared as groups of aggregated LSDV infected cells (A,B).
Non-infected cells remained unstained and served as a negative control (C).

3.4. DNA Sequencing and Phylogenetic Analysis

The sequences for RPO30 and GPCR, as well as the whole genome of Thai LSDV, were
submitted to the GenBank database with the accession numbers shown in Table S5. Both the
RPO30 and GPCR genes of five Thai LSDVs were 100% identical. Phylogenetic analysis of
the GPCR gene revealed two main subgroups including virulent field viruses of subgroup I
and attenuated vaccine strains of subgroup II (Figure S5A), and the Thai sequences were
clustered with the field strains. Additionally, the RPO30 genes were phylogenetically
divided into three subgroups (I-III), and the Thai sequences were grouped with the vaccine
strains (Figure S5B).

The whole genome of LSDV/Thailand/Yasothon/2021 consisted of 150,689 nucleotides,
with 156 predicted protein-coding genes. The total number of reads was 3,752,850 and the
depth of coverage was 31.1×. Phylogenetic analysis among 35 LSDV reference strains showed
that Yasothon/2021 clustered between the vaccine and field groups, and closely related to the
recombinant viruses (Figure 5). Nucleotide identities between field LSDVs and the Thai isolate,
vaccine strain or wildtype virus are presented in Table S2. Thai LSDV is nearly identical to
the Vietnamese LSDV with two SNPs and one InDel within three coding regions of genes,
including the ORF071 C62,252T, ORF103 C98,430T, and ORF144 T136,995del in the genome.
This phenomenon caused amino acid changes in the ORF103 E/K encoding virion core protein
as well as amino acid changes with three insertions in the ORF144 VFFVKT/VFL encoding
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Kelch-like protein. Compared to the SIS-Lumpyvax vaccine, Thai LSDV had five frameshifts
in the ORF086, ORF087, ORF131, ORF134, and ORF144.
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ary analyses were conducted in MEGA 7.

3.5. Recombination Analysis

Recombination analysis of Yasothon/2021 with the parental strains, SIS-Lumpyvax
vaccine and Neethling 2490 field virus revealed 11 recombination events in the 59 ORFs
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within the Thai LSDV genome (Table 2). All potential recombinations were confirmed by a
similarity plot (Figure 6A). Phylogenetic analysis of the Thai LSDV and 16 reference strains
suggested that Yasothon/2021 is a vaccine-derived, recombinant virus. Thai LSDV was
clustered with the field viruses in the trees constructed from four selected recombination
events (1, 3, 5, and 11), while it was in the vaccine group in the backbone sequence trees
(Figure 6B,C). The 11 recombination events hit 42 proteins in which 11 proteins were
involved with RNA transcription and modification, nine proteins associated with viral
structure and assembly, six proteins for viral virulence and host range, three proteins
for DNA replication and nucleotide metabolism, two proteins were Ankyrin repeat, two
proteins were A52R-like protein, and nine proteins were unclear function (Figure 7, Table 3).
Interestingly, the changes of 13 proteins in the Thai LSDV genome have never been reported
in the China/GD01/2020 and Russian/2017 strains, such as IL-10 (ORF005), EEV (ORF027),
RNA polymerase subunit (ORF116 and ORF199), DNA helicase (ORF110), and apoptosis
regulator (ORF154).
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the LSDV/Yasothon/2021 was compared to those of the SIS-Lumpyvax vaccine strain (in red) and
the field strain NI-2490 (in bright blue). The thick dark-blue horizontal lines represent the positions
of the predicted recombination events. The numbers on the horizontal lines are the ORF numbers.
The numbers under the horizontal lines are the order of the recombination events. Eight regions
selected for the phylogenetic analyses were marked by arrows with the nucleotide sequence positions.
(B,C) Phylogenetic trees for the donor regions of 4 recombination events and 4 selected backbone
sequences, respectively. Blue numbers indicate the sequence positions used for the phylogenetic
analyses, and the LSDV/Yasothon/2021 genome is pink. The phylogenetic tree construction and
evolutionary analyses were performed as described in the method. Recombination identification and
analysis were conducted in RDP software package version 4.101.
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Table 2. Predicted recombination events determined by different detection methods available in the RDP4 program.

Recombination
Event Number

Breakpoint Positions in Alignment
Size (bp) ORF

Detection Methods

Begin End RDP GENECONV Bootscan Maxchi Chimaera SiScan 3Seq

1 67,096 84,072 16,977 075–089 NS 4.95 × 10−35 4.27 × 10−20 2.30 × 10−16 4.98 × 10−17 NS 2.22 × 10−16

2 22 * 4792 4771 001–007 NS 2.01 × 10−18 1.31 × 10−16 2.80 × 10−15 2.80 × 10−15 NS NS

3 95,124 * 99,574 4451 101–105 NS 1.19 × 10−16 1.13 × 10−16 4.94 × 10−10 4.94 × 10−10 NS 5.24 × 10−14

4 120,668 * 122,753 2086 133 NS 1.95 × 10−17 4.66 × 10−20 8.64 × 10−13 8.64 × 10−13 NS 1.67 × 10−15

5 140,127 144,246 4120 146–149 3.41 × 10−7 7.09 × 10−13 1.97 × 10−9 1.24 × 10−14 1.24 × 10−14 NS 5.55 × 10−15

6 19,579 23,622 4044 027–030 NS 2.54 × 10−14 1.34 × 10−15 1.29 × 10−8 1.29 × 10−8 NS 2.74 × 10−11

7 108,572 111,696 * 3125 116–119 NS 2.01 × 10−11 1.55 × 10−11 6.20 × 10−5 6.20 × 10−5 NS NS

8 85,944 * 89,483 3540 091–094 NS 2.95 × 10−12 9.72 × 10−11 6.37 × 10−9 6.37 × 10−9 NS NS

9 45,480 53,842 8363 050–060 NS 1.57 × 10−8 1.35 × 10−5 3.59 × 10−9 3.59 × 10−9 NS 6.29 × 10−12

10 102,225 103,207 * 983 110 NS 2.99 × 10−4 3.01 × 10−5 NS NS NS 2.96 × 10−3

11 149,094 151,035 * 1942 154–156 NS 3.17 × 10−4 1.88 × 10−4 NS NS NS NS

* = The actual breakpoint position is undetermined (it was most likely overprinted by a subsequent recombination event).
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Table 3. Proteins and amino acids of LSDV/Yasothon/2021 affected by the 11 genomic recombination
events as predicted by RDP4.

Event ORF Protein Amino Acid Differences from the LSDV Strain SIS-Lumpyvax Vaccine
(Format: YST/Protein Position/SIS)

1 075 RNA polymerase-associated protein V324A

076 late transcription factor VLTF-4 V64A, D96DNDN, N101D, D102N, D151G

079 mRNA capping enzyme, large subunit I206T, D295N, T374P

080 Virion protein I26M, T93I

081 Virion protein H17N, S227N

082 Uracil DNA glycosylase R54Q

083 NTPase; DNA replication S3G, S49T, G106D, I135M, I253L, N663K, I708T

084 Early transcription factor VETF transmembrane L353V, D581N

085 RNA polymerase subunit RPO18 M136T

086a mut T motif E121D, L191F, 207
extension 3 amino acid residues due to frameshift mutation

087a mut T motif; gene expression regulator D12G, V46I,196 extension 53 amino acid residues due to frameshift mutation,
S199F, N200L

088 NPH-I; transcription termination factor V24I

089 mRNA capping enzyme, small subunit; VITF V171I
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Table 3. Cont.

Event ORF Protein Amino Acid Differences from the LSDV Strain SIS-Lumpyvax Vaccine
(Format: YST/Protein Position/SIS)

2 1 A52R-like family protein, SP D129N, I144M

3 ER-localised apoptosis regulator, SP, TM S93T, A100S

5 IL-10, SP, TM I14IF, A24V, I25V

6 IL-1 receptor, SP F13L, S61L, AS94A, I111S, S216N

7 IFN-g Q58K, S200T, N295D

3 101 Virion core protein P4a E223D

102 TM A61N, L115S, T162A

103 Virion core protein T50N, P72T, S89G

4 133 DNA ligase-like protein V165I, D200E, S275N, L312S, I344T, D347N, S514A

5 146 Phospholipase D-like protein T285S

147 Ankyrin repeat protein I487M

148 Ankyrin repeat protein G40S, G51D, I102L, N167D, E169D, V351M, K361Q, C397Y, K413E, A418T, N439S.

149 Serpin-like protein CDS K139R

6 027 EEV maturation protein I440F, D328N, K197R, 153D, A61V

028 Palmitylated EEV membrane lycoprotein G263S, A135T

030 Hypothetical protein H34N

7 116 RNA polymerase subunit (RPO132) N1154S

118 Hypothetical protein, TM I10V

119 RNA polymerase subunit, RPO35 A291S

8 093 Hypothetical protein D60N

094 Virion core protein P4b, TM D93N, F607L

9 050 Metalloprotease, virion morphogenesis NT376T

054 Hypothetical protein S54G, M184I

056 Hypothetical protein K171R, N174D

057 Virion core protein, TM V372I

059 Myristylated protein Q125K

10 110 DNA helicase; transcriptional elongation factor A64T, R100L, L344F

11 154 ER-localised apoptosis regulator S93T, A100S

156 A52R-like family protein, SP D129N, I144M

The amino acid changes existing in the genome of China/GD01/2020 (MW355944) are underlined; the other
17 proteins involved in these major predicted recombination events without amino acid differences are not listed
in this table. SP, N-terminal signal peptide; TM, transmembrane.

4. Discussion

This study found severe clinical signs of LSD in naive young and old animals, with
lesions of the eyes, legs, and internal organs, possibly due to being immunocompromised.
The outbreaks dissimilated rapidly throughout the country within three months. The
first case occurred in the northeast [21], while the second appeared distantly in the west.
Subsequently, the outbreaks were distributed from both epidemic centres to the central,
southern, northern, and eastern regions. As the distance between north-eastern and western
provinces is more than 500 km, the spread might have been facilitated by the movement of
infected animals [46,47]. The number of affected provinces increased in April, Thailand’s
summer season, possibly due to an increase in insect populations. The number of LSD-
affected provinces decreased significantly from June to July 2021, possibly due to the
vaccination campaign. This result was consistent with previous reports that vaccination is
key to controlling the disease [48,49]. Since the imported vaccine quantities were insufficient
to cover 80 per cent of the cattle population, however, there were occasional outbreaks
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in the southern region during February and May 2022, when the animals were new-born
calves that had not been immunised.

For real-time PCR diagnosis, the skin nodules may be the most suitable sample as they
harboured live viruses for up to 35 days and viral nucleic acids for up to 3 months [50],
while LSDV could be detected intermittently in blood during 7–21 dpi [51]. Thus, negative
blood samples did not infer an infection-free status. We suggested collecting skin lesions
instead of blood during the intense outbreaks for the reasons stated above, as well as the
advantages of a non-invasive approach and minimal equipment required. However, we
were unable to control the sample collection process in order to acquire day-after symptoms
that should be examined further.

Previously, LSDV and its genetic diversity were determined based on the fusion gene
sequence [21,52]. Furthermore, vaccine and field strains were differentiated by RPO30 and
GPCR real-time PCRs (DIVA). In our phylogenetic trees, RPO30 and GPCR of Thai LSDV
were clustered in separated groups, similar to a previous study in Bangladesh [15]. We
have shown that the Thai viruses were close to the vaccine strain based on the RPO30 genes
while they were clustered with the field strains in the GPCR tree. Thus, it is necessary to
use more than one locus for investigating the potential recombination [53]. Our whole
genome analysis suggests ORF006, ORF133, ORF146, and ORF148 as the alternative DIVA
target genes.

Whole genome sequencing revealed that ORF027 encoding EEV glycoprotein of Thai
LSDV is similar to those of Vietnamese, but differs slightly from the Chinese and Russian
strains [53,54]. Furthermore, the Thai LSDV contains the Kelch-like protein, which is a
virulence determinant [55]. Lambs inoculated with a mutant SPPV including a deletion
in the Kelch-like coding gene exhibited a marked reduction or delay in pyrexia, gross
lesions, viremia, and virus shedding compared to the parental and revertant viruses [55]. In
comparison to the Vietnamese strain, Thai LSDV has three extra amino acids in the protein,
which might be associated with the virulent phenotype. Moreover, the five frameshifts
found in Yasothon/2021 were consistent with LSDV/China/GD01/2020 [56]. All of these
changes in the structural and non-structural proteins might contribute to the rapid spread
of the virus in terms of infectivity and virulence. For example, the recombinant strain can
spread by indirect contact such as by sharing food and water troughs, as well as physical
touch with nearby animals [20]. The infected animals may exhibit viremia and shed the
virus through nasal and oral discharge for up to 38 days after infection, which is much
longer than previously reported by Babiuk et al. [57].

Up to now, the recombinant vaccine strains have been reported in Russia [53,54],
China [56,58,59], and Vietnam [14,16]. According to the timeline of the LSD outbreak
in Asian countries described previously [16,60], our findings indicated that viral genet-
ics mutated slightly as the virus spread to Thailand. Only 13 out of 156 proteins of
LSDV/Thai/2021 were changed from Chinese/2020 strains and two proteins were changed
from the Vietnamese/2020 strain. A recent study divided recombinant strains into four
groups (R1-R4), with all Asian strains falling within R4 [61]. These novel strains were
most likely the result of a spillover from animals vaccinated with the Lumpivax vaccine
(Kevevapi, Kenya), which was widely used in Kazakhstan shortly before the emergence
of the vaccine-like strains in Russia [61]. Lumpivax vaccine is composed of at least three
CaPVs, namely the Neethling-like LSDV vaccine strain or Herbivac, the KSGP-like LSDV
vaccine strain, and the Sudan-like GTPV strain [61]. This outcome was similar to a prior
study by Haegeman et al. [62] and stressed the need for vaccine quality control. The Thai
LSDV acquired a major backbone from the SIS-Lumpyvax, which was genetically identical
to Herbivac. The minor fragment derived from the NI-2490 strain was closely related to the
KSGP strain. As a result, Thai LSDV might be in the R4 group with other Asian strains.

Thai isolates were nearly identical to the Vietnamese and Chinese strains, suggesting
the same origin. The common route of cattle movement in the Greater Mekong subregion
could be the potential pathway for LSD transmission between southern China and South-
east Asia [63,64]. Another migration track could be from Myanmar to the western provinces
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of Thailand before heading north to Chiang Rai and south to Malaysia [65]. Although cattle
movement and illegal trade are considered the main source of virus transmission between
regions and countries, insect vectors may have been responsible for the short-distance
spread (usually < 50 km) [5,60,66]. As a result, cattle movement and the strengthening of
insect control programmes must be strictly regulated in order to minimise the spread of the
epidemic in the country as well as neighbouring countries.

5. Conclusions

This work reported on rapid distributions and comprehensive LSD diagnoses in Thailand.
This study exhibited extensive detection methods for Thai LSDVs as well as genetic characteri-
sation. It also revealed the close relationship between Chinese, Vietnamese, and Thai LSDVs
based on the RPO30 and GPCR genes, and the whole genome. Further studies on epidemiology
may elucidate the source of the outbreak and the spread pattern of LSDV in Thailand.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/vetsci9100542/s1, Figure S1: Some cattle showed con-
junctivitis (A) and lameness due to severe skin lesions on phalanges (B), while some calves died from
severe clinical signs (C). The lesions also included the nodular reproductive tract (D), inflammatory
subscapular lymph nodes (E), and trachea ulcers (F); Figure S2: The histopathological lesions of LSDV
infected skin; Figure S3: Immunohistochemistry of an LSDV infected skin tissue; Figure S4: Virus
isolation from a skin nodule obtained from cattle with p32 PCR positive; Figure S5: Phylogenetic
tree based on complete GPCR gene (A) and RPO30 gene (B) of Thai LSDV sequences compared with
35 reference strains of CaPV; Table S1: Sequences of oligonucleotide primers used for amplification
and detection of LSDV genes; Table S2: LSDV and CaPV reference sequences used in the analysis;
Table S3: The index cases of LSD outbreaks in each province from March 2021 to May 2022; Table S4:
Numbers of provinces with LSDV positive in each region from March 2021 to June 2022; Table S5:
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Author Contributions: Conceptualisation, molecular analysis and writing were carried out by N.S.,
T.S., P.B., P.A. and P.L. Histopathology was assessed by P.S., S.T. and R.N., while whole genome
sequencing was assessed by T.D. Epidemiology analysis was carried out by M.S., S.J., O.A., A.H. and
N.B. Samples and Field information were conducted by N.N. and D.A., while Laboratory diagnosis
was assessed by L.M., K.P., W.L. and B.N. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded in part by the National Research Institute of Thailand (grant
number RTA6280011), and the Agricultural Research Development Agency (Public Organisation)
(grant number PRP6405032750).

Institutional Review Board Statement: Ethical review and approval were not required for the animal
study because the authors only analysed samples collected by authorised veterinarians as part of a
disease outbreak response programme regulated by government authorities from the Department
of Livestock Development, Thailand for this study. The authors played no role in any stage of the
field investigations or animal sampling. Therefore, ethical approval for this study was waived by
the National Institute of Animal Health Institutional Animal Care and Use Committee. The animal
study protocol was approved by the Institutional Review Board (or Ethics Committee) of Kasetsart
University Institutional Animal care and use committee (protocol code ACKU64-VET-070, 14 October
2021) for studies involving animals.

Informed Consent Statement: The authors played no role in any stage of the field investigations or
animal sampling. Therefore, the consent form for this study was waived by the National Institute of
Animal Health Institutional Animal Care and Use Committee.

Data Availability Statement: The DNA sequences generated and used in the analysis for this study
are available in GenBank under accession numbers MZ579540-MZ579542, MZ615173, OK323153,
OM250058-OM250060, and OM033705.

Acknowledgments: We offer our thanks to the Provincial Livestock Offices and Veterinary Research
and Development Centres (VRDCs) for providing samples. We are also grateful to Pawares Panya-

https://www.mdpi.com/article/10.3390/vetsci9100542/s1


Vet. Sci. 2022, 9, 542 15 of 17

somboonting (Bureau of Disease Control and Veterinary Services) for epidemiology data, Chakrit
Butrak (Bureau of Biotechnology in Livestock Production) and Smit Srisomrun (Kasetsart University)
for the pictures of LSD cases, the Bureau of Veterinary Biologics for providing primary lamb testis
cells, and the staff of the virology section at the National Institute of Animal Health (NIAH) for
helping with sample preparation and testing.

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

References
1. Coetzer, J.A.W.; Tustin, R.C. Infectious Diseases of Livestock, 2nd ed.; Oxford University Press: Cape Town, South Africa, 2004;

Volume 3, pp. 1268–1276.
2. Ahmed, E.M.; Eltarabilli, M.M.; Shahein, M.A.; Fawzy, M. Lumpy skin disease outbreaks investigation in Egyptian cattle and buffaloes:

Serological evidence and molecular characterization of genome termini. Comp. Immunol. Microbiol. Infect. Dis. 2021, 76, 101639. [CrossRef]
3. Tulman, E.R.; Afonso, C.L.; Lu, Z.; Zsak, L.; Sur, J.-H.; Sandybaev, N.T.; Kerembekova, U.Z.; Zaitsev, V.L.; Kutish, G.F.; Rock, D.L.

The genomes of sheeppox and goatpox viruses. J. Virol. 2002, 76, 6054–6061. [CrossRef] [PubMed]
4. Tulman, E.R.; Afonso, C.L.; Lu, Z.; Zsak, L.; Kutish, G.F.; Rock, D.L. Genome of lumpy skin disease virus. J. Virol. 2001, 75,

7122–7130. [CrossRef]
5. Tuppurainen, E.S.; Oura, C.A. Review: Lumpy skin disease: An emerging threat to Europe, the Middle East and Asia. Transbound.

Emerg. Dis. 2012, 59, 40–48. [CrossRef]
6. MacDonald, R.A.S. Pseudo-urticaria of cattle. In Annual Report for 1930; Department of Animal Health, Northern Rhodesia, His

Majesty’s Stationery Office: London, UK, 1931; pp. 20–21.
7. Rweyemamu, M.; Paskin, R.; Benkirane, A.; Martin, V.; Roeder, P.; Wojciechowski, K. Emerging diseases of Africa and the Middle

East. Ann. N. Y. Acad. Sci. 2000, 916, 61–70. [CrossRef]
8. Davies, F.G. Lumpy skin disease, an African capripox virus disease of cattle. Br. Vet. J. 1991, 147, 489–503. [CrossRef]
9. Alkhamis, M.A.; VanderWaal, K. Spatial and Temporal Epidemiology of Lumpy Skin Disease in the Middle East, 2012–2015.

Front. Vet. Sci. 2016, 3, 19. [CrossRef]
10. Tasioudi, K.E.; Antoniou, S.E.; Iliadou, P.; Sachpatzidis, A.; Plevraki, E.; Agianniotaki, E.I.; Fouki, C.; Mangana-Vougiouka,

O.; Chondrokouki, E.; Dile, C. Emergence of lumpy skin disease in Greece, 2015. Transbound. Emerg. Dis. 2016, 63, 260–265.
[CrossRef]

11. Sprygin, A.; Artyuchova, E.; Babin, Y.; Prutnikov, P.; Kostrova, E.; Byadovskaya, O.; Kononov, A. Epidemiological characterization
of lumpy skin disease outbreaks in Russia in 2016. Transbound. Emerg. Dis. 2018, 65, 1514–1521. [CrossRef]

12. Gupta, T.; Patial, V.; Bali, D.; Angaria, S.; Sharma, M.; Chahota, R. A review: Lumpy skin disease and its emergence in India. Vet.
Res. Commun. 2020, 44, 111–118. [CrossRef]

13. Lu, G.; Xie, J.; Luo, J.; Shao, R.; Jia, K.; Li, S. Lumpy skin disease outbreaks in China, since 3 August 2019. Transbound. Emerg. Dis.
2021, 68, 216–219. [CrossRef] [PubMed]

14. Tran, H.T.T.; Truong, A.D.; Dang, A.K.; Ly, D.V.; Nguyen, C.T.; Chu, N.T.; Van Hoang, T.; Nguyen, H.T.; Nguyen, V.T.; Dang, H.V.
Lumpy skin disease outbreaks in Vietnam, 2020. Transbound. Emerg. Dis. 2021, 68, 977–980. [CrossRef] [PubMed]

15. Badhy, S.C.; Chowdhury, M.G.A.; Settypalli, T.B.K.; Cattoli, G.; Lamien, C.E.; Fakir, M.A.U.; Akter, S.; Osmani, M.G.; Talukdar, F.;
Begum, N.; et al. Molecular characterization of lumpy skin disease virus (LSDV) emerged in Bangladesh reveals unique genetic
features compared to contemporary field strains. BMC Vet. Res. 2021, 17, 61. [CrossRef] [PubMed]

16. Maw, M.T.; Khin, M.M.; Hadrill, D.; Meki, I.K.; Settypalli, T.B.K.; Kyin, M.M.; Myint, W.W.; Thein, W.Z.; Aye, O.; Palamara, E.; et al. First
Report of Lumpy Skin Disease in Myanmar and Molecular Analysis of the Field Virus Isolates. Microorganisms 2022, 10, 897. [CrossRef]

17. Weiss, K. Lumpy Skin Disease Virus. Cytomegaloviruses. Rinderpest Virus. Lumpy Skin Disease Virus; Springer: Berlin/Heidelberg,
Germany, 1968; pp. 111–131.

18. Yeruham, I.; Perl, S.; Nyska, A.; Abraham, A.; Davidson, M.; Haymovitch, M.; Zamir, O.; Grinstein, H. Adverse reactions in cattle
to a capripox vaccine. Vet. Rec. 1994, 135, 330–332. [CrossRef]

19. Chihota, C.M.; Rennie, L.F.; Kitching, R.P.; Mellor, P.S. Mechanical transmission of lumpy skin disease virus by Aedes aegypti
(Diptera: Culicidae). Epidemiol. Infect. 2001, 126, 317–321, (print). [CrossRef]

20. Aleksandr, K.; Olga, B.; David, W.B.; Pavel, P.; Yana, P.; Svetlana, K.; Alexander, N.; Vladimir, R.; Dmitriy, L.; Alexander, S.
Non-vector-borne transmission of lumpy skin disease virus. Sci. Rep. 2020, 10, 7436. [CrossRef]

21. Arjkumpa, O.; Suwannaboon, M.; Boonrawd, M.; Punyawan, I.; Laobannu, P.; Yantaphan, S.; Bungwai, A.; Ponyium, V.;
Suwankitwat, N.; Boonpornprasert, P.; et al. First emergence of lumpy skin disease in cattle in Thailand, 2021. Transbound. Emerg.
Dis. 2021, 68, 3002–3004. [CrossRef]

22. Sariya, L.; Paungpin, W.; Chaiwattanarungruengpaisan, S.; Thongdee, M.; Nakthong, C.; Jitwongwai, A.; Taksinoros, S.;
Sutummaporn, K.; Boonmasawai, S.; Kornmatitsuk, B. Molecular detection and characterization of lumpy skin disease viruses
from outbreaks in Thailand in 2021. Transbound. Emerg. Dis. 2022, 69, e2145–e2152. [CrossRef]

23. Singhla, T.; Boonsri, K.; Kreausukon, K.; Modethed, W.; Pringproa, K.; Sthitmatee, N.; Punyapornwithaya, V.; Vinitchaikul, P.
Molecular Characterization and Phylogenetic Analysis of Lumpy Skin Disease Virus Collected from Outbreaks in Northern
Thailand in 2021. Vet. Sci. 2022, 9, 194. [CrossRef]

http://doi.org/10.1016/j.cimid.2021.101639
http://doi.org/10.1128/JVI.76.12.6054-6061.2002
http://www.ncbi.nlm.nih.gov/pubmed/12021338
http://doi.org/10.1128/JVI.75.15.7122-7130.2001
http://doi.org/10.1111/j.1865-1682.2011.01242.x
http://doi.org/10.1111/j.1749-6632.2000.tb05275.x
http://doi.org/10.1016/0007-1935(91)90019-J
http://doi.org/10.3389/fvets.2016.00019
http://doi.org/10.1111/tbed.12497
http://doi.org/10.1111/tbed.12889
http://doi.org/10.1007/s11259-020-09780-1
http://doi.org/10.1111/tbed.13898
http://www.ncbi.nlm.nih.gov/pubmed/33119963
http://doi.org/10.1111/tbed.14022
http://www.ncbi.nlm.nih.gov/pubmed/33548101
http://doi.org/10.1186/s12917-021-02751-x
http://www.ncbi.nlm.nih.gov/pubmed/33514360
http://doi.org/10.3390/microorganisms10050897
http://doi.org/10.1136/vr.135.14.330
http://doi.org/10.1017/S0950268801005179
http://doi.org/10.1038/s41598-020-64029-w
http://doi.org/10.1111/tbed.14246
http://doi.org/10.1111/tbed.14552
http://doi.org/10.3390/vetsci9040194


Vet. Sci. 2022, 9, 542 16 of 17

24. WOAH. Chapter 3.4.12 Lumpy Skin Disease: World Organisation for Animal Health (WOAH). 2021. Available online: https:
//www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.04.12_LSD.pdf (accessed on 18 August 2021).

25. Gharban, H.A.J.; Al-Shaeli, S.J.J.; Al-Fattli, H.H.H.; Altaee, M.N.K. Molecular and histopathological confirmation of clinically
diagnosed lumpy skin disease in cattle, Baghdad Province of Iraq. Vet. World 2019, 12, 1826–1832. [CrossRef] [PubMed]

26. Amin, D.M.; Shehab, G.; Emran, R.; Hassanien, R.T.; Alagmy, G.N.; Hagag, N.M.; Abd-El-Moniem, M.I.I.; Habashi, A.R.; Ibraheem,
E.M.; Shahein, M.A. Diagnosis of naturally occurring lumpy skin disease virus infection in cattle using virological, molecular,
and immunohistopathological assays. Vet. World 2021, 14, 2230–2237. [CrossRef] [PubMed]

27. Lubinga, J.C.; Clift, S.J.; Tuppurainen, E.S.; Stoltsz, W.H.; Babiuk, S.; Coetzer, J.A.; Venter, E.H. Demonstration of lumpy skin
disease virus infection in Amblyomma hebraeum and Rhipicephalus appendiculatus ticks using immunohistochemistry. Ticks
Tick Borne Dis. 2014, 5, 113–120. [CrossRef] [PubMed]

28. Bowden, T.R.; Babiuk, S.L.; Parkyn, G.R.; Copps, J.S.; Boyle, D.B. Capripoxvirus tissue tropism and shedding: A quantitative
study in experimentally infected sheep and goats. Virology 2008, 371, 380–393. [CrossRef]

29. Kumar, N.; Chander, Y.; Kumar, R.; Khandelwal, N.; Riyesh, T.; Chaudhary, K.; Shanmugasundaram, K.; Kumar, S.; Kumar, A.;
Gupta, M.K.; et al. Isolation and characterization of lumpy skin disease virus from cattle in India. PLoS ONE 2021, 16, e0241022.
[CrossRef]

30. Salnikov, N.; Usadov, T.; Kolcov, A.; Zhivoderov, S.; Morgunov, Y.; Gerasimov, V.; Gogin, A.; Titov, I.; Yurkov, S.; Malogolovkin, A.;
et al. Identification and characterization of lumpy skin disease virus isolated from cattle in the Republic of North Ossetia-Alania
in 2015. Transbound. Emerg. Dis. 2018, 65, 916–920. [CrossRef]

31. Lekcharoensuk, P.; Wiriyarat, W.; Petcharat, N.; Lekcharoensuk, C.; Auewarakul, P.; Richt, J.A. Cloned cDNA of
A/swine/Iowa/15/1930 internal genes as a candidate backbone for reverse genetics vaccine against influenza A viruses. Vaccine
2012, 30, 1453–1459. [CrossRef]

32. Haegeman, A.; De Leeuw, I.; Mostin, L.; Van Campe, W.; Aerts, L.; Vastag, M.; De Clercq, K. An Immunoperoxidase Monolayer
Assay (IPMA) for the detection of lumpy skin disease antibodies. J. Virol. Methods 2020, 277, 113800. [CrossRef] [PubMed]

33. Gelaye, E.; Belay, A.; Ayelet, G.; Jenberie, S.; Yami, M.; Loitsch, A.; Tuppurainen, E.; Grabherr, R.; Diallo, A.; Lamien, C.E. Capripox
disease in Ethiopia: Genetic differences between field isolates and vaccine strain, and implications for vaccination failure. Antivir.
Res. 2015, 119, 28–35. [CrossRef] [PubMed]

34. Sneath, P.H.; Sokal, R.R. Numerical Taxonomy: The Principles and Practice of Numerical Classification; WF Freeman & Co.:
San Francisco, CA, USA, 1973.

35. Tamura, K. Estimation of the number of nucleotide substitutions when there are strong transition-transversion and G+C-content
biases. Mol. Biol. Evol. 1992, 9, 678–687.

36. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.
Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

37. Felsenstein, J. Confidence Limits on Phylogenies: An Approach Using The Bootstrap. Evolution 1985, 39, 783–791. [CrossRef]
[PubMed]

38. Martin, D.P.; Lemey, P.; Lott, M.; Moulton, V.; Posada, D.; Lefeuvre, P. RDP3: A flexible and fast computer program for analyzing
recombination. Bioinformatics 2010, 26, 2462–2463. [CrossRef] [PubMed]

39. Martin, D.; Posada, D.; Crandall, K.; Williamson, C. A Modified Bootscan Algorithm for Automated Identification of Recombinant
Sequences and Recombination Breakpoints. AIDS Res. Hum. Retrovir. 2005, 21, 98–102. [CrossRef] [PubMed]

40. Smith, J.M. Analyzing the mosaic structure of genes. J. Mol. Evol. 1992, 34, 126–129. [CrossRef] [PubMed]
41. Padidam, M.; Sawyer, S.; Fauquet, C.M. Possible emergence of new geminiviruses by frequent recombination. Virology 1999, 265, 218–225.

[CrossRef]
42. Posada, D.; Crandall, K.A. Evaluation of methods for detecting recombination from DNA sequences: Computer simulations. Proc.

Natl. Acad. Sci. USA 2001, 98, 13757–13762. [CrossRef]
43. Gibbs, M.J.; Armstrong, J.S.; Gibbs, A.J. Sister-scanning: A Monte Carlo procedure for assessing signals in recombinant sequences.

Bioinformatics 2000, 16, 573–582. [CrossRef]
44. Lole, K.S.; Bollinger, R.C.; Paranjape, R.S.; Gadkari, D.; Kulkarni, S.S.; Novak, N.G.; Ingersoll, R.; Sheppard, H.W.; Ray, S.C.

Full-length human immunodeficiency virus type 1 genomes from subtype C-infected seroconverters in India, with evidence of
intersubtype recombination. J. Virol. 1999, 73, 152–160. [CrossRef]

45. Amin, A.; El-Nahas, E.; El-Mashed, A.-E. Pathological and Virological Studies on an Outbreak of Lumpy Skin Disease among
Cattle in Kalubia Governorate-Egypt. J. Adv. Vet. Res. 2015, 5, 165–175.

46. Roche, X.; Rozstalnyy, A.; TagoPacheco, D.; Pittiglio, C.; Kamata, A.; Beltran Alcrudo, D.; Bisht, K.; Karki, S.; Kayamori, J.;
Larfaoui, F.; et al. Introduction and Spread of Lumpy Skin Disease in South, East and Southeast Asia: Qualitative Risk Assessment and
Management; FAO Animal Production and Health: Rome, Italy, 2020; pp. 1–183.

https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.04.12_LSD.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.04.12_LSD.pdf
http://doi.org/10.14202/vetworld.2019.1826-1832
http://www.ncbi.nlm.nih.gov/pubmed/32009762
http://doi.org/10.14202/vetworld.2021.2230-2237
http://www.ncbi.nlm.nih.gov/pubmed/34566343
http://doi.org/10.1016/j.ttbdis.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24287140
http://doi.org/10.1016/j.virol.2007.10.002
http://doi.org/10.1371/journal.pone.0241022
http://doi.org/10.1111/tbed.12818
http://doi.org/10.1016/j.vaccine.2011.12.109
http://doi.org/10.1016/j.jviromet.2019.113800
http://www.ncbi.nlm.nih.gov/pubmed/31837373
http://doi.org/10.1016/j.antiviral.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25907637
http://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://www.ncbi.nlm.nih.gov/pubmed/28561359
http://doi.org/10.1093/bioinformatics/btq467
http://www.ncbi.nlm.nih.gov/pubmed/20798170
http://doi.org/10.1089/aid.2005.21.98
http://www.ncbi.nlm.nih.gov/pubmed/15665649
http://doi.org/10.1007/BF00182389
http://www.ncbi.nlm.nih.gov/pubmed/1556748
http://doi.org/10.1006/viro.1999.0056
http://doi.org/10.1073/pnas.241370698
http://doi.org/10.1093/bioinformatics/16.7.573
http://doi.org/10.1128/JVI.73.1.152-160.1999


Vet. Sci. 2022, 9, 542 17 of 17

47. Buamithup, N.; Pamaranon, N.; Charoenlarp, W.; Panyasomboonying, P.; Kuatako, N.; Luangtrakool, D.; Wannakee, H.;
Suwannaboon, M.; Arjkumpa, O.; Suwankitwat, N. Outbreak of Lumpy Skin Disease of the Cattle in Thailand: An UPDATE. In
Proceedings of the 22nd KKU Veterinary Annual International Conference 2021 “International Conference on Transboundary
Animal Diseases, Khon Kaen, Thailand, 22–23 July 2021; 23 July 2021.

48. Tuppurainen, E.; Dietze, K.; Wolff, J.; Bergmann, H.; Beltran-Alcrudo, D.; Fahrion, A.; Lamien, C.E.; Busch, F.; Sauter-Louis, C.;
Conraths, F.J.; et al. Review: Vaccines and Vaccination against Lumpy Skin Disease. Vaccines 2021, 9, 1136. [CrossRef] [PubMed]

49. Calistri, P.; Declercq, K.; De Vleeschauwer, A.; Gubbins, S.; Klement, E.; Stegeman, A.; Abrahantes, J.C.; Antoniou, S.-E.; Broglia,
A.; Gogin, A. Lumpy skin disease: Scientific and technical assistance on control and surveillance activities. EFSA J. 2018, 16, e05452.
[PubMed]

50. Tuppurainen, E.S.; Venter, E.H.; Coetzer, J.A. The detection of lumpy skin disease virus in samples of experimentally infected
cattle using different diagnostic techniques. Onderstepoort J. Vet. Res. 2005, 72, 153–164. [CrossRef] [PubMed]

51. Bernardo, B.S.; Haga, I.R.; Wijesiriwardana, N.; Hawes, P.C.; Simpson, J.; Morrison, L.R.; MacIntyre, N.; Brocchi, E.; Atkinson, J.;
Haegeman, A.; et al. Lumpy Skin Disease Is Characterized by Severe Multifocal Dermatitis With Necrotizing Fibrinoid Vasculitis
Following Experimental Infection. Vet. Pathol. 2020, 57, 388–396. [CrossRef]

52. Ireland, D.C.; Binepal, Y.S. Improved detection of Capripoxvirus in biopsy samples by PCR. J. Virol. Methods 1998, 74, 1–7.
[CrossRef]

53. Sprygin, A.; Babin, Y.; Pestova, Y.; Kononova, S.; Wallace, D.B.; VAN Schalkwyk, A.; Byadovskaya, O.; Diev, V.; Lozovoy, D.;
Kononov, A. Analysis and insights into recombination signals in lumpy skin disease virus recovered in the field. PLoS ONE 2018,
13, e0207480. [CrossRef]

54. Sprygin, A.; Van Schalkwyk, A.; Shumilova, I.; Nesterov, A.; Kononova, S.; Prutnikov, P.; Byadovskaya, O.; Kononov, A. Full-
length genome characterization of a novel recombinant vaccine-like lumpy skin disease virus strain detected during the climatic
winter in Russia, 2019. Arch. Virol. 2020, 165, 2675–2677. [CrossRef]

55. Balinsky, C.A.; Delhon, G.; Afonso, C.L.; Risatti, G.R.; Borca, M.V.; French, R.A.; Tulman, E.R.; Geary, S.J.; Rock, D.L. Sheeppox
virus kelch-like gene SPPV-019 affects virus virulence. J. Virol. 2007, 81, 11392–11401. [CrossRef]

56. Ma, J.; Yuan, Y.; Shao, J.; Sun, M.; He, W.; Chen, J.; Liu, Q. Genomic characterization of lumpy skin disease virus in southern
China. Transbound. Emerg. Dis. 2021, 1–12. [CrossRef]

57. Babiuk, S.; Bowden, T.R.; Parkyn, G.; Dalman, B.; Manning, L.; Neufeld, J.; Embury-Hyatt, C.; Copps, J.; Boyle, D.B. Quantification
of lumpy skin disease virus following experimental infection in cattle. Transbound. Emerg. Dis 2008, 55, 299–307. [CrossRef]

58. Flannery, J.; Shih, B.; Haga, I.R.; Ashby, M.; Corla, A.; King, S.; Freimanis, G.; Polo, N.; Tse, A.C.; Brackman, C.J.; et al. A novel
strain of lumpy skin disease virus causes clinical disease in cattle in Hong Kong. Transbound. Emerg. Dis. 2021, 27, e336–e343.
[CrossRef] [PubMed]

59. Huang, C.-W.; Ting, L.-J.; Liu, Y.-P.; Lin, Y.-J.; Lee, F.; Chiou, C.-J. Complete Coding Sequence of Lumpy Skin Disease Virus
Isolated from Kinmen Island, Taiwan, in 2020. Microbiol. Resour. Announc. 2022, 11, e01204–e01221. [CrossRef] [PubMed]

60. Azeem, S.; Sharma, B.; Shabir, S.; Akbar, H.; Venter, E. Lumpy skin disease is expanding its geographic range: A challenge for
Asian livestock management and food security. Vet. J. 2022, 279, 105785. [CrossRef]

61. Vandenbussche, F.; Mathijs, E.; Philips, W.; Saduakassova, M.; De Leeuw, I.; Sultanov, A.; Haegeman, A.; De Clercq, K.
Recombinant LSDV Strains in Asia: Vaccine Spillover or Natural Emergence? Viruses 2022, 14, 1429. [CrossRef] [PubMed]

62. Haegeman, A.; De Leeuw, I.; Saduakassova, M.; Van Campe, W.; Aerts, L.; Philips, W.; Sultanov, A.; Mostin, L.; De Clercq, K.
The importance of quality control of LSDV live attenuated vaccines for its safe application in the field. Vaccines 2021, 9, 1019.
[CrossRef] [PubMed]

63. Smith, P.; Bourgeois Luethi, N.; Huachun, L.; Naing Oo, K.; Phonvisay, A.; Premashthira, S.; Abila, R.; Widders, P.; Kukreja, K.;
Miller, C. Movement Pathways and Market Chains of Large Ruminants in the Greater Mekong Sub-Region; School of Agricultural, Forest
and Food Sciences HAFL: Zollikofen, Switzerland; OIE World Organisation for Animal Health: Paris, France, 2015; p. 28.

64. Chaisirirat, T.; Sangthong, P.; Arunvipas, P.; Petcharat, N.; Thangthamniyom, N.; Chumsing, W.; Lekcharoensuk, P. Molecular
characterization of bovine ephemeral fever virus in Thailand between 2013 and 2017. Vet. Microbiol. 2018, 227, 1–7. [CrossRef]

65. Cocks, P.; Abila, R.; Black, P.; Edwards, J.; Robertson, I. Livestock trade and marketing networks in Malaysia, Thailand and
Myanmar. Report for AusAID—DAFF SPS Capacity Building Project. 2009.

66. Tuppurainen, E.; Alexandrov, T.; Beltrán-Alcrudo, D. Lumpy Skin Disease Field Manual—A Manual for Veterinarians; FAO Animal
Production and Health Manual No.20; Food and Agriculture Oraganization of the United Nations (FAO): Rome, Italy, 2017.

http://doi.org/10.3390/vaccines9101136
http://www.ncbi.nlm.nih.gov/pubmed/34696244
http://www.ncbi.nlm.nih.gov/pubmed/32625728
http://doi.org/10.4102/ojvr.v72i2.213
http://www.ncbi.nlm.nih.gov/pubmed/16137133
http://doi.org/10.1177/0300985820913268
http://doi.org/10.1016/S0166-0934(98)00035-4
http://doi.org/10.1371/journal.pone.0207480
http://doi.org/10.1007/s00705-020-04756-7
http://doi.org/10.1128/JVI.01093-07
http://doi.org/10.1111/tbed.14432
http://doi.org/10.1111/j.1865-1682.2008.01024.x
http://doi.org/10.1111/tbed.14304
http://www.ncbi.nlm.nih.gov/pubmed/34448540
http://doi.org/10.1128/mra.01204-21
http://www.ncbi.nlm.nih.gov/pubmed/35297682
http://doi.org/10.1016/j.tvjl.2021.105785
http://doi.org/10.3390/v14071429
http://www.ncbi.nlm.nih.gov/pubmed/35891412
http://doi.org/10.3390/vaccines9091019
http://www.ncbi.nlm.nih.gov/pubmed/34579256
http://doi.org/10.1016/j.vetmic.2018.10.013

	Introduction 
	Materials and Methods 
	Sample Collection 
	Geographical Mapping of the LSD Outbreaks 
	Real-Time PCR 
	Virus Isolation and Detection 
	DNA Sequencing and Phylogenetic Analysis 
	Recombination Analysis 
	Statistical Analysis 

	Results 
	Clinical Cases and Histopathological Findings 
	Distribution of LSD 
	LSDV Diagnosis 
	DNA Sequencing and Phylogenetic Analysis 
	Recombination Analysis 

	Discussion 
	Conclusions 
	References

