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The emergence of recombinant Lumpy Skin Disease Virus (LSDV) strains in Asia 
has led to outbreaks marked by severe skin nodules, high transmissibility, and 
transboundary spread, resulting in significant economic losses to cattle industries in 
China and neighboring countries. The Qinghai-Tibet Plateau, historically a natural 
barrier against viral incursions, has recently experienced increasing LSDV cases in 
yaks (Bos grunniens). Current study elucidates the threat posed by recombinant 
LSDV strains to yaks through clinical, pathological, and molecular analyses. Field 
observations revealed infected yaks exhibited fever, dyspnea, cutaneous pox 
lesions, lymphadenopathy, and mucosal lesions. Viral DNA detection showed 
100% positivity in skin samples (6/6), 53.33% (8/15) in nasal swabs, and 33.33% 
(5/15) in anal swabs, with an overall mortality rate of 46.67% (7/15). Necropsy 
identified respiratory and digestive system lesions, including tracheal congestion, 
pulmonary hemorrhagic plaques, and ruminal serosal hemorrhagic masses. 
Histopathology demonstrated dermal vasculitis, lymphocytic infiltration, and viral 
inclusion bodies. Immunohistochemistry localized viral antigens to hair follicle 
epithelia and macrophages. Phylogenetic analysis positioned the yak-derived 
LSDV strain (LSDV/China/GS/Yak) within the Cluster 1.2 recombinant subclade 
with high homology to recombinant strains circulating in East/Southeast Asia but 
differing from non-recombinant Indian Cluster 1.2 strains. The results emphasize 
increased pathogenicity of recombinant LSDV in plateau yaks and convey the 
critical need for region-specific control strategies.
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1 Introduction

Lumpy skin disease (LSD) is a transboundary infectious disease 
caused by the lumpy skin disease virus (LSDV), primarily transmitted 
by insect vectors. It affects cattle including Water buffalo (Bubalus 
bubalis), giraffes (Giraffa camelopardalis), impalas (Aepyceros 
melampus), Arabian oryx (Oryx leucoryx), and Indian gazelles 
(Gazella bennettii), among other species (1–6). In cattle, LSD is 
characterized by cutaneous nodules, fever, and systemic infection, 
leading to reduced milk production, compromised reproductive 
efficacy in bulls, and economic losses in beef cattle (7, 8).

LSDV is a member of the genus Capripoxvirus within the 
subfamily chordopoxvirinae (family poxviridae), along with the 
sheeppox virus (SPPV) and goatpox virus (GTPV) (9, 10). It is an 
enveloped, double-stranded DNA virus with a 151 kb genome, sharing 
over 95% nucleotide homology with SPPV and GTPV, and exhibiting 
cross-immunogenicity among capripoxviruses (11). Current 
commercial vaccines against LSDV include homologous vaccines 
(attenuated Neethling field strains) and heterologous vaccines (live-
attenuated GTPV and SPPV) (1). Its vaccination is very effective and 
provides potent protection from specific pathogens, but noteworthy 
is that mild “Neethling-like” signs can appear after immunization. 
While generally benign and harmless, there is valid reason to have 
reservations concerning the safety profile of live-attenuated 
immunization overall. It is therefore essential in this context to closely 
monitor the situation, followed by thorough investigation to improve 
immunization strategies in the future (1, 12).

Historically, LSD was endemic to sub-Saharan Africa until the 
1990s (12, 13). The first African outbreaks outside the continent were 
reported in the Middle East in 1989, followed by sporadic cases (14–
16). By 2014, LSD had spread to Balkan countries (17–19). In 2017, a 
vaccine-escape recombinant LSDV strain—derived from genetic 
recombination between Neethling-like vaccine strains and field 
isolates—was identified in Russia near the Kazakhstan border (20). 
Over the past decade, LSDV has expanded into Europe and Asia, now 
circulating in East, South, and Southeast Asia (21, 22). Notably, two 
distinct LSDV lineages co-circulate in Asia: (1) recombinant vaccine-
like strains (e.g., in China, Mongolia, Thailand, and Vietnam) and (2) 
classical field strains (e.g., in Bangladesh, India, Nepal, and Myanmar) 
(18, 23–29). This dual viral pressure highlights the ongoing threat to 
Asian cattle populations.

Yaks (Bos grunniens), a cold-adapted ruminant species with a 
global population exceeding 20 million, are predominantly (>95%) 
distributed across the high-altitude (3,000–5,000 m), hypoxic regions 
of China’s Qinghai-Tibet Plateau (30, 31). Dubbed the “ship of the 
plateau,” yaks serve as a critical livestock resource, providing meat, 
hides, and dairy products for local communities (32). LSDV outbreaks 
have inflicted severe economic losses on global cattle industries (8). 
Given the harsh environmental conditions and limited veterinary 
infrastructure in yak habitats, the introduction of LSDV presents a 
catastrophic risk to yak farming on the plateau. The correspondence 
of heightened susceptibility among yak populations and the high 
transmissibility of recombinant LSDV strains requires in-depth 
understanding of viral pathogenesis in this novel host species. This 
study investigates the clinicopathological features and molecular 
epidemiology of LSDV infections in Qinghai-Tibet Plateau yaks, 
underscoring the escalating threat to high-altitude ecosystems and the 
urgent need for cross-border surveillance. Longitudinal research 

involving next-generation molecular tools, including whole-genome 
sequencing and phylogenetic analysis, is essential to track viral 
evolution and the development of new recombinant strains to 
implement preventive disease management and control strategies in 
this vulnerable ecosystem.

2 Materials and methods

2.1 Sample collection and viral DNA 
extraction

In 2023, samples were collected from 15 yaks (Bos grunniens) 
exhibiting cutaneous nodules or pox-like lesions at a farm in Gannan 
Tibetan Autonomous Prefecture, China, suspected of being infected 
with LSDV. Samples included blood, nasal and anal swabs (15 from 
each animal), and 6 skin tissues. Nasal and anal swabs were 
immediately placed in 800 μL phosphate-buffered saline (PBS), while 
blood specimens were permitted to stay at room temperature for 2 h 
to obtain serum and were subsequently centrifuged at 6,000 rpm for 
5 min to discard coagulated red cells. Specimens were shipped to the 
laboratory under cold chain conditions to −20°C and were preserved 
at −80°C until further handling.

Approximately 1 g of skin tissue was homogenized in 1 mL PBS 
using an Automatic Sample Fast Grinder (Jingxin, Shanghai, China). 
The homogenate, along with other samples, was centrifuged at 
9,000 rpm for 3 min at 4°C. Viral DNA was extracted from 400 μL of 
each sample using the VAMNE Magnetic Pathogen DNA/RNA Kit 
(Prepackaged) (Nanjing Vazyme, Nanjing, China) following the 
manufacturer’s protocol.

2.2 qPCR detection of LSDV DNA

LSDV DNA was detected using quantitative polymerase chain 
reaction (qPCR) with primers targeting the GPCR gene (19, 33), 
modified as follows: Forward primer: 5′-agtcgaatataaagtaatcagtc-3′, 
Reverse primer: 5′-ccgcata-taatacaacttattatag-3′. Each 20 μL 
reaction contained: 10 μL Taq Pro Universal SYBR qPCR Master 
Mix (Nanjing Vazyme, Nanjing, China), 0.4 μL each of forward and 
reverse primers (10 μM), 2 μL template DNA, 7.2 μL distilled 
H₂O. Thermal cycling conditions: 95°C for 30 s (pre-denaturation), 
40 cycles of 95°C for 5 s and 60°C for 30 S. Melt curve analysis was 
performed using the default settings. All reactions were performed 
on a LightCycler® 96 Instrument (Roche Diagnostics, Basel, 
Switzerland) Melt curve analysis was performed using the 
default settings.

2.3 Histopathology and 
immunohistochemistry analysis

Fresh nodule tissues were fixed in 10% neutral buffered 
formalin, washed with PBS, dehydrated through graded ethanol 
(70, 95, 100%), cleared in xylene, embedded in paraffin, and 
sectioned at 3 μm. Sections were stained with hematoxylin and 
eosin (H&E) for histopathological analysis. For 
immunohistochemistry (IHC), adjacent sections were incubated 
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with mouse anti-LSDV126 protein monoclonal antibody 
(generously provided by Prof. Yuefeng Sun, Lanzhou Veterinary 
Research Institute) following established protocols (34). Slides were 
scanned using an automated slide scanner (3DHistech, Budapest, 
Hungary) and visualized with SlideViewer v2.7.1

2.4 Whole-genome sequencing

The whole genome sequencing was performed on the Illumina 
NovaSeq 6,000 PE150 platform. Raw reads were quality-controlled 
using Trimmomatic v0.39 (35), and clean reads were mapped to the 
LSDV reference genome (China/GD01/2020; GenBank: 
MW355944.1) using Bowtie2 v2.5.2 (36). Contigs were assembled 
using MEGAHIT v1.2.9 (37) and further polished with SeqMan 
module in DNASTAR Lasergene v112 to generate complete genomes. 
We have submitted the genomic sequences to the GenBank database, 
GenBank No. MW355944.1.

2.5 Phylogenetic analysis

Full-genome, GPCR, and RPO30 sequences of LSDV, sheeppox 
virus (SPPV), and goatpox virus (GTPV) were retrieved from the 
NCBI database.3 Sequence alignment was performed using MAFFT 
v7.505 (38) with the FFT-NS-1 (fast) strategy and default alignment 
parameters within the PhyloSuite v1.2.3 software package (39). The 
best substitution model was selected via ModelFinder v2.2.0 (BIC 
criterion) (40). Maximum likelihood trees were constructed using 
IQ-TREE v2.2.0 (1,000 bootstrap replicates) (41) and visualized using 
Chiplot4 (42).

3 Results

3.1 Field observations

Observed clinical signs of LSDV infection of yaks were tachypnea, 
haemorrhagic diarrhea, fever, and skin lesions of characteristic 
pox-like appearance. The lesions were most prominent on hairless or 
lightly covered skin surfaces, i.e., nasal planum, ventral cervical 
region, perineum, and the inguinal region (Figures 1A–C). Initial 
lesions manifested as erythematous skin patches (Figure  1A), 
progressing to raised nodules (Figure 1B), and eventually forming 
scabs that shed, leaving scars (Figure 1C). Enlarged, firm superficial 
cervical lymph nodes (lymphadenopathy) were observed in some yaks 
(Figure  1D). Soft periocular swelling (Figure  1E), hoof lesions, 
gingival mucosal erythema, and conjunctival hyperemia were noted 
in individual cases (Figures 1F–H).

1 https://www.3dhistech.com/research/software-downloads/

2 https://www.dnastar.com/software/lasergene/

3 http://www.ncbi.nlm.nih.gov

4 https://www.chiplot.online/tvbot.html; accessed on December 1, 2024.

3.2 Viral detection and necropsy findings

Samples were collected from 15 yaks displaying typical LSDV 
symptoms. qPCR detected LSDV DNA in 53.33% (8/15) of nasal swabs, 
33.33% (5/15) of anal swabs, and 100% (6/6) of skin tissues. Seven yaks 
with severe clinical signs died, resulting in a mortality rate of 46.67% 
(7/15) while the morbidity rate was recorded as 100% (15/15).

Postmortem examination revealed lesions predominantly in the 
respiratory and digestive systems. The trachea exhibited congestion, 
hemorrhage, and excessive mucus (Figure 2A). The lungs displayed 
patchy hemorrhagic foci protruding from the serosal surface 
(Figure  2B). The rumen serosa showed multifocal hemorrhagic 
nodules resembling pox lesions (Figure 2C). Hemorrhage was also 
observed in the jejunal serosa, mirroring ruminal findings 
(Figure 2D).

3.3 Histopathology and 
immunohistochemistry

H&E staining identified epidermal-dermal edema with disrupted 
rete ridge architecture (Figure 3A). Severe vasculitis in the dermis 
featured perivascular lymphocyte infiltration, vascular occlusion, and 
eosinophilic viral inclusion bodies in affected keratinocytes 
(Figure 3B). Mid-dermal layers showed extensive lymphocytic and 
erythrocyte infiltration (Figure 3C). Deep dermal regions exhibited 
marked arteriolar vasculitis, endothelial necrosis, and luminal 
obstruction (Figure 3D).

Immunohistochemistry using anti-LSDV126 antibody highlighted 
viral antigen (brown staining) in hair follicle epithelial cells 
(Figure 4A), deep dermal macrophages (Figure 4B), and perivascular 
lymphocytes (Figure 4C).

3.4 Phylogenetic analysis

Maximum likelihood phylogenetic trees constructed from full-
genome sequences of LSDV, SPPV, and GTPV (NCBI database) 
revealed three major LSDV clades: Cluster 1.1, Cluster 1.2, and Cluster 
1.2 recombinant (Figure  5). Cluster 1.1 included strains from 
South Africa (1954–2016) and Balkan countries. Cluster 1.2 comprised 
strains from Africa, the Balkans, the Middle East, Eastern Europe, and 
South/Central Asia (1958–2023). Cluster 1.2 recombinant subclade 
contained strains from East/Southeast Asia and Asian Russia (2017–
2023). The yak-derived LSDV strain in this study (LSDV/China/GS/
Yak, GB No. MW355944.1) clustered within the Cluster 1.2 
recombinant subclade, consistent with Chinese, Thai, and Russian 
recombinant strains (19).

In contrast, Indian yak LSDV strains formed a distinct Cluster 1.2 
non-recombinant branch (43). GPCR and RPO30 gene-based 
phylogenies corroborated these findings, with LSDV/China/GS/Yak 
grouping within the recombinant subclade (Figure 6).

4 Discussion

Recombinant LSDV infections in yaks have been reported in 
China’s Sichuan Province and India’s Himachal Pradesh near the 
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Qinghai-Tibet Plateau (19, 43). Our study demonstrates active LSDV 
transmission among yaks in this region, supported by severe clinical 
manifestations (fever, hemorrhagic skin nodules, lymphadenopathy) 
and a 100% viral DNA detection rate in skin lesions. The high viral 
load in skin samples suggests potential environmental persistence via 
scab shedding critical concern given yaks’ year-round outdoor grazing 
practices (44). Concurrent respiratory and gastrointestinal lesions 
(tracheal hemorrhage, pulmonary necrosis, ruminal hemorrhagic 
plaques) indicate systemic viral spread, likely exacerbated by high-
altitude hypoxia, contributing to the observed 46.67% mortality. Of 
particular concern is the adaptation of the virus to cold climates (up 
to 3,600 m elevation in this study), raising alarms about its potential 
invasion into ecologically fragile core yak habitats, which host over 
90% of the world’s 16 million yaks (45, 46). Traditional migratory 
grazing and limited veterinary infrastructure may further accelerate 
silent transmission.

Phylogenetic analysis revealed a striking geographic dichotomy in 
LSDV evolution. Classical non-recombinant Cluster 1.2 strains 
dominate in Bangladesh (26), India (27), Nepal (28), and Myanmar 
(29), whereas the yak-derived strain in this study (LSDV/China/GS/
Yak) clusters within the emerging recombinant Cluster 1.2 sub-lineage 
(Neethling vaccine-like recombinants) circulating in China, Russia, and 
Thailand since 2017. The dominance of this recombinant lineage across 
East Asia suggests independent evolutionary trajectories or differential 

vaccine pressures. Notably, GPCR/RPO30 gene homology with strains 
from Russia (47) and Mongolia (24) implies undocumented cross-
border transmission via livestock movement along the Silk Road 
Economic Belt. The rapid replacement of ancestral strains by 
recombinant strains within approximately 6 years highlights the need 
to investigate potential adaptive advantages, such as immune evasion or 
changes in vector competence.

Histopathological findings underscore the heightened 
pathogenicity of recombinant Cluster 1.2 LSDV in yaks. Severe 
vasculitis with endothelial necrosis and trans-mural lymphocyte 
infiltration mirrors poxvirus-endothelial interactions in human 
smallpox, raising questions about potential zoonotic barriers (48, 49). 
Viral tropism for hair follicle epithelium may enhance environmental 
persistence via keratinocyte shedding—a key adaptation for survival 
in high-UV plateau environments.

While LSD morbidity typically ranges from 3 to 85% (rarely 
reaching 100%) with mortality below 10% (4, 8, 21), Classical Cluster 
1.2 strains in India caused mild, non-fatal infections in yaks (43). In 
contrast, our study and prior work (19) report 46.67–53.33% mortality 
in yaks infected with recombinant Cluster 1.2 LSDV, highlighting 
heightened susceptibility to emerging recombinants. Given yaks’ 
grazing patterns and limited veterinary resources, unchecked spread 
of recombinant strains across the Qinghai-Tibet Plateau could 
precipitate catastrophic losses.

FIGURE 1

Clinical manifestations of LSDV infection in yaks. (A–C) Cutaneous pox nodules; (D) Enlarged superficial cervical lymph nodes; (E) Periorbital skin 
edema; (F–H) Pox lesions on hooves, gingival swelling, and conjunctival hyperemia.

https://doi.org/10.3389/fvets.2025.1584975
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Hu et al. 10.3389/fvets.2025.1584975

Frontiers in Veterinary Science 05 frontiersin.org

FIGURE 2

Postmortem findings in yaks, fatally infected with LSDV. (A) Hemorrhage in tracheal longitudinal sections; (B) Near-circular hemorrhagic plaques on 
the pulmonary pleura; (C) Pinpoint or patchy hemorrhage on the ruminal serosa; (D) Hemorrhage in the jejunal serosa. Blue arrows indicate 
hemorrhagic foci.

FIGURE 3

Histopathology of skin pox lesions in naturally LSDV-infected yaks (H&E staining). (A) Epidermal-dermal edema (arrow); (B) Dermal vasculitis (dashed 
circle) with rare cytoplasmic inclusion bodies (arrow); (C) Lymphocytic and erythrocytic infiltration in the dermis (arrow); (D) Arteriolar vasculitis in the 
dermis (dashed circle).
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5 Conclusion

LSDV represents an emerging threat to yaks in the Qinghai-
Tibet Plateau, demonstrating exceptional virulence with a 46.67% 
case fatality rate. Histopathological evidence reveals dual pathogenic 

mechanisms: microcirculatory disruption and direct cytopathic 
effects. Phylogenetically, Chinese yak LSDV strains cluster within the 
recombinant 1.2 sublineage, showing 99.2–99.4% homology with 
East Asian and Russian variants. Notably, this contrasts with 
non-recombinant Indian yak strains (Cluster 1.1), revealing 

FIGURE 4

Immunohistochemical (IHC) staining of skin lesions from naturally LSDV-infected yaks. (A) IHC-positive hair follicle epithelial cells; (B) Deep dermal 
macrophages; (C) Perivascular lymphocytes. Blue arrows highlight IHC-positive cells.

FIGURE 5

Maximum likelihood phylogenetic tree of LSDV based on full-genome sequences. The tree was constructed using PhyloSuite v1.2.3 (38) with IQ-TREE 
v2.2.0 (41), rooted with Sheeppox virus and Goatpox virus as outgroups. The best-fit substitution model (TVM + F + I + I + R2) was selected by BIC. 
Bootstrap values are color-coded at branch nodes. GenBank accession numbers, host species (color-coded), and LSDV sublineages (innermost ring) 
are annotated. The middle ring denotes country of origin, and the outermost ring indicates collection year. Red stars and black circles mark yak-
derived LSDV genomes from this study and prior work, respectively.
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divergent evolutionary paths between South Asian and East 
Asian lineages.

Data availability statement

The datasets presented in this study can be found in online repositories. 
The names of the repository/repositories and accession number(s) can 
be found at: https://www.ncbi.nlm.nih.gov/genbank/, MW355944.

Ethics statement

Ethical approval not required for the studies involving animals 
because our study involved routine diagnostic sampling from 
farmed yaks with owner consent, which falls under standard 
veterinary practice not in experimental animal research. According 
to Directive 2010/63/EU, US PHS Policy, and China’s Animal 
Epidemic Prevention Law, such sampling does not need formal 
ethical approval as part of disease surveillance and clinical care. 
Moreover, field personnel were licensed veterinary practitioners 
certified by the People’s Republic of China, and sampling procedures 

strictly followed regulations. The studies were conducted in 
accordance with the local legislation and institutional requirements. 
Written informed consent was obtained from the owners for the 
participation of their animals in this study.

Author contributions

JH: Writing  – original draft, Conceptualization, Data 
curation, Formal analysis, Methodology. YLi: Conceptualization, 
Data curation, Formal analysis, Methodology, Writing – original 
draft. XZ: Methodology, Writing  – original draft. YLu: 
Methodology, Writing  – original draft. ZZ: Methodology, 
Writing – original draft. MX: Methodology, Writing – original 
draft. SM: Methodology, Writing – original draft, Data curation. 
SN: Data curation, Conceptualization, Writing – review & editing. 
DW: Writing – original draft. TA: Writing – original draft. XL: 
Writing – original draft, Methodology, Resources. QM: Writing – 
original draft, Formal analysis, Project administration, Validation, 
Writing  – review & editing. JL: Writing  – review & editing, 
Writing  – original draft, Funding acquisition, Resources, 
Supervision.

FIGURE 6

Maximum likelihood phylogenetic trees based on LSDV GPCR (A) and RPO30 (B) gene sequences. Trees were generated using PhyloSuite v1.2.3 (38) 
with IQ-TREE v2.2.0 (41), rooted with Sheeppox virus and Goatpox virus. Substitution models (K3Pu + F + I for GPCR; HKY + F + I for RPO30) were 
selected by BIC. Bootstrap values <50 are omitted. Branch labels include strain metadata, with colors denoting host species or LSDV subtypes. Red 
stars and black circles mark yak-derived LSDV sequences from this study and previous work.

https://doi.org/10.3389/fvets.2025.1584975
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/genbank/


Hu et al. 10.3389/fvets.2025.1584975

Frontiers in Veterinary Science 08 frontiersin.org

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This study was supported by the 
National Key R&D Program of China (2024YFD1800200, 
2024YFD1800201); Tibet Autonomous Region Science Fund and the 
Chinese Agricultural Research Systems (Beef/yaks) (CARS-37), and The 
Tibet Autonomous Region Science and Technology Department 2023 Key 
R&D Program (XZ202301ZY0016N).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Morgenstern M, Klement E. The effect of vaccination with live attenuated Neethling 

lumpy skin disease vaccine on Milk production and mortality-an analysis of 77 dairy 
farms in Israel. Vaccines (Basel). (2020) 8:324. doi: 10.3390/vaccines8020324

 2. Greth A, Gourreau JM, Vassart M, Nguyen-Ba-Vy WM, Lefevre PC. Capripoxvirus 
disease in an Arabian oryx (Oryx leucoryx) from Saudi Arabia. J Wildl Dis. (1992) 
28:295–300. doi: 10.7589/0090-3558-28.2.295

 3. Sudhakar SB, Mishra N, Kalaiyarasu S, Ahirwar K, Chatterji S, Parihar O, et al. 
Lumpy skin disease virus infection in free-ranging Indian gazelles (Gazella bennettii), 
Rajasthan, India. Emerg Infect Dis. (2023) 29:1407–10. doi: 10.3201/eid2907.230043

 4. Tuppurainen ES, Oura CA. Review: lumpy skin disease: an emerging threat to 
Europe, the Middle East and Asia. Transbound Emerg Dis. (2012) 59:40–8. doi: 
10.1111/j.1865-1682.2011.01242.x

 5. Wang J, Wan S, Liu S, Wang Z, Ding X, Wu Q, et al. Prevalence of the novel 
recombinant LSDV in east and Southeast Asia: inducing skin and testicular damage in 
golden hamsters. Microb Pathog. (2024) 197:107057. doi: 10.1016/j.micpath.2024.107057

 6. Young E, Basson PA, Weiss KE. Experimental infection of game animals with lumpy 
skin disease virus (prototype strain Neethling). Onderstepoort J Vet Res. (1970) 37:79–87.

 7. Calistri P, De Clercq K, Gubbins S, Klement E, Stegeman A, Cortiñas Abrahantes 
J, et al. Lumpy skin disease epidemiological report IV: data collection and analysis. EFSA 
J. (2020) 18:e06010. doi: 10.2903/j.efsa.2020.6010

 8. Tuppurainen ESM, Venter EH, Shisler JL, Gari G, Mekonnen GA, Juleff N, et al. 
Review: Capripoxvirus diseases: current status and opportunities for control. 
Transbound Emerg Dis. (2017) 64:729–45. doi: 10.1111/tbed.12444

 9. Clemmons EA, Alfson KJ, Dutton JW III. Transboundary animal diseases, an 
overview of 17 diseases with potential for global spread and serious consequences. 
Animals (Basel). (2021) 11:2039. doi: 10.3390/ani11072039

 10. Davies FG. Lumpy skin disease, an African capripox virus disease of cattle. Br Vet 
J. (1991) 147:489–503. doi: 10.1016/0007-1935(91)90019-J

 11. Tulman ER, Afonso CL, Lu Z, Zsak L, Sur JH, Sandybaev NT, et al. The genomes 
of sheeppox and goatpox viruses. J Virol. (2002) 76:6054–61. doi: 10.1128/jvi.76.12. 
6054-6061.2002

 12. Whittle L, Chapman R, Williamson AL. Lumpy skin disease-an emerging cattle 
disease in Europe and Asia. Vaccines (Basel). (2023) 11:578. doi: 10.3390/ 
vaccines11030578

 13. Davies FG. Observations on the epidemiology of lumpy skin disease in Kenya. J 
Hyg (Lond). (1982) 88:95–102. doi: 10.1017/s002217240006993x

 14. Magori-Cohen R, Louzoun Y, Herziger Y, Oron E, Arazi A, Tuppurainen E, et al. 
Mathematical modelling and evaluation of the different routes of transmission of lumpy 
skin disease virus. Vet Res. (2012) 43:1. doi: 10.1186/1297-9716-43-1

 15. Şevik M, Doğan M. Epidemiological and molecular studies on lumpy skin disease 
outbreaks in Turkey during 2014-2015. Transbound Emerg Dis. (2017) 64:1268–79. doi: 
10.1111/tbed.12501

 16. Yeruham I, Nir O, Braverman Y, Davidson M, Grinstein H, Haymovitch M, et al. 
Spread of lumpy skin disease in Israeli dairy herds. Vet Rec. (1995) 137:91–3. doi: 
10.1136/vr.137.4.91

 17. Agianniotaki EI, Tasioudi KE, Chaintoutis SC, Iliadou P, Mangana-Vougiouka O, 
Kirtzalidou A, et al. Lumpy skin disease outbreaks in Greece during 2015-16, 
implementation of emergency immunization and genetic differentiation between field 
isolates and vaccine virus strains. Vet Microbiol. (2017) 201:78–84. doi: 
10.1016/j.vetmic.2016.12.037

 18. Arjkumpa O, Suwannaboon M, Boonrod M, Punyawan I, Liangchaisiri S, 
Laobannue P, et al. The first lumpy skin disease outbreak in Thailand (2021): 
epidemiological features and Spatio-temporal analysis. Front Vet Sci. (2022) 8:799065. 
doi: 10.3389/fvets.2021.799065

 19. Li Y, Zeng Z, Li K, Rehman MU, Nawaz S, Kulyar MF, et al. Detection of Culex 
tritaeniorhynchus Giles and Novel recombinant strain of lumpy skin disease virus causes 
high mortality in yaks. Viruses. (2023) 15:880. doi: 10.3390/v15040880

 20. Sprygin A, Babin Y, Pestova Y, Kononova S, Wallace DB, Van Schalkwyk A, et al. 
Analysis and insights into recombination signals in lumpy skin disease virus recovered 
in the field. PLoS One. (2018) 13:e0207480. doi: 10.1371/journal.pone.0207480

 21. Namazi F, Khodakaram TA. Lumpy skin disease, an emerging transboundary viral 
disease: a review. Vet Med Sci. (2021) 7:888–96. doi: 10.1002/vms3.434

 22. Xie S, Cui L, Liao Z, Zhu J, Ren S, Niu K, et al. Genomic analysis of lumpy skin 
disease virus asian variants and evaluation of its cellular tropism. NPJ Vaccines. (2024) 
9:65. doi: 10.1038/s41541-024-00846-8

 23. Wei YR, Ma WG, Wang P, Wang W, Su XH, Yang XY, et al. Retrospective genomic 
analysis of the first lumpy skin disease virus outbreak in China (2019). Front Vet Sci. 
(2023) 9:1073648. doi: 10.3389/fvets.2022.1073648

 24. Sprygin A, Sainnokhoi T, Gombo-Ochir D, Tserenchimed T, Tsolmon A, 
Byadovskaya O, et al. Genetic characterization and epidemiological analysis of the first 
lumpy skin disease virus outbreak in Mongolia, 2021. Transbound Emerg Dis. (2022) 
69:3664–72. doi: 10.1111/tbed.14736

 25. Mathijs E, Vandenbussche F, Nguyen L, Aerts L, Nguyen T, De Leeuw I, et al. 
Coding-complete sequences of recombinant lumpy skin disease viruses collected in 2020 
from four outbreaks in northern Vietnam. Microbiol Resour Announc. (2021) 
10:e0089721. doi: 10.1128/MRA.00897-21

 26. Badhy SC, Chowdhury MGA, Settypalli TBK, Cattoli G, Lamien CE, Fakir MAU, 
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. doi: 10.1186/s12917-021-02751-x

 27. Kumar R, Godara B, Chander Y, Kachhawa JP, Dedar RK, Verma A, et al. Evidence 
of lumpy skin disease virus infection in camels. Acta Trop. (2023) 242:106922. doi: 
10.1016/j.actatropica.2023.106922

 28. Koirala P, Meki IK, Maharjan M, Settypalli BK, Manandhar S, Yadav SK, et al. 
Molecular characterization of the 2020 outbreak of lumpy skin disease in Nepal. 
Microorganisms. (2022) 10:539. doi: 10.3390/microorganisms10030539

 29. Maw MT, Khin MM, Hadrill D, Meki IK, Settypalli TBK, Kyin MM, et al. First 
report of lumpy skin disease in Myanmar and molecular analysis of the field virus 
isolates. Microorganisms. (2022) 10:897. doi: 10.3390/microorganisms10050897

 30. Qi X, Zhang Q, He Y, Yang L, Zhang X, Shi P, et al. The transcriptomic landscape 
of yaks reveals molecular pathways for high altitude adaptation. Genome Biol Evol. 
(2019) 11:72–85. doi: 10.1093/gbe/evy264

 31. Wang H, Chai Z, Hu D, Ji Q, Xin J, Zhang C, et al. A global analysis of CNVs in 
diverse yak populations using whole-genome resequencing. BMC Genomics. (2019) 
20:61. doi: 10.1186/s12864-019-5451-5

 32. Wu J. The distributions of Chinese yak breeds in response to climate change over 
the past 50 years. Anim Sci J. (2016) 87:947–58. doi: 10.1111/asj.12526

 33. Ma J, Yuan Y, Shao J, Sun M, He W, Chen J, et al. Genomic characterization of 
lumpy skin disease virus in southern China. Transbound Emerg Dis. (2022) 69:2788–99. 
doi: 10.1111/tbed.14432

https://doi.org/10.3389/fvets.2025.1584975
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/vaccines8020324
https://doi.org/10.7589/0090-3558-28.2.295
https://doi.org/10.3201/eid2907.230043
https://doi.org/10.1111/j.1865-1682.2011.01242.x
https://doi.org/10.1016/j.micpath.2024.107057
https://doi.org/10.2903/j.efsa.2020.6010
https://doi.org/10.1111/tbed.12444
https://doi.org/10.3390/ani11072039
https://doi.org/10.1016/0007-1935(91)90019-J
https://doi.org/10.1128/jvi.76.12.6054-6061.2002
https://doi.org/10.1128/jvi.76.12.6054-6061.2002
https://doi.org/10.3390/vaccines11030578
https://doi.org/10.3390/vaccines11030578
https://doi.org/10.1017/s002217240006993x
https://doi.org/10.1186/1297-9716-43-1
https://doi.org/10.1111/tbed.12501
https://doi.org/10.1136/vr.137.4.91
https://doi.org/10.1016/j.vetmic.2016.12.037
https://doi.org/10.3389/fvets.2021.799065
https://doi.org/10.3390/v15040880
https://doi.org/10.1371/journal.pone.0207480
https://doi.org/10.1002/vms3.434
https://doi.org/10.1038/s41541-024-00846-8
https://doi.org/10.3389/fvets.2022.1073648
https://doi.org/10.1111/tbed.14736
https://doi.org/10.1128/MRA.00897-21
https://doi.org/10.1186/s12917-021-02751-x
https://doi.org/10.1016/j.actatropica.2023.106922
https://doi.org/10.3390/microorganisms10030539
https://doi.org/10.3390/microorganisms10050897
https://doi.org/10.1093/gbe/evy264
https://doi.org/10.1186/s12864-019-5451-5
https://doi.org/10.1111/asj.12526
https://doi.org/10.1111/tbed.14432


Hu et al. 10.3389/fvets.2025.1584975

Frontiers in Veterinary Science 09 frontiersin.org

 34. Noti L, Galván JA, Dawson H, Lugli A, Kirsch R, Assarzadegan N, et al. A 
combined spatial score of granzyme B and CD68 surpasses CD8 as an independent 
prognostic factor in TNM stage II colorectal cancer. BMC Cancer. (2022) 22:987. doi: 
10.1186/s12885-022-10048-x

 35. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics. (2014) 30:2114–20. doi: 10.1093/bioinformatics/ 
btu170

 36. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat Methods. 
(2012) 9:357–9. doi: 10.1038/nmeth.1923

 37. Li D, Luo R, Liu CM, Leung CM, Ting HF, Sadakane K, et al. MEGAHIT v1.0: 
a fast and scalable metagenome assembler driven by advanced methodologies and 
community practices. Methods. (2016) 102:3–11. doi: 10.1016/j.ymeth.2016.02. 
020

 38. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: 
improvements in performance and usability. Mol Biol Evol. (2013) 30:772–80. doi: 
10.1093/molbev/mst010

 39. Zhang D, Gao F, Jakovlić I, Zou H, Zhang J, Li WX, et al. PhyloSuite: an integrated 
and scalable desktop platform for streamlined molecular sequence data management 
and evolutionary phylogenetics studies. Mol Ecol Resour. (2020) 20:348–55. doi: 
10.1111/1755-0998.13096

 40. Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS. 
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat Methods. 
(2017) 14:587–9. doi: 10.1038/nmeth.4285

 41. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effective 
stochastic algorithm for estimating maximum-likelihood phylogenies. Mol Biol Evol. 
(2015) 32:268–74. doi: 10.1093/molbev/msu300

 42. Peng Y, Yan H, Guo L, Deng C, Wang C, Wang Y, et al. Reference genome 
assemblies reveal the origin and evolution of allohexaploid oat. Nat Genet. (2022) 
54:1248–58. doi: 10.1038/s41588-022-01127-7

 43. Sudhakar SB, Mishra N, Kalaiyarasu S, Sharma RK, Ahirwar K, Vashist VS, et al. 
Emergence of lumpy skin disease virus (LSDV) infection in domestic Himalayan yaks 
(Bos grunniens) in Himachal Pradesh, India. Arch Virol. (2024) 169:51. doi: 
10.1007/s00705-024-05994-9

 44. Roche X, Rozstalnyy A, TagoPacheco D, Pittiglio C, Kamata A, Alcrudo DB, et al. 
Introduction and spread of lumpy skin disease in south, east and Southeast Asia: 
qualitative risk assessment and management. Rome: Food and Agriculture 
Organization (2020).

 45. Li A, Wang M, Zhang Y, Lin Z, Xu M, Wang L, et al. Complete genome analysis of 
Bacillus subtilis derived from yaks and its probiotic characteristics. Front Vet Sci. (2023) 
9:1099150. doi: 10.3389/fvets.2022.1099150

 46. Suolang Q, Basang Z, Silang W, Nima C, Yang Q, Da W. Study on intestinal 
microbial communities of three different cattle populations on Qinghai-Tibet plateau. 
PLoS One. (2025) 20:e0312314. doi: 10.1371/journal.pone.0312314

 47. Krotova A, Mazloum A, Byadovskaya O, Sprygin A. Phylogenetic analysis of 
lumpy skin disease virus isolates in Russia in 2019-2021. Arch Virol. (2022) 167:1693–9. 
doi: 10.1007/s00705-022-05487-7

 48. Bhanuprakash V, Hosamani M, Venkatesan G, Balamurugan V, Yogisharadhya R, 
Singh RK. Animal poxvirus vaccines: a comprehensive review. Expert Rev Vaccines. 
(2012) 11:1355–74. doi: 10.1586/erv.12.116

 49. Tomar SS, Khairnar K. Detection of lumpy skin disease virus reads in the human 
upper respiratory tract microbiome requires further investigation. J Med Virol. (2024) 
96:e29829. doi: 10.1002/jmv.29829

https://doi.org/10.3389/fvets.2025.1584975
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1186/s12885-022-10048-x
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/s41588-022-01127-7
https://doi.org/10.1007/s00705-024-05994-9
https://doi.org/10.3389/fvets.2022.1099150
https://doi.org/10.1371/journal.pone.0312314
https://doi.org/10.1007/s00705-022-05487-7
https://doi.org/10.1586/erv.12.116
https://doi.org/10.1002/jmv.29829

	Outbreak of recombinant lumpy skin disease virus in yaks: high mortality and systemic pathogenesis in Qinghai-Tibet Plateau yak herds
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and viral DNA extraction
	2.2 qPCR detection of LSDV DNA
	2.3 Histopathology and immunohistochemistry analysis
	2.4 Whole-genome sequencing
	2.5 Phylogenetic analysis

	3 Results
	3.1 Field observations
	3.2 Viral detection and necropsy findings
	3.3 Histopathology and immunohistochemistry
	3.4 Phylogenetic analysis

	4 Discussion
	5 Conclusion

	References

