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Abstract: Lumpy Skin disease (LSD) is an economically important disease in cattle caused by the
LSD virus (LSDV) of the genus Capripoxvirus, while pseudocowpox (PCP) is a widely distributed
zoonotic cattle disease caused by the PCP virus (PCPV) of the genus Parapoxvirus. Though both
viral pox infections are reportedly present in Nigeria, similarities in their clinical presentation and
limited access to laboratories often lead to misdiagnosis in the field. This study investigated sus-
pected LSD outbreaks in organized and transhumance cattle herds in Nigeria in 2020. A total of
42 scab/skin biopsy samples were collected from 16 outbreaks of suspected LSD in five northern
States of Nigeria. The samples were analyzed using a high-resolution multiplex melting (HRM)
assay to differentiate poxviruses belonging to Orthopoxvirus, Capripoxvirus, and Parapoxvirus genera.
LSDV was characterized using four gene segments, namely the RNA polymerase 30 kDa subunit
(RPO30), G-protein-coupled receptor (GPCR), the extracellular enveloped virus (EEV) glycoprotein
and CaPV homolog of the variola virus B22R. Likewise, the partial B2L gene of PCPV was also
analyzed. Nineteen samples (45.2%) were positive according to the HRM assay for LSDV, and five
(11.9%) were co-infected with LSDV and PCPV. The multiple sequence alignments of the GPCR, EEV,
and B22R showed 100% similarity among the Nigerian LSDV samples, unlike the RPO30 phylogeny,
which showed two clusters. Some of the Nigerian LSDVs clustered within LSDV SG II were with
commonly circulating LSDV field isolates in Africa, the Middle East, and Europe, while the remaining
Nigerian LSDVs produced a unique sub-group. The B2L sequences of Nigerian PCPVs were 100%
identical and clustered within the PCPV group containing cattle/Reindeer isolates, close to PCPVs
from Zambia and Botswana. The results show the diversity of Nigerian LSDV strains. This paper
also reports the first documented co-infection of LSDV and PCPV in Nigeria.

Keywords: poxvirus; dairy farms; transhumances; cattle; co-infection; pseudocowpox; HRM assay; Nigeria

1. Introduction

Lumpy skin disease (LSD) is a viral disease affecting cattle and water buffaloes. LSD is
a transboundary disease with significant economic importance via the losses encountered
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by livestock owners [1-3]. LSD is caused by the lumpy skin disease virus (LSDV): a double-
stranded DNA virus containing around 150 kilobase pairs (kbp) and a genome enclosed
in a lipid envelope. LSDV belongs to the genus Capripoxvirus (CaPV) within the family
Poxviridae [4,5]. In addition to LSDV, the sheeppox virus (SPPV) and goatpox virus (GTPV),
two antigenically related viruses, also belong to the same genus [6,7]. Cattle of all breeds
and ages can be affected, with young and lactating animals being particularly susceptible [8].
LSD morbidity is around 10-14%; however, a higher morbidity of 40% and sometimes even
100% has been reported in non-vaccinated dairy and feedlot animals [4,9,10]. The mortality
rate ranges from 1 to 10% in mild infections, but case fatality rates can occasionally reach
50-75% [11-15]. Historically, the earliest report of LSD was in 1929 in Zambia, where
it spread across the African continent [16,17]. Nigeria’s first report of LSD was in the
1970s [18,19]. Since then, reports of outbreaks have been consistent in transhumance herds
and established cattle farms [1,11,20].

The transmission of LSDV is primarily caused by blood-sucking insects and ticks [21-24].
It has also been demonstrated experimentally to occur by close indirect contact [25], through
fomites such as contaminated feed and equipment, or directly through semen or vertical
transmission from a dam to a calf [26-29].

LSD symptoms in cattle vary from mild to severe. The most typical clinical signs
are fever (4041 °C); the appearance of multiple skin nodules that progress to sitfast
lesions covering the neck, back, perineum, tail, limbs, and genital organs, and mucous
membranes. Lesions may also involve subcutaneous tissues, musculature, and internal
organs [28,30]. Affected animals can also exhibit lameness, emaciation, and the cessation of
milk production. Edema of the limbs, brisket, and lymphadenitis are highly prominent;
sometimes, affected animals may die. In addition, pneumonia is a typical sequel in animals
with lesions in the mouth and respiratory tract [31,32].

Severe cases of LSD are highly characteristic and easy to recognize. However, early
stages of infection and mild cases may be challenging to diagnose, thus requiring laboratory
confirmation. The following diseases are considered differentials of LSD: pseudo lumpy
skin disease/bovine herpes mammillitis, bovine papular stomatitis, insect bites, urticaria,
photosensitization, and pseudocowpox. Pseudocowpox is a worldwide zoonotic cattle
disease caused by the pseudocowpox virus (PCPV) of the genus Parapoxvirus, sub-family
Chordopoxvirinae, within the family Poxviridae [33]. Freshly calved and recently introduced
adult cattle are the most susceptible groups to the disease.

The transmission of parapoxvirus infection occurs through damaged or broken skin
and sometimes through the oral mucosa [34]. Virus replication near the port of entry is
accompanied by a well-characterized clinical course that progresses through the stages
of macules, papules, vesicles, pustules, and scabs [35]. The lesions of pseudocowpox are
usually confined to cattle teats. Nevertheless, they may also develop on muzzles and
in the mouths of nursing calves. Symptoms include ring-shaped or horseshoe-shaped
scabs on the teats, which usually heal within six weeks [36]. The pseudocowpox virus
is zoonotic and causes a self-limiting disease known as Milker’s nodules. This disease is
considered an occupational hazard to individuals who work in the dairy industry and
come in contact with infected animals that shed the virus in saliva, nasal secretions, and
lesions over the udder, trunk, and limbs [37,38]. It may be transmitted by the direct or
indirect contact of lesions. In humans, it is characterized by nodular lesions on the hands,
forearms, and sometimes on the face. Pseudocowpox was reported in Nigeria in the early
1980s [39]. Co-infection by viruses of the family Poxviridae, for instance, Parapoxviruses
(PCPV) with Orthopoxviruses (vaccinia virus VACV) or Capripoxviruses (GTPV), has been
previously reported [35,40,41]. Although PCPV and other parapoxviruses of cattle are
known to occur worldwide, there is little molecular evidence and sequence information
regarding PCPV in Africa. Recently, Zambia and Botswana have described molecular
PCPV for the first time [42,43]. However, in Nigeria, no molecular information is available.
Several molecular-based approaches, such as real-time PCR or probe-based PCR and high-
resolution melting (HRM) analysis, have been developed to differentiate and genotype
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poxviruses [44]. Therefore, our study aimed to characterize co-infecting poxviruses in
samples collected from suspected LSD-infected animals in dairy and transhumance cattle
herds in Nigeria.

2. Materials and Methods
2.1. Study Area and Sample Collection

Cattle with pox-like lesions were sampled in 2020. The samples were collected from
five northern states of Nigeria: Bauchi, Kaduna, Nasarawa, Niger, and Plateau states
(Figure 1). Some states had a few integrated /dairy farms where animals were kept within
a confined and controlled environment (farms). In other states, herds were kept in a
semi-intensive system by individual community members, and they moved in and out of
confinement to graze. Samples were collected from animals in both integrated farms and
semi-intensive system farms.

B Sampled States

0 100 200 km
)

Figure 1. Map of Nigeria showing states where samples were collected.

Scab lesions were collected from 42 cattle presenting suspected clinical signs of the
poxvirus infection. The skin samples, no more than 2 g, were collected from each animal
and placed in a labeled sterile universal tube. The collected samples were shipped at +4 °C
to the Virology Division of the National Veterinary Research Institute, Vom, and stored at
—20 °C until laboratory diagnosis.

2.2. Detection of Lumpy Skin Disease Virus by the Polymerase Chain Reaction

The samples were homogenized to 20% in a phosphate-buffered saline (PBS) solution.
The total DNA was extracted using the QlAamp DNA Mini kit (QIAGEN, Hilden, Germany)
following the manufacturer’s instructions. A previously described conventional PCR was
employed to detect the presence of CaPVs in the collected samples [45].

DNA extracts from nineteen PCR-positive samples were prepared and sent to the
Animal Production and Health Laboratory, Joint FAO/IAEA Laboratories, Seibersdorf,
Austria, for confirmation and sequencing. The samples were further confirmed as CaPV
positive using a real-time PCR, as described by Bowden et al. [46].
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To determine the cross-infection of ortho- and parapoxviruses with capripoxvirus-
positive samples, a high-resolution multiplex melting (HRM) assay developed by Gelaye
and co-workers [44] was employed. This assay can detect and differentiate the co-infection
of poxviruses belonging to Orthopoxvirus, Capripoxvirus, and Parapoxvirus genera based
on the amplicon melting temperature and profile. Briefly, the PCR mixture was set up in
a 20 pL reaction volume containing 1x of SsoFast EvaGreen Supermix (Bio-Rad, USA),
200 nM each of the forward and reverse primers for each genus, and 2 pL of template
DNA. The PCR was performed in a CFX96 PCR machine, and the program consisted of an
injtial denaturation step at 95 °C for 4 min, followed by 40 cycles at 95 °C for 1's, 59 °C for
2 s, and 70 °C for 2 s with fluorescence reading at the end, followed by heating at 95 °C
for 30 s, and cooling at 65 °C for 1 min, and melting from 65 °C to 85 °C at 10s/0.2 °C
with a fluorescence reading at each °C, and then 37 °C for 1 min. The amplification plots
were analyzed using the Bio-Rad CFX Maestro™ Software version 1.1, and the HRM
profiles were analyzed using the Precision Melt Analysis™ Software version 1.2 (Bio-Rad,
Hercules, CA, USA).

2.3. Amplification and Sequencing of Selected Poxvirus Genes

For the further genetic characterization of the poxviruses positive samples, four CaPV
genes: the RNA polymerase 30 kDa subunit (RPO30), G-protein-coupled receptor (GPCR),
extracellular enveloped virus (EEV) glycoprotein, and CaPV homolog of the variola virus
B22R, and a partial B2L gene for PPVs was amplified following the conditions previously
described [47-49]. The PCR products were separated by electrophoresis on a 2% agarose
gel and visualized using a Gel Documentation System (Bio-Rad). The PCR products
were sent for sequencing using both forward and reverse primers at LGC Genomics
(Berlin, Germany).

2.4. Sequence and Phylogenetic Analysis

Vector NTI software (Invitrogen) version 11.5 was used to check the raw data quality
and assemble the sequences. The sequences for each targeted gene were aligned with
reference CaPV or PPV sequences retrieved from GenBank, using the Muscle algorithm
and the codon option in MEGA 7 v7.0.26 [50]. The multiple sequence alignments of partial
EEV and B22R were performed using BioEdit (v7.2.6). Bayesian phylogenetic inference
of the complete RPO30, GPCR, and partial B2L was performed using BEAST v1.8.4. First,
the aligned sequence files were converted to a Nexus format on Seaview software. The
Markov-chain Monte Carlo (MCMC) log files generated by BEAST were further inspected
using the TRACER v1.7.1 program to determine the optimum burn-in value number based
on the effective sample sizes (ESS) values. Finally, maximum Clade Credibility (MCC) trees
were generated using a TreeAnnotator [51]. The trees were visualized and annotated using
the interactive tree of life (iTOL) [52].

3. Results
3.1. Clinical Signs and Symptoms of the LSD Outbreak

The sampled animals showed the following clinical signs: pyrexia, skin nodules/scabs,
lymphadenopathy lameness, and hyper salivation (Figure 2). The overall morbidity rate
ranged from 8.24% to 36.17%, while the mortality rate was 0 to 7.32%. The highest morbidity
and mortality rates were recorded in Friesian (36.17% and 4.26%) and Simmental breeds
(22.76% and 7.32%) (Table 1).

3.2. Molecular Detection and Diagnosis of Poxviruses

A total of 19 (45.2%) samples were positive for CaPV by conventional PCR and were
confirmed by a real-time PCR [45,46]. Further analyses using the HRM assay showed that
the samples were LSDV positive, and five were co-infected with the pseudocowpox virus
(PCPV) (Table 1).
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3.3. LSDV Gene Amplification and Sequencing

Eleven of the 19 samples were amplified and sequenced successfully for the four
targeted CaPV genes (RPO30, GPCR, EEV, and B22R). Likewise, the PPV partial B2L gene
of two co-infected samples was sequenced. After the quality check and editing, the final
sequences were deposited in GenBank under the accession numbers 0Q094248 to OQ094258
(RPO30 gene), 0Q094259 to OQ094269 (GPCR gene), 0Q094270 to OQ094280 (partial EEV
glycoprotein), OQ094281 to 0OQ094291 (partial B22R), and OQ094292 to 0Q094293 (partial
B2L gene).

3.4. Sequence Analysis

The multiple sequence alignments of the GPCR, EEV, and B22R genes showed a 100%
similarity among the Nigerian LSDV samples of this study. These sequences were also
identical to those of an LSDV isolate collected in Nigeria in 2018 (OK318001) [53]. By
contrast, sequence alignment using the RPO30 gene showed two clusters of the samples.
Nevertheless, further gene alignment analysis showed a 27-nucleotide insertion (175-201) in
the EEV glycoprotein of all Nigerian LSDVs, similar to the LSDV field isolates from Turkey
(MN995838), Serbia (KY702007) and Russia (MH893760). This insertion distinguishes them
from LSDV Neethling isolates, Neethling-derived vaccines, LSDV isolates from China, and
recombinant LSDVs from Russia (Figure 3a). Furthermore, multiple sequence alignments
of the targeted B22R fragment reiterated not only the sequence similarity of the Nigerian
LSDVs to the field isolates mentioned above but also showed the missing single nucleotide
insertion at positions 102 and 745 in the LSDV Neethling and the LSDV KSGPO-240 vaccine
strains, respectively (Figure 3b).

Figure 2. (a) LSD nodules on the neck of a Simmental cow in a dairy farm in Minna Niger State
Nigeria and (b) Generalized LSD nodular skin lesion on a white Fulani cow in a transhumance herd
in Vom, Plateau State, Nigeria.
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Table 1. LSD suspected samples used in this study (1 = 19): Sample names, collection area, host information and molecular detection data are presented.

Sample
ID

Herd Size/
Morbidity/ Age
Mortality

LSD Vacci-
nation
History

Date of

Cq (Bowden
Collection

et al., 2008 [46])

Cq (Gelaye

Location et al., 2017 [44])

Species/Breed Clinical Signs Tm HRM Remarks

VSD278

GM1

3621

3600A

3600B

K1

K3

K9

K10

K12

Bovine/Simmental

Bovine/White Fulani

Bovine/Friesian

Bovine/Friesian

Bovine/Friesian

Bovine/White Fulani

Bovine/White Fulani

Bovine/White Fulani

Bovine/White Fulani

Bovine/White Fulani

Bovine/White Fulani

Minna Niger State

Kanam Plateau State

Vom Plateau State

Vom Plateau State

Vom Plateau State

Keana, Nasarawa state

Keana, Nasarawa state

Keana, Nasarawa state

Keana, Nasarawa state

Keana, Nasarawa state

Keana, Nasarawa state

Pyrexia, skin
nodules, enlarged
Llymph nodes
Pyrexia,
ocular discharge,
nasal discharge,
generalized skin
nodules

Oral ulcers, pyrexia,

lameness,
generalized skin
nodules, corneal
opacity
Pyrexia,
hypersalivation,
enlarged lymph
nodes, ocular
discharge,
generalized skin
nodules
Enlarged lymph
nodes, ocular
discharge,
generalized skin
nodules
Localized skin
nodules, enlarged
lymph nodes,
Pyrexia, skin
nodules, enlarged
lymph nodes
Generalized skin
nodules, pyrexia,
lameness
Localized skin
nodules, enlarged
lymph nodes,
lameness
Ocular discharge,
skin nodules,
enlarged lymph
nodes
Pyrexia, Skin
nodules, enlarged
Llymph nodes

123/28/9

57/8/0

47/17/2

26/5/0

26/5/0

72/11/0

72/11/0

55/6/0

109/20/2

109/20/2

109/20/2

2yr

9 months

lyr

15 months

15 months

3yr

9yr

3yr

5yr

lyr

3yr

18-08-2020

22-09-2020

07-09-2020

12-09-2020

12-09-2020

22-08-2020

22-08-2020

22-08-2020

22-08-2020

22-08-2020

22-08-2020

None

None

None

None

None

None

None

None

None

None

None

30.92

19.76

26.31

32.15

32.26

27.99

26.57

17.06

28.99

1991

24.90

N/A

19.21

24.83

30.45

31.97

26.5

25.43

16.36

N/A

19.5

16.54

N/A

77.60

77.60

77.60

76.60

77.60

77.60

774 & 81.2

N/A

77.20

N/A

N/A

LSDV

LSDV

LSDV

LSDV

LSDV

LSDV

LSDV & PCPV

N/A

LSDV

N/A
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Table 1. Cont.

Sample
ID

Species/Breed

Location

Clinical Signs

Herd Size/
Morbidity/
Mortality

Age

Date of
Collection

LSD Vacci-
nation
History

Cq (Bowden
etal., 2008 [46])

Cq (Gelaye
et al., 2017 [44])

Tm HRM

Remarks

VRD275

VRD276

3609C

K3A

VRD290

Bau6

VRD272

VRD288

Bovine/White Fulani

Bovine/Simmental

Bovine/Friesian

Bovine/Sokoto
Gudali

Bovine/White Fulani

Bovine/White Fulani

Bovine/White Fulani

Bovine/White Fulani

Minna Niger State

Minna Niger State

Vom Plateau State

Keana, Nasarawa state

Tudun Wada
Kaduna State

Bauchi, Bauchi State

Kara Plateau State

Tudun Wada
Kaduna State

Generalized skin
nodules, pyrexia,
lameness, enlarged
lymph nodes, ocular
discharge
Generalized skin
nodules, pyrexia,
lameness, enlarged
lymph nodes, nasal
discharge, oral ulcers
Generalized skin
nodules, pyrexia,
lameness, enlarged
lymph nodes, nasal
discharge, oral ulcers
Pyrexia, Skin
nodules, enlarged
lymph nodes
Generalized skin
nodules, pyrexia,
lameness, enlarged
lymph nodes, ocular
discharge
Pyrexia,
hypersalivation,
enlarged lymph
nodes, ocular
discharge,
generalized skin
nodules
Generalized skin
nodules, ocular
discharge, pyrexia
lameness, salivation.
Pyrexia, skin
nodules, enlarged
Llymph nodes

216/23/5

123/28/9

47/17/2

55/6/0

73/13/3

85/7/2

78/7/0

136/17/3

2yr

4yr

10 months

4yr

2yr

7yr

3yr

4yr

27-07-2020

18-08-2020

13-09-2020

22-08-2020

16-08-2020

11-10-2020

21-08-2020

05-07-2020

None

None

None

None

None

None

None

None

21.97

19.59

26.46

21.09

14.87

31.40

31.41

25.26

20.41

17.74

25.54

20.31

15.26

30.34

18.2

24.35

774 & 81.2

774 & 81.2

77.40

77.20

77.60

76.6 & 81.4

81.40

77.6 & 81.4

LSDV & PCPV

LSDV & PCPV

LSDV

LSDV

LSDV

LSDV & PCPV

LSDV

LSDV & PCPV
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A Nig02_GM1
Nig03_3621
Nig06_K1

Agna K}

N

Nig17_VRD290

Nig20_VRD288
LSDV/V281/Nig/2018 (0K318001)
LSDV_NW-LW_Neeth (AF409137)
LSDV_ISR/Usha/13 (KF985230)
LSDV Bet/Hillel (KF985231)
LSDV_Evros/GR/15 (KY829023)
LSDV_SERBIA/2016 (KY702007)
LSDV_BLG172_(MH639084)
LSDV_Ein-Zurim/06 (KF985232)
LSDV _pendik_Turkey_(MN995838)
LSDV~210-243/BUL/18_(MT643825)
LSDV_Kubash/KAZ/16_(MN642592)
LSDV Israel (KX894508)
LSDV_Rus/Dages/2015_(MH893760)
BAN Chattogram 2019 _(MT448685)
LSDV Kenya_(MN072613)
LSDV_NI-2450_Neeth (AF325528)
LSDV_KSGP_0240 (KX683219)

LSDV NeetRling_1959 (AF409138)
LSDV_SIS-Lumpyvax (KX764643)
LSDV_Cro2016 (MG972412)

LSDV Neeth-Herbivac (KX764644)
LSDV_Neeth-LSD-OBP (KX764645)
LSDV_Saratov/2017 (ME646674)
LSDV Dergachevskyi (MH077561)
LSDV Udmurtiya/2019_(MT134042)
LSDV_China/XJ/2019_(MN745104) .
ISDV 148-GP-RSA-1997_(MN636843) ..
LSDV Herbivac LS_(MK441838)
LSDV7KM/Taiwan/2020 (OL752713) ..
LSDV 20L81_Bng-Th/VNM M2577076 ..
LSDV China7GD01/2020 (MW355944) ..
LSDV/HongKong/2020 (MW732649)

BAN Chattogram 2i k!
LSDV_148-GP-RSA- 1997 (MN636843 ..
LSDV Neeth-Berbivac_(KX764644) ..
LSDV_Herbivac_(MK441838)
LSDV_Cro2016_(MG972412)
LSDV_SIS-Lumpyvax_(KX764643)
LSDV Neeth_OBP_Vac_(KX764645)
LSDV Neeth LW_1959_(AP409138) ...C.
LSDV Udmurtiya/2015_(MT134042)
LSDV_Saratov/2017_(MH646674)
LSDV_Dagestan/2015_(MH893760)
LSDV pendik_Turkey  (MN995838)
LSDV_Kubash/KAZ/16_ (MN642592)
LSDV Kenya_(MN072619)
LSDV_155920/2012_ (KX894508)
LSDV_Evros/GR/15_ (KY829023) N
LSDV_210-249/BUL716_(MT643825)
LSDV_NI-2490_(AP325528)
LSDV_NW-LW_(AF409137) i
LSDV_SERBIA/Buj/2016_(KY702007 ..
LSDV_KSGP_0240_(KX683219)
LSDV7V281781g/2018 (0K318001)
Nig02_GM1

Nig03~3621

Nig06_K1

Nig08 K3

Nig10_K10

Nig13 VRD275

Nigl4_VRD276

Nig15~3609C

Nig16_K3A

Nig17_VRD290

Nig20 VRD288

Figure 3. Multiple sequence alignment of the nucleic acid sequence of the (A) EEV glycoprotein
gene and (B) B22R gene sequences of the Nigerian LSDV isolates aligned with representative LSDV
sequences retrieved from GenBank. Nigeria LSDV isolates are in red, and the dots indicate the
identical nucleotides in the alignment.

Phylogenetic analysis of the RPO30 gene showed five Nigerian LSDVs clustered within
LSDV SG II together with the commonly circulating LSDV field isolates in Africa, LSDV
Sudan (GU119938), the Middle East; Egypt (GU119947), Europe, LSDV Serbia (KY702007),
as well as the newly emerged LSDV variants from Russia (MH893760). The remaining
six LSDVs from Nigeria did not cluster with the existing LSDV sub-groups but formed a
sub-cluster called the SG-Nig group (Figure 4).

Sequence analysis of the GPCR gene clustered all Nigerian LSDVs in the same sub-
group (SGI) together with the LSDV field isolates, notwithstanding the presence or absence
of a 12-nucleotide deletion of the GPCR gene (Figure 5). Moreover, this deletion distin-
guished Nigeria LSDV isolates from the LSDVs of Bangladesh, India, China, and the
Kenyan isolates, NI-2490 (AF325528) and LSDV Kenya (MN072619), which were also
grouped in SG L.

The analyzed B2L gene sequences of PCPV co-infected Nigerian samples were 100%
identical. They differed from those in GenBank, with a 99.77% and 99.32% nucleotide
similarity to PCPVs from Zambia (MT448679) and Botswana (MW748473), respectively.
The phylogenetic analysis based on the partial B2L gene clustered the Nigerian PCPV
samples within the PCPV group of cattle/reindeer isolates and with those from Zambia
and Botswana (Figure 6).
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Figure 4. Maximum clade credibility (MCC) tree based on the complete RPO30 gene sequences of
CaPVs, applying the HKY model and gamma-rate distributions, with LSDVs from Nigeria in red,
visualized on iTOL.
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the GPCR gene, with LSDVs from Nigeria in red.
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Figure 6. Maximum clade credibility (MCC) tree based on partial B2L gene sequences of PPVs
applying the HKY model and gamma-rate distributions, with PCPV samples from Nigeria in red,
visualized on iTOL.

4. Discussion

The earliest Nigerian reports of LSD and pseudocowpox were by Woods [19] and
Asagba in the 1970s [18]. However, since then, the lack of information on these diseases,
especially in the West African sub-region, has persisted. In 2020, sporadic LSD outbreaks
were reported in the Kano, Plateau, and Nasarawa states of Nigeria [1,18,20,30], with the
affected cattle showing a typical clinical presentation of LSD [17]. Samples were collected
from outbreaks in transhumance, integrated, and dairy farms and were confirmed for the
presence of LSDV. A total of 19 LSDV-positive samples (45.2%) were analyzed by the HRM
assay, which differentiated eight poxviruses and five samples from four states, namely:
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Bauchi, Nasarawa, Kaduna, and Niger states, which were positive for co-infections of
LSD and pseudocowpox. Despite this, all analyzed samples were collected from animals
presenting clinical signs, and 54.8% were negative by the conventional PCR that targeted
the CaPV GPCR gene, implying that these animals were probably infected with other
poxviruses [45].

The discovery of co-infections in this study supports earlier reports suggesting that
PCPV coinfects with other parapoxviruses [40,54]. The morbidity and mortality rates
per herd observed in Nigeria LSD outbreaks were similar to those recorded in other LSD
outbreaks, such as in Ethiopia (21.2% and 4.5%), Zimbabwe (30.95% and 8.77%), and
Sudan (4.1% and 2.4%) [55-57]. Moreover, the high morbidity rate observed in Friesian
cattle in Nigeria (36.17%) has also been reported by imported Friesian (37.9%) in Sudan
and Oman [33,58]. Another observation from this study was that the LSD outbreak in
PCPV-co-infected herds had more severe clinical signs and symptoms and relatively higher
morbidity rates than in LSDV-infected herds. LSD is endemic in Nigeria [1,18,20,30], and
pseudocowpox occurs worldwide [34]. However, only one report of the presence of pseu-
docowpox in Nigeria could be found. This implies either under-reporting, misdiagnosis in
place of other infections, or unawareness of the disease among farmers, animal healthcare
workers, and veterinarians. There is also a lack of capability to differentiate using molecular
techniques and cases that present pox-like lesions, especially in the LSD-endemic regions
of Africa, with most cases being summarily treated in the field.

The advent of the HRM assay provides a reliable and accurate test to differentiate
poxviruses and improve diagnostic accuracy. As the initial purpose of this work was to
analyze LSDV in transhumance herds, the presence of co-infection with PCPV in these herds
could have been overseen if the HRM screening tool was not available for this study [44].
This emphasizes the need to use differential diagnosis that can detect co-infection, even
when the direct detection method identifies a primary pathogen [59-61]. The application of
such tools has previously enabled the identification of PCPV in LSD suspicions in Zambia
and Botswana, revealing, for the first time, the presence of these pathogens using molecular
tools and genomic approaches [42,43]. In Brazil, the co-infection of poxviruses such as
VACYV and Orf virus (ORFV), VACV and PCPV, or even the triple infection of the bovine
papular stomatitis virus (BPSV), PCPV, and VACYV has been reported in Bovine based on
serological and molecular methods [35,40,62]. A co-infection of the camelpox virus (CMLV)
and PCPV has also been shown to occur in Camels in Ethiopia [44].

Sequence analysis of the Nigeria samples showed the slight diversity of LSDV isolates
in this country depending on the gene used for analysis, indicating the great importance of
the surveillance and monitoring of LSDV by country. For instance, the RPO30 phylogenetic
tree showed that LSDV isolates from Nigeria belonged to two different sub-groups: sub-
group SG II and a new subgroup formed only by the Nigerian isolates (SG Nig). However,
the GPCR phylogenetic analysis clustered all the Nigeria LSDV isolates in the same sub-
group (5G I), which was reiterated by the multiple sequence alignments of the partial EEV
and B22R genes [45,63-65]. Although the B2L sequences of the 2 Nigerian PCPV isolates
were different from those of other PCPVs available in public databases, they phylogeneti-
cally clustered close to those from Zambia and Botswana within the cattle/reindeer isolates
group [42,43].

The major finding of our study included the fact that the Nigerian LSDV isolates were
similar to other known African isolates from Sudan, Ethiopia, South Africa, and Egypt,
and European isolates from Bulgaria, Greece, Serbia, Turkey, and isolates from Russia,
Kazakhstan, Iraq, and Israel, but different from recombinant LSDV field isolates from
China, Thailand, Taiwan, and Russia [66]. On the other end, the Nigerian PCPV isolates
were clustered with the Zambian and Botswana isolates.

The diversity of these two viruses could be primarily due to the natural evolution
of viruses in an endemic area [67]. Other factors that could have aided the spread of the
disease in Nigeria include the introduction of cattle into Nigeria from other countries, the
movement of transhumance farmers across national boundaries and along cattle trade



Viruses 2023, 15, 1051 13 of 16

routes in Africa with little or no supervision, or coming into contact with other herds who
are also on diverse journeys across Africa [68]. Political instability, war, and climate change,
including drought and flooding, cause cattle dispersal all over Africa in search of greener
pastures which help in spreading and introducing diseases across the continent. All these
complicate disease surveillance and control in Nigeria and the African continent.

5. Conclusions

In conclusion, this study has highlighted the first documented co-infection of LSD and
pseudocowpox in Nigeria, aided by the use of HRM assay, and has also shown the diversity
of both LSD and pseudocowpox strains within the country. This study reiterates the need
for the continuous surveillance and monitoring of LSDV and PCPV within Nigeria and
the West African subregion in order to generate accurate epidemiological data as well as to
help formulate crucial control strategies for disease outbreaks at both national and regional
levels. It also demonstrates the power of differential diagnosis to identify causative agents
during disease outbreaks accurately.

Author Contributions: Conceptualization, D.O.O., LK.M, P.D.L. and C.E.L.; methodology, D.O.O.,
LKM., CAK,AKS, MA,AJA,CAM,O0.0.A.,JAA, RBA.,Y]JA,TBKS. and C.E.L,; software,
LK.M,; resources, C.A.M., PD.L. and G.C.; writing—original draft preparation, D.O.O.,IK.M., AJ.A.,
C.AM, 0.0.A,J. A A, RB.A, Y]J.A. and PD.L., writing—review and editing, C A K., AKS., M.A.,
0.0.A,J. AA,RBA,Y]J.A, TBKS, G.C.and C.E.L; supervision, PD.L., G.C. and C.E.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the VETLAB network initiative of the Joint FAO/IAEA
Centre of Nuclear Techniques in Food and Agriculture, funded through the Peaceful Uses Initiatives
(PUI) by Japan and the United States of America.

Institutional Review Board Statement: The animal study protocol was approved by the Animal Use
and Care Committee (Animal Ethics Committee) of the National Veterinary.

Informed Consent Statement: Not applicable.

Data Availability Statement: The DNA sequences generated and used in the analysis for this study
are available in the Gen-Bank under the accession numbers OQ094248 to OQ094293.

Acknowledgments: The authors thank all the staff from Nigeria National Veterinary Research
Institute, University of Jos and Ahmadu Bello University, for collecting and providing the samples
for this study.

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

References

1.

N

Atai, R.B.; Olaolu, O.S.; Olaolu, O.S.; Adole, J.A.; Haruna, I; [joma, S.I.; Maurice, N.A.; Omoniwa, D.O.; Dogonyaro, B.B.;
Adedeji, A.J. Epidemiological Features of Lumpy Skin Disease Outbreaks amongst Herds of Cattle in Bokkos, North-Central
Nigeria. Sokoto J. Vet. Sci. 2021, 19, 81-88. [CrossRef]

Limon, G.; Gamawa, A.A.; Ahmed, A.L; Lyons, N.A.; Beard, PM. Epidemiological Characteristics and Economic Impact of Lumpy
Skin Disease, Sheeppox and Goatpox Among Subsistence Farmers in Northeast Nigeria. Front. Vet. Sci. 2020, 7, 8. [CrossRef]
[PubMed]

Sameea Yousefi, P.; Mardani, K.; Dalir-Naghadeh, B.; Jalilzadeh-Amin, G. Epidemiological Study of Lumpy Skin Disease
Outbreaks in North-Western Iran. Transbound. Emerg. Dis. 2017, 64, 1782-1789. [CrossRef] [PubMed]

Namazi, F.; Khodakaram Tafti, A. Lumpy Skin Disease, an Emerging Transboundary Viral Disease: A Review. Vet. Med. Sci. 2021,
7, 888-896. [CrossRef] [PubMed]

Tuppurainen, E.S.M.; Stoltsz, W.H.; Troskie, M.; Wallace, D.B.; Oura, C.A.L.; Mellor, P.S.; Coetzer, ].A.W.; Venter, E.H. A Potential
Role for Ixodid (Hard) Tick Vectors in the Transmission of Lumpy Skin Disease Virus in Cattle. Transbound. Emerg. Dis. 2011, 58,
93-104. [CrossRef]

Givens, M.D. Review: Risks of Disease Transmission through Semen in Cattle. Animal 2018, 12, s165-s171. [CrossRef]

Mulatu, E.; Feyisa, A. Review: Lumpy Skin Disease. ]. Vet. Sci. Technol. 2018, 9, 1000535. [CrossRef]

Ardestani, E.G.; Mokhtari, A. Modeling the Lumpy Skin Disease Risk Probability in Central Zagros Mountains of Iran. Prev. Vet.
Med. 2020, 176, 104887. [CrossRef]


https://doi.org/10.4314/sokjvs.v19i2.2
https://doi.org/10.3389/fvets.2020.00008
https://www.ncbi.nlm.nih.gov/pubmed/32083098
https://doi.org/10.1111/tbed.12565
https://www.ncbi.nlm.nih.gov/pubmed/27633121
https://doi.org/10.1002/vms3.434
https://www.ncbi.nlm.nih.gov/pubmed/33522708
https://doi.org/10.1111/j.1865-1682.2010.01184.x
https://doi.org/10.1017/S1751731118000708
https://doi.org/10.4172/2157-7579.1000535
https://doi.org/10.1016/j.prevetmed.2020.104887

Viruses 2023, 15, 1051 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Tuppurainen, E.S.M.; Oura, C.A.L. Review: Lumpy Skin Disease: An Emerging Threat to Europe, the Middle East and Asia.
Transbound. Emerg. Dis. 2012, 59, 40-48. [CrossRef]

Brenner, J.; Bellaiche, M.; Gross, E.; Elad, D.; Oved, Z.; Haimovitz, M.; Wasserman, A.; Friedgut, O.; Stram, Y.; Bumbarov, V.; et al.
Appearance of Skin Lesions in Cattle Populations Vaccinated against Lumpy Skin Disease: Statutory Challenge. Vaccine 2009, 27,
1500-1503. [CrossRef]

Adedeji, AJ.; Adole, J.A.; Dogonyaro, B.B.; Kujul, N.; Tekki, L.S.; Asala, O.O.; Chima, N.C.; Dyek, Y.D.; Maguda, A.S,;
Aba-Adulugba, E.P. Recurrent Outbreaks of Lumpy Skin Disease and Its Economic Impact on a Dairy Farm in Jos, Plateau
State, Nigeria. Niger. Vet. ]. 2017, 38, 151-158.

Ochwo, S.; Vanderwaal, K.; Ndekezi, C.; Nkamwesiga, J.; Munsey, A.; Witto, S.G.; Nantima, N.; Mayanja, F.; Okurut, AR.A,;
Atuhaire, D.K; et al. Molecular Detection and Phylogenetic Analysis of Lumpy Skin Disease Virus from Outbreaks in Uganda
2017-2018. BMC Vet. Res. 2020, 16, 66. [CrossRef]

Sevik, M.; Dogan, M. Epidemiological and Molecular Studies on Lumpy Skin Disease Outbreaks in Turkey during 2014-2015.
Transbound. Emerg. Dis. 2017, 64, 1268-1279. [CrossRef] [PubMed]

Mat, B.; Arikan, M.S.; Akin, A.C.; Cevrimli, M.B.; Yonar, H.; Tekindal, M.A. Determination of Production Losses Related to
Lumpy Skin Disease among Cattle in Turkey and Analysis Using SEIR Epidemic Model. BMC Vet. Res. 2021, 17, 300. [CrossRef]
[PubMed]

Gari, G.; Bonnet, P; Roger, F; Waret-Szkuta, A. Epidemiological Aspects and Financial Impact of Lumpy Skin Disease in Ethiopia.
Prev. Vet. Med. 2011, 102, 274-283. [CrossRef] [PubMed]

Tuppurainen, E.S.M.; Venter, E.H.; Coetzer, ]. A.W.; Bell-Sakyi, L. Lumpy Skin Disease: Attempted Propagation in Tick Cell
Lines and Presence of Viral DNA in Field Ticks Collected from Naturally-Infected Cattle. Ticks Tick. Borne. Dis. 2015, 6, 134-140.
[CrossRef]

Babiuk, S.; Bowden, T.R.; Boyle, D.B.; Wallace, D.B.; Kitching, R.P. Capripoxviruses: An Emerging Worldwide Threat to Sheep,
Goats and Cattle. Transbound. Emerg. Dis. 2008, 55, 263-272. [CrossRef]

Bida, S.A.; Ali, L.I; Eid, EL.A.; Mustapha, H.B. Lumpy Skin Disease Outbreak in Cattle of Northern Nigeria. J. Niger. Vet. Med.
Assoc. 1976, 5, 21-26.

Woods, J.A. Letter: A Skin Condition of Cattle. Vet. Rec. 1974, 95, 326. [CrossRef]

Nawathe, D.R.; Asagba, M.O.; Abegunde, A.; Ajayi, S.A.; Durkwa, L. Some Observations on the Occurrence of Lumpy Skin
Disease in Nigeria. Zent. Fiir Veterindrmedizin R. B 1982, 29, 31-36. [CrossRef]

Sohier, C.; Haegeman, A.; Mostin, L.; De Leeuw, I.; Van Campe, W.; De Vleeschauwer, A.; Tuppurainen, E.S.M.; van den Berg, T.;
De Regge, N.; De Clercq, K. Experimental Evidence of Mechanical Lumpy Skin Disease Virus Transmission by Stomoxys
Calcitrans Biting Flies and Haematopota Spp. Horseflies. Sci. Rep. 2019, 9, 20076. [CrossRef] [PubMed]

Sprygin, A.; Pestova, Y.; Wallace, D.B.; Tuppurainen, E.; Kononov, A.V. Transmission of Lumpy Skin Disease Virus: A Short
Review. Virus Res. 2019, 269, 197637. [CrossRef]

Abera, Z.; Degefu, H.; Gari, G.; Kidane, M. Sero-Prevalence of Lumpy Skin Disease in Selected Districts of West Wollega Zone,
Ethiopia. BMC Vet. Res. 2015, 11, 135. [CrossRef]

Tuppurainen, E.S.M.; Lubinga, J.C.; Stoltsz, W.H.; Troskie, M.; Carpenter, S.T.; Coetzer, ]. A.W.; Venter, E.H.; Oura, C.A.L. Evidence
of Vertical Transmission of Lumpy Skin Disease Virus in Rhipicephalus Decoloratus Ticks. Ticks Tick. Borne. Dis. 2013, 4, 329-333.
[CrossRef]

Nesterov, A.; Mazloum, A.; Byadovskaya, O.; Shumilova, I.; Van Schalkwyk, A.; Krotova, A.; Kirpichenko, V.; Donnik, I.; Chvala,
I; Sprygin, A. Experimentally Controlled Study Indicates That the Naturally Occurring Recombinant Vaccine-like Lumpy Skin
Disease Strain Udmurtiya/2019, Detected during Freezing Winter in Northern Latitudes, Is Transmitted via Indirect Contact.
Front. Vet. Sci. 2022, 9, 1001426. [CrossRef] [PubMed]

Rouby, S.; Aboulsoud, E. Evidence of Intrauterine Transmission of Lumpy Skin Disease Virus. Vet. J. 2016, 209, 193-195. [CrossRef]
[PubMed]

Irons, P.C.; Tuppurainen, E.S.M.; Venter, E.H. Excretion of Lumpy Skin Disease Virus in Bull Semen. Theriogenology 2005, 63,
1290-1297. [CrossRef] [PubMed]

Shumilova, I.; Nesterov, A.; Byadovskaya, O.; Prutnikov, P.; Wallace, D.B.; Mokeeva, M.; Pronin, V.; Kononov, A.; Chvala, I;
Sprygin, A. A Recombinant Vaccine-like Strain of Lumpy Skin Disease Virus Causes Low-Level Infection of Cattle through
Virus-Inoculated Feed. Pathogens 2022, 11, 920. [CrossRef]

Annandale, C.H.; Holm, D.E.; Ebersohn, K.; Venter, E.H. Seminal Transmission of Lumpy Skin Disease Virus in Heifers. Transbound.
Emerg. Dis. 2014, 61, 443-448. [CrossRef]

Adedeji, A.].; Moller, ].; Meseko, C.A.; Adole, ]J.A ; Tekki, I.S.; Shamaki, D.; Hoffmann, B. Molecular Characterization of Capripox
Viruses Obtained from Field Outbreaks in Nigeria between 2000 and 2016. Transbound. Emerg. Dis. 2019, 66, 1631-1641. [CrossRef]
Tasioudi, K.E.; Antoniou, S.E.; lliadou, 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] [PubMed]

Ayelet, G.; Haftu, R.; Jemberie, S.; Belay, A.; Gelaye, E.; Sibhat, B.; Skjerve, E.; Asmare, K. Lumpy Skin Disease in Cattle in Central
Ethiopia: Outbreak Investigation and Isolation and Molecular Detection of the Virus. OIE Rev. Sci. Tech. 2014, 33, 877-887.
[CrossRef] [PubMed]


https://doi.org/10.1111/j.1865-1682.2011.01242.x
https://doi.org/10.1016/j.vaccine.2009.01.020
https://doi.org/10.1186/s12917-020-02288-5
https://doi.org/10.1111/tbed.12501
https://www.ncbi.nlm.nih.gov/pubmed/27039847
https://doi.org/10.1186/s12917-021-02983-x
https://www.ncbi.nlm.nih.gov/pubmed/34493272
https://doi.org/10.1016/j.prevetmed.2011.07.003
https://www.ncbi.nlm.nih.gov/pubmed/21852008
https://doi.org/10.1016/j.ttbdis.2014.11.002
https://doi.org/10.1111/j.1865-1682.2008.01043.x
https://doi.org/10.1136/vr.95.14.326
https://doi.org/10.1111/j.1439-0450.1982.tb01186.x
https://doi.org/10.1038/s41598-019-56605-6
https://www.ncbi.nlm.nih.gov/pubmed/31882819
https://doi.org/10.1016/j.virusres.2019.05.015
https://doi.org/10.1186/s12917-015-0432-7
https://doi.org/10.1016/j.ttbdis.2013.01.006
https://doi.org/10.3389/fvets.2022.1001426
https://www.ncbi.nlm.nih.gov/pubmed/36337212
https://doi.org/10.1016/j.tvjl.2015.11.010
https://www.ncbi.nlm.nih.gov/pubmed/26831170
https://doi.org/10.1016/j.theriogenology.2004.06.013
https://www.ncbi.nlm.nih.gov/pubmed/15725437
https://doi.org/10.3390/pathogens11080920
https://doi.org/10.1111/tbed.12045
https://doi.org/10.1111/tbed.13197
https://doi.org/10.1111/tbed.12497
https://www.ncbi.nlm.nih.gov/pubmed/26991342
https://doi.org/10.20506/rst.33.3.2325
https://www.ncbi.nlm.nih.gov/pubmed/25812211

Viruses 2023, 15, 1051 150f 16

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tageldin, M.H.; Wallace, D.B.; Gerdes, G.H.; Putterill, ].F.; Greyling, R.R.; Phosiwa, M.N.; Al Busaidy, R.M.; Al Ismaaily, S.I
Lumpy Skin Disease of Cattle: An Emerging Problem in the Sultanate of Oman. Trop. Anim. Health Prod. 2014, 46, 877-887.
[CrossRef]

Cargnelutti, ].E.; Flores, M.M.; Teixeira, ER.M.; Weiblen, R.; Flores, E.F. An Outbreak of Pseudocowpox in Fattening Calves in
Southern Brazil. J. Vet. Diagn. Investig. 2012, 24, 437—441. [CrossRef]

Abrahao, ].S.; Silva-Fernandes, A.T.; Assis, F.L.; Guedes, M.L.,; Drumond, B.P,; Leite, J.A.; Coelho, L.EL.; Turrini, E; Fonseca, EG.;
Lobato, Z.I.P; et al. Human Vaccinia Virus and Pseudocowpox Virus Co-Infection: Clinical Description and Phylogenetic
Characterization. J. Clin. Virol. 2010, 48, 69-72. [CrossRef] [PubMed]

Biittner, M.; Rziha, H.]J. Parapoxviruses: From the Lesion to the Viral Genome. |. Vet. Med. Ser. B 2002, 49, 7-19. [CrossRef]
[PubMed]

Shivanna, V.; Cino-Ozuna, A.G.; Heskett, C.; Marthaler, D.G.; Ganta, C. Pseudocowpox Virus Infection in an American Bison
(Bison Bison). BMC Vet. Res. 2020, 16, 241. [CrossRef] [PubMed]

Poudel, G.P; Agrawal, S.; Dhakal, S. Milker’s Nodule: An under-Reported and under-Diagnosed Occupational Infection. Clin.
Case Rep. 2020, 8, 1162-1165. [CrossRef]

Asagba, M.O. Recognition of Pseudocowpox in Nigeria. Trop. Anim. Health Prod. 1982, 14, 184. [CrossRef]

de Sant’Ana, FJ.E; Leal, EA.A ; Rabelo, R.E.; Vulcani, V.A.S.; Moreira, C.A.; Cargnelutti, ].E; Flores, E.F. Coinfection by Vaccinia
Virus and an Orf Virus-like Parapoxvirus in an Outbreak of Vesicular Disease in Dairy Cows in Midwestern Brazil. J. Vet. Diagn.
Investig. 2013, 25, 267-272. [CrossRef]

Scagliarini, A.; Casa, G.; Trentin, B.; Gallina, L.; Savini, F.; Morent, M.; Lavazza, A.; Puleio, R.; Buttaci, C.; Cannella, V.; et al.
Evidence of Zoonotic Poxviridae Coinfections in Clinically Diagnosed Papillomas Using a Newly Developed Mini-Array Test. J.
Vet. Diagn. Investig. 2016, 28, 59-64. [CrossRef]

Modise, B.M.; Settypalli, T.B.K.; Kgotlele, T.; Xue, D.; Ntesang, K.; Kumile, K.; Naletoski, I.; Nyange, J.F; Thanda, C,;
Macheng, K.N.; et al. First Molecular Characterization of Poxviruses in Cattle, Sheep, and Goats in Botswana. Virol. ].
2021, 18, 167. [CrossRef]

Ziba, M.W.; Chitala, C.; Settypalli, T.B.K.; Mumba, M.; Cattoli, G.; Fandamu, P.; Lamien, C.E. First Detection and Molecular
Characterisation of Pseudocowpox Virus in a Cattle Herd in Zambia. Virol. J. 2020, 17, 152. [CrossRef] [PubMed]

Gelaye, E.; Mach, L.; Kolodziejek, J.; Grabherr, R.; Loitsch, A.; Achenbach, J.E.; Nowotny, N.; Diallo, A.; Lamien, C.E. A Novel
HRM Assay for the Simultaneous Detection and Differentiation of Eight Poxviruses of Medical and Veterinary Importance. Sci.
Rep. 2017, 7, srep42892. [CrossRef]

Le Goff, C.; Lamien, C.E.; Fakhfakh, E.; Chadeyras, A.; Aba-Adulugba, E.; Libeau, G.; Tuppurainen, E.; Wallace, D.B.; Adam, T,;
Silber, R.; et al. Capripoxvirus G-Protein-Coupled Chemokine Receptor: A Host-Range Gene Suitable for Virus Animal Origin
Discrimination. J. Gen. Virol. 2009, 90, 1967-1977. [CrossRef]

Bowden, T.R.; Babiuk, S.L.; Parkyn, G.R.; Copps, ].S.; Boyle, D.B. Capripoxvirus Tissue Tropism and Shedding: A Quantitative
Study in Experimentally Infected Sheep and Goats. Virology 2008, 371, 380-393. [CrossRef] [PubMed]

Badhy, 5.C.; Chowdhury, M.G.A.; Settypalli, T.B.K.; Cattoli, G.; Lamien, C.E.; Fakir, M.A.U.; Akter, S.; Osmani, M.G.; Talukdar, E,;
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]

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]

Koirala, P.; Meki, I.K.; Maharjan, M.; Settypalli, B.K.; Manandhar, S.; Yadav, S.K.; Cattoli, G.; Lamien, C.E. Molecular Characteriza-
tion of the 2020 Outbreak of Lumpy Skin Disease in Nepal. Microorganisms 2022, 10, 539. [CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular Evolutionary Genetics Analysis Version 7.0. Mol. Biol. Evol. 2016, 33,
1870-1874. [CrossRef] [PubMed]

Drummond, A.J; Suchard, M.A ; Xie, D.; Rambaut, A. Bayesian Phylogenetics with BEAUti and the BEAST 1.7. Mol. Biol. Evol.
2012, 29, 1969-1973. [CrossRef] [PubMed]

Letunic, I; Bork, P. Interactive Tree of Life (ITOL) v5: An Online Tool for Phylogenetic Tree Display and Annotation. Nucleic Acids
Res. 2021, 49, W293-W296. [CrossRef]

Wolff, ].; Tuppurainen, E.; Adedeji, A.; Meseko, C.; Asala, O.; Adole, J.; Atai, R.; Dogonyaro, B.; Globig, A.; Hoffmann, D.; et al.
Characterization of a Nigerian Lumpy Skin Disease Virus Isolate after Experimental Infection of Cattle. Pathogens 2022, 11, 16.
[CrossRef] [PubMed]

Lederman, E.; Khan, S.U.; Luby, S.; Zhao, H.; Braden, Z.; Gao, J.X.; Karem, K.; Damon, I.; Reynolds, M.; Li, Y. Zoonotic
Parapoxviruses Detected in Symptomatic Cattle in Bangladesh. BMC Res. Notes 2014, 7, 816. [CrossRef] [PubMed]
Mafirakureva, P; Saidi, B.; Mbanga, J. Incidence and Molecular Characterisation of Lumpy Skin Disease Virus in Zimbabwe
Using the P32 Gene. Trop. Anim. Health Prod. 2017, 49, 47-54. [CrossRef] [PubMed]

Hussien, M.O.; Osman, A.A.; Bakri, E.O.; Elhassan, A.M.; Elmahi, M.M.; Alfaki, S.H.; El Hussein, A.R.M. Serological, Virological
and Molecular Diagnosis of an Outbreak of Lumpy Skin Disease among Cattle in Butana Area, Eastern Sudan. Vet. Med. Sci.
2022, 8, 1180-1186. [CrossRef]


https://doi.org/10.1007/s11250-013-0483-3
https://doi.org/10.1177/1040638711435408
https://doi.org/10.1016/j.jcv.2010.02.001
https://www.ncbi.nlm.nih.gov/pubmed/20207192
https://doi.org/10.1046/j.1439-0450.2002.00539.x
https://www.ncbi.nlm.nih.gov/pubmed/11911596
https://doi.org/10.1186/s12917-020-02464-7
https://www.ncbi.nlm.nih.gov/pubmed/32660468
https://doi.org/10.1002/ccr3.2850
https://doi.org/10.1007/BF02242153
https://doi.org/10.1177/1040638713475799
https://doi.org/10.1177/1040638715614604
https://doi.org/10.1186/s12985-021-01634-9
https://doi.org/10.1186/s12985-020-01426-7
https://www.ncbi.nlm.nih.gov/pubmed/33036619
https://doi.org/10.1038/srep42892
https://doi.org/10.1099/vir.0.010686-0
https://doi.org/10.1016/j.virol.2007.10.002
https://www.ncbi.nlm.nih.gov/pubmed/17988703
https://doi.org/10.1186/s12917-021-02751-x
https://doi.org/10.1016/j.antiviral.2015.04.008
https://www.ncbi.nlm.nih.gov/pubmed/25907637
https://doi.org/10.3390/microorganisms10030539
https://www.ncbi.nlm.nih.gov/pubmed/35336114
https://doi.org/10.1093/molbev/msw054
https://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/molbev/mss075
https://www.ncbi.nlm.nih.gov/pubmed/22367748
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.3390/pathogens11010016
https://www.ncbi.nlm.nih.gov/pubmed/35055963
https://doi.org/10.1186/1756-0500-7-816
https://www.ncbi.nlm.nih.gov/pubmed/25410770
https://doi.org/10.1007/s11250-016-1156-9
https://www.ncbi.nlm.nih.gov/pubmed/27671793
https://doi.org/10.1002/vms3.726

Viruses 2023, 15, 1051 16 of 16

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Molla, W.; de Jong, M.C.M.; Gari, G.; Frankena, K. Economic Impact of Lumpy Skin Disease and Cost Effectiveness of Vaccination
for the Control of Outbreaks in Ethiopia. Prev. Vet. Med. 2017, 147, 100-107. [CrossRef]

Khalafalla, A.I; Gaffar Elamin, M.A.; Abbas, Z. Lumpy Skin Disease: Observations on the Recent Outbreaks of the Disease in the
Sudan. Rev. Elev. Med. Vet. Pays Trop. 1993, 46, 548-550. [CrossRef]

Lamien, C.E.; Lelenta, M.; Goger, W.; Silber, R.; Tuppurainen, E.; Matijevic, M.; Luckins, A.G.; Diallo, A. Real Time PCR Method
for Simultaneous Detection, Quantitation and Differentiation of Capripoxviruses. J. Virol. Methods 2011, 171, 134-140. [CrossRef]
Haegeman, A.; Zro, K.; Vandenbussche, F.; Demeestere, L.; Van Campe, W.; Ennaji, M.M.; De Clercq, K. Development and
Validation of Three Capripoxvirus Real-Time PCRs for Parallel Testing. J. Virol. Methods 2013, 193, 446—451. [CrossRef]

Gelaye, E.; Lamien, C.E,; Silber, R.; Tuppurainen, E.S.M.; Grabherr, R.; Diallo, A. Development of a Cost-Effective Method
for Capripoxvirus Genotyping Using Snapback Primer and DsDNA Intercalating Dye. PLoS ONE 2013, 8, €75971. [CrossRef]
[PubMed]

Laguardia-Nascimento, M.; de Oliveira, A.P.E; Azevedo, I.C.; Rivetti Junior, A.V.; Camargos, M.F.; Fonseca Junior, A.A. Spread
of Poxviruses in Livestock in Brazil Associated with Cases of Double and Triple Infection. Arch. Virol. 2017, 162, 2797-2801.
[CrossRef] [PubMed]

Lamien, C.E.; Le Goff, C.; Silber, R.; Wallace, D.B.; Gulyaz, V.; Tuppurainen, E.; Madani, H.; Caufour, P; Adam, T.; Harrak, M.E,;
et al. Use of the Capripoxvirus Homologue of Vaccinia Virus 30kDa RNA Polymerase Subunit (RPO30) Gene as a Novel
Diagnostic and Genotyping Target: Development of a Classical PCR Method to Differentiate Goat Poxvirus from Sheep Poxvirus.
Vet. Microbiol. 2011, 149, 30-39. [CrossRef] [PubMed]

Menasherow, S.; Erster, O.; Rubinstein-Giuni, M.; Kovtunenko, A.; Eyngor, E.; Gelman, B.; Khinich, E.; Stram, Y. A High-
Resolution Melting (HRM) Assay for the Differentiation between Israeli Field and Neethling Vaccine Lumpy Skin Disease Viruses.
J. Virol. Methods 2016, 232, 12-15. [CrossRef] [PubMed]

Chibssa, T.R.; Settypalli, T.B.K.; Berguido, E]J.; Grabherr, R.; Loitsch, A.; Tuppurainen, E.; Nwankpa, N.; Tounkara, K.; Madani, H.;
Omani, A.; et al. An HRM Assay to Differentiate Sheeppox Virus Vaccine Strains from Sheeppox Virus Field Isolates and Other
Capripoxvirus Species. Sci. Rep. 2019, 9, 6646. [CrossRef] [PubMed]

Anwar, A.; Na-Lampang, K.; Preyavichyapugdee, N.; Punyapornwithaya, V. Lumpy Skin Disease Outbreaks in Africa, Europe,
and Asia (2005-2022): Multiple Change Point Analysis and Time Series Forecast. Viruses 2022, 14, 2203. [CrossRef]

Haller, S.L.; Peng, C.; McFadden, G.; Rothenburg, S. Poxviruses and the Evolution of Host Range and Virulence. Infect. Genet.
Evol. 2014, 21, 15-40. [CrossRef]

Tuppurainen, E.5S.M.; Venter, E.H.; Shisler, ].L.; Gari, G.; Mekonnen, G.A.; Juleff, N.; Lyons, N.A.; De Clercq, K.; Upton, C,;
Bowden, T.R,; et al. Review: Capripoxvirus Diseases: Current Status and Opportunities for Control. Transbound. Emerg. Dis. 2017,
64, 729-745. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.prevetmed.2017.09.003
https://doi.org/10.19182/remvt.9408
https://doi.org/10.1016/j.jviromet.2010.10.014
https://doi.org/10.1016/j.jviromet.2013.07.010
https://doi.org/10.1371/journal.pone.0075971
https://www.ncbi.nlm.nih.gov/pubmed/24116084
https://doi.org/10.1007/s00705-017-3407-0
https://www.ncbi.nlm.nih.gov/pubmed/28516287
https://doi.org/10.1016/j.vetmic.2010.09.038
https://www.ncbi.nlm.nih.gov/pubmed/21115310
https://doi.org/10.1016/j.jviromet.2016.02.008
https://www.ncbi.nlm.nih.gov/pubmed/26902159
https://doi.org/10.1038/s41598-019-43158-x
https://www.ncbi.nlm.nih.gov/pubmed/31040355
https://doi.org/10.3390/v14102203
https://doi.org/10.1016/j.meegid.2013.10.014
https://doi.org/10.1111/tbed.12444

	Introduction 
	Materials and Methods 
	Study Area and Sample Collection 
	Detection of Lumpy Skin Disease Virus by the Polymerase Chain Reaction 
	Amplification and Sequencing of Selected Poxvirus Genes 
	Sequence and Phylogenetic Analysis 

	Results 
	Clinical Signs and Symptoms of the LSD Outbreak 
	Molecular Detection and Diagnosis of Poxviruses 
	LSDV Gene Amplification and Sequencing 
	Sequence Analysis 

	Discussion 
	Conclusions 
	References

