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Abstract
Sheeppox and goatpox are important transboundary animal viral diseases of sheep and goats caused by sheeppox virus (SPPV) 
and goatpox virus (GTPV), respectively, of the genus Capripoxvirus, family Poxviridae. Among the proteins encoded by the capri-
poxvirus (CaPV) genome, ORF095 (vaccinia virus A4L homolog) is an immunodominant virion core protein that plays a pivotal 
role in virus assembly and morphogenesis. In the present study, sequence analysis of the ORF095 genes of 27 SPPV and GTPV 
isolates or field samples from different geographical regions of India was performed, and structure was prediction was done by 
homology modeling. A multiple sequence alignment of different CaPV isolates revealed that CaPV-A4L is highly conserved, with 
several species-specific signature residues, namely A93, A216, A315, G136 and G146 in GTPV, G47, A63, A168 and A276 in 
SPPV, and G48 and C98 in lumpy skin disease virus (LSDV). Phylogenetically, the CaPV isolates were separated into three major 
clusters, GTPV, SPPV and LSDV, based on the complete coding sequence of the CaPV-A4L gene. Genus-specific clustering of 
poxviruses was observed in phylogenetic analysis based on A4L protein homologs of chordopoxviruses. A secondary structure 
prediction showed the presence of six α-helices and one β-sheet as well as some coils. The signature residues identified here are 
potentially useful for genotyping, and the predicted characteristics of the CaPV-A4L protein make it an ideal candidate for use 
as an immunogenic or diagnostic antigen for the development of immunoassays in  the sero-evaluation of CaPV in target hosts.

Introduction

Capripox infection is a transboundary and World Health 
Organization for Animal Health (OIE- notifiable disease of 
sheep, goats and cattle caused by sheeppox virus (SPPV), 
goatpox virus (GTPV) and lumpy skin disease virus (LSDV) 
virus, respectively, of the genus Capripox virus, family Pox-
viridae [1]. The geographical range of sheeppox and goatpox 
includes Africa (north of the equator), the Middle East, Iran, 
Iraq, Bangladesh, Afghanistan, Pakistan, China, India and 
European countries adjoining Middle-East regions, namely 
Turkey, Greece and Bulgaria [2]. Recent outbreaks in Viet-
nam, Mongolia, Morocco and Azerbaijan indicate the emer-
gence of capripoxviruses (CaPVs) in previously unaffected 
regions [3]. These outbreaks pose a significant economic 

threat due to productivity losses, high mortality, hide dam-
age, and restrictions on world trade [4, 5]. CAPVs cause a 
highly contagious disease characterized by fever, oculonasal 
discharge, and pock lesions on the skin and mucosae of the 
respiratory and gastrointestinal tract [6]. SPPV and GTPV 
have host preference for sheep and goats, respectively, and 
are considered different entities that provide only partial 
cross-protection [7] although they have a very close anti-
genic relationship [8]. Apart from conventional diagnostic 
approaches, PCR-based diagnostic techniques and genome 
sequencing have provided sensitive and powerful techniques 
for the identification and differentiation of SPPV and GTPV 
[3, 8]. It is possible to distinguish CaPVs at the genetic level 
by sequence comparison and phylogenetic analysis of indi-
vidual genes or the whole genome sequence and also by 
polymerase chain reaction restriction fragment length poly-
morphism (PCR-RFLP) analysis [9, 10]. Multigene analysis 
is more reliable than analysis of single genes for determin-
ing genetic relatedness of because of their large genome 
size. SPPV and GTPV can cause cross-infection, and virus 
identification based on the host animal species from which 
the virus was obtained is not valid. Recent developments 
in molecular biology have provided deep insights into the 
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cross-species transmission of SPPV and GTPV that makes it 
necessary to characterize the CaPV isolates from sheep and 
goats circulating at the field level [7].

The present study focused on genetic and structural 
analysis of the immunodominant virion core protein gene 
ORF095, a vaccinia virus A4L homolog [11, 12], using 
SPPV and GTPV isolates and clinical samples (n = 27). 
The vaccinia virus A4L protein encodes a highly conserved 
39-kDa immunodominant virion core protein that plays a 
role in assembly and disassembly of the virion [13]. To date, 
genetic characterization of CaPV-A4L has been limited to 
some reports on expression in a prokaryotic host [14]. To our 
knowledge, this is the first study to analyze the full-length 
A4L gene of CaPVs at the sequence and structural levels 
using SPPV and GTPV isolates from India and elsewhere. 
A comparative analysis of A4L homologs of poxviruses was 
done to assess their evolutionary relationship.

Materials and methods

Virus isolates, clinical samples, and primers

A total of twenty cell culture virus isolates and seven field 
clinical samples of GTPV and SPPV maintained in the virus 
repository of the poxvirus laboratory of the Division of 
Virology, Indian Veterinary Research Institute, Mukteswar, 
were included in this study. All of the virus isolates and 
samples used in this study were originally collected from 
animals with natural sheep pox or goat pox infections at 
various geographical locations in India and at different 
times. Details of the virus isolates and samples used in this 
study and other isolates of CaPV, including LSDV isolates, 
used for sequence analysis are listed in Table 1. All SPPV 
and GTPV isolates were propagated in Vero cells obtained 
from ATCC (CCL81) using Eagle’s minimum essential 
medium (EMEM) along with 2% bovine calf serum (BCS) 
as maintenance serum. Infected cells were harvested when 
80% of the cells showed a cytopathic effect (CPE) and used 
for extraction of total viral genomic DNA (gDNA) using a 
QIAamp DNA Mini Kit (QIAGEN, USA) as per the manu-
facturer’s protocol. The clinical samples were processed as 
10% homogenates in PBS and then used for gDNA extrac-
tion. Primers for amplification of the full-length A4L genes 
of CaPVs were designed based on the complete genome 
sequences of GTPV, SPPV and LSDV strains available in 
the GenBank database and synthesized commercially.

PCR amplification, cloning and sequencing 
of the CaPV‑A4L gene

The extracted CaPV gDNA was used for PCR amplification 
of the A4L gene, using standard cycling conditions and an 

optimized annealing temperature using in-house-designed 
primers (ORF095 fwd, 5’-GGC​CAT​GGC​GAT​GGA​CTT​
CAT​GAA​AAA​ATA​TAC-3’; ORF095 rev, 5’-GGA​AGC​
TTT​TTG​CTG​TTA​TTA​TCA​TCTAG-3’) covering the full 
length of the gene. In brief, PCR amplification was carried 
out using 1X GoTaq High Fidelity PCR Master Mix (Pro-
mega, USA), 10 pmol of each primer and 1 µL of template 
DNA (~ 50-100 ng) under optimized cycling parameters: 
95 °C for 5 min, 35 cycles of denaturation (95 °C for 45 s), 
annealing (53 °C for 45 sec) and extension (72 °C for 1 min), 
followed by a final extension step at 72 °C for 10 min. The 
PCR product was then purified using a gel purification kit 
(QIAGEN, MD, USA) using the manufacturer’s standard 
protocol and ligated into pGEM®-T Easy Vector (Promega, 
Madison, WI, USA) using a T/A cloning strategy (data 
not shown). These ligated products then were then used to 
transform E. coli Top 10F’ cells by the heat shock method. 
Positive recombinant clones were selected using antibiotics 
and a blue-white colony system and sent for commercial 
sequencing (Delhi University South Campus, New Delhi, 
India). Clones were selected and sequenced twice before 
genetic analysis. The complete nucleotide sequences of the 
A4L genes of different SPPV and GTPV isolates used in 
this study were submitted at GenBank, and their accession 
numbers are listed in Table 1.

Multiple sequence alignment and phylogenetic 
analysis

A multiple sequence alignment of CaPV-A4L gene 
sequences of Indian CaPV isolates from this study and those 
of other CaPVs retrieved from the GenBank database was 
generated using the Clustal W program [15]. Percent iden-
tity values were determined using the MegAlign program 
of the DNASTAR package (Lasergene 6.0, DNASTAR Inc., 
Madison, USA). Phylogenetic trees based on the nt and the 
deduced aa sequences of the A4L genes of CaPVs (Table 1) 
and other animal poxviruses (Table 2) were constructed by 
the neighbor-joining method in MEGA 7.0 software, using 
1,000 bootstrap replicates [16].

Protein modeling and structural features 
of CaPV‑A4L

The consensus amino acid sequence of the CaPV-A4L pro-
tein was analyzed using various protein structure prediction 
programs, including Protean (DNASTAR), PSIPRED [17], 
and coils2 [18] for secondary structure prediction and iden-
tification of other protein characteristics. A structural model 
of CaPV-A4L was made using the I-TASSER online server, 
and the accuracy and quality of the predicted structure were 
estimated based on C-score, TM-score, and RMSD values 
[19, 20].
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Table 1   Details of GTPV, SPPV and LSDV isolates/vaccines used in phylogenetic and multiple sequence alignment studies of CaPV A4L

Virus Origin and year of isolation Species affected Accession number Reference

SPPV/Ahmedabad/2009/P5 Gujarat, India; 2009 Sheep KX398490 This study
SPPV/Srinagar/00/P40 J&K, India; 2000 Sheep KX398477 This study
SPPV/Srinagar/00/P5 J&K, India; 2000 Sheep KX398476 This study
SPPV/RoumanianFanar/P37 Kenya; NA Sheep KX398475 This study
SPPV/Ranipet/P54 Tamil Nadu, India; NA Sheep KX398474 This study
SPPV/Pune/2008/P4 Maharashtra, India; 2008 Sheep KX398478 This study
SPPV/Jaipur/P3 Rajasthan, India; 2009 Sheep KX398489 This study
SPPV/Makdhoom/2007/P6 Uttar Pradesh, India; 2007 Sheep KX398473 This study
SPPV/30/01/Scab/Ahmedabad/2008 Gujarat, India; 2008 Sheep KX398494 This study
SPPV/30/02/Skin/Ahmedabad/2008 Gujarat, India; 2008 Sheep KX398491 This study
SPPV/2823/Lung/Pune/2007 Maharashtra, India; 2007 Sheep KX398492 This study
SPPV /3174/Scab/Pune/2007 Maharashtra, India; 2007 Sheep KX398493 This study
SPPV/32/01/Scab/Jalandhar/2011 Rajasthan, India; 2011 Sheep KX398495 This study
GTPV/Mukteswar/1946/P50 Uttarakhand, India; 1946 Goat KX398470 This study
GTPV/Uttarkashi/1978/P101 Uttarakhand, India; 1978 Goat KX398471 This study
GTPV/Sambalpur/2001/P6 Odisha, India; 2001 Goat KX398485 This study
GTPV/VBRI/2008/P4 Telangana, India; 2008 Goat KX398486 This study
GTPV/Avikanagar/P4 Rajasthan, India, NA Goat KX398483 This study
GTPV KT/Mukteswar/2012 Uttarakhand, India; 2012 Goat KX398482 This study
GTPV 90/Mukteswar/2012 Uttarakhand, India; 2012 Goat KX398480 This study
GTPV 143/Mukteswar/2012 Uttarakhand, India; 2012 Goat KX398481 This study
GTPV/Akola/2008/P4 Maharashtra, India; 2008 Goat KX398479 This study
GTPV/Uttarkashi/1978/P60 Uttarakhand, India; 1978 Goat KX398472 This study
GTPV/Ladakh/2001/P3 J&K, India; 2001 Goat KX398484 This study
GTPV/Mukteswar/1946/P5 Uttarakhand, India; 1946 Goat KX398469 This study
GTPV/871/Scab/Pune/2009 Maharashtra, India; 2009 Goat KX398488 This study
GTPV/28/08/Spleen/Palampur/2012 HP, India; 2012 Goat KX398487 This study
GTPV G20- LKV Kazakhstan; 2000 Goat AY077836 [11]
GTPV PELLOR Kazakhstan; 2000 Goat AY077835 [11]
GTPV Gorgan Iran, 1965 Goat KX576657 [36]
GTPV AV41 China, 2018 Goat MH381810 NA
GTPV FZ Fujian, China; 2012 Goat KC951854 [27]
SPPV TU Turkey; 1970 Sheep AY077832 [11]
SPPV NISKHI Kazakhstan; 1994 Sheep AY077834 [11]
SPPV A Kazakhstan; 1987 Sheep AY077833 [11]
SPPV-GL China, 2013 Sheep KT438551 NA
SPPV-GH China, 2013 Sheep KT438550 NA
LSDV NEETHLING LW 1959 South Africa; 1959 Cattle AF409138 [37]
LSDV NI-2490 Kenya; 1958 Cattle AF325528 [38]
LSDV NW-LW South Africa; 1999 calf AF409137 [37]
LSDV SIS (Lumpyvax) South Africa; 1999 Cattle KX764643 [39]
LSDV Neethling (OBP) South Africa; 1999 Cattle KX764645 [39]
LSDV Evros/GR/15 Greece, 2015 Cattle KY829023 [40]
LSDV KSGP 0240 Kenya, 1974 Sheep KX683219 [41]
LSDV SERBIA/Bujanovac/2016 Serbia, 2016 Cattle KY702007 [42]
LSDV Cro/2016 Crotia, 2016 Cattle MG972412 [43]
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Results

Multiple sequence analysis of CaPV‑A4L gene

PCR amplification of the full-length A4L gene of CaPV 
yielded an amplicon of ~ 500 bp containing an ORF of 
486 bp in all of the isolates used in the study. The identity of 
all PCR products was confirmed by sequencing. A multiple 

sequence alignment revealed significant nt and aa sequence 
similarity among the Indian and foreign CaPV isolates under 
study. The nt and aa identity values are listed in Table 3. 
One synonymous mutation and eight non-synonymous muta-
tions were found in the GTPV isolates, and five synonymous 
mutations and 13 non-synonymous mutations were found 
in the SSPV isolates. All of the nt and aa changes, includ-
ing transverse/transition and synonymous/non-synonymous 

Table 2   List of representative poxviruses with A4L gene sequences used in comparative phylogenetic analysis

Virus ORF (aa 
length)

A4L gene/locus designation Position Accession no.

Nucleotide Protein

Genus: Orthopoxvirus
 Cowpox virus (CPXV-BR) 295 CPXV-136 130026-130913 AF482758 AAM13577
 Racoonpox virus (RCNV-Herman) 289 ACG19_gp119 119616-120485 NC_027213 YP_009143431
 Rabbitpox virus (RPXV-Utr) 283 RPXV-Utr-112 118062-118913 AY484669 AAS49825
 Taterapox virus (TATV-DAH68 282 TATV-DAH68-125 113140-113988 DQ437594 ABD97691
 Vaccinia virus (VACV-WR) 281 VACV-WR-123 113281-114126 AY243312 AAO89402
 Monkeypox virus (MPXV-COG03) 281 MPXV_RCG2003_358_120 113474-114319 DQ011154 AAY97114
 Horsepox virus (HSPV-MNR76) 281 HSPV124 124632-125477 DQ792504 ABH08230
 Ectromelia virus (ECTV-Mos) 281 EVM107 122096-122941 AF012825 AAM92411
 Camelpox virus (CMLV-CMS) 275 CMP-120L 114356-115183 AY009089 AAG37604
 Variola virus (VARV-IND64) 271 VARV-IND64_vel4-112 104738-105553 DQ437585 ABG44290

Genus: Centapoxvirus
 Yokavirus (YKV-DakArB) 238 YKV105c 98017-98733 HQ849551 AEN03694

Genus: Capripoxvirus
 Sheeppox virus (SPPV-TU) 161 SPPV_91 88850-89335 NC004002 NP_659667
 Goatppox virus (GTPV-Pellor) 161 GTPV_gp091 88714-89199 NC004003 YP_001293286
 Lumpy skin disease virus (LSDV-LW1959) 161 LW095 89162-89647 AF409138 AAN02820.1

Genus: Suipoxvirus
 Swinepox virus (SWPV-Neb) 154 SPV092 87766-88230 AF410153 AAL69831

Genus: Leporipoxvirus
 Myxoma virus (MYXV-Lau) 159 MYXV_gp097 91959-92438 NC_001132 NP_051807
 Rabbit fibroma virus (RFV-Kas) 153 SFV_s093L 91166-91627 NC001266 NP_051982

Genus: Parapoxvirus
 Orf virus (ORFV-SA00) 328 ORFVgORF080 83600-84586 NC_005336 NP_957857
 Parapoxvirus of red deer (PRDV-HL) 267 SB87_gp078 86903-87706 NC_025963 YP_009112819
 Pseudocowpox virus (PPXV-VR634) 262 PCPV_gp083 91655-92443 NC_013804 YP_003457386
 Bovine popular stomatitis virus (BPSV-AR02) 244 BPSVgORF080 83680-84414 NC_005337 NP_957989

Genus: Avipoxvirus
 Fowlpox virus (FWPV) 243 FPV168 201565-202431 NC_002188 NP_039131

Genus: Molluscipoxvirus
 Molluscum contagiosum virus (MOCV) 421 MOCVgp107 127338-128603 NC_001731 NP_044058

Genus: Yatapoxvirus
 Tanapox virus (TANV-COD) 152 95L 90056-90514 EF420157 ABQ43725
 Yaba-like disease virus (YLDV-Davis) 152 Ydvgp096 90090-90548 NC_002642 NP_073480
 Yaba Monkey tumor virus (YMTV-Amano) 148 95L 84500-84946 AY386371 AAR07451

Genus: Cervidpoxvirus
 Deerpox virus (DPV-W848) 151 DpV83gp104 97758-98213 NC_006966 YP_227479

Genus: Crocodylidpoxvirus
 Crocodilepox virus (CRV) 90 CRV125 148670-148942 NC_008030 YP_784315
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mutations are listed in Table  4. The presence of guanine (G) 
at positions 136 and 146, adenine (A) at positions 93 and 
216 and cytosine (C) at position 389 may be considered a 
‘GTPV signature’. Similarly, the presence of A at positions 
63, 168, and 276 and G at position 47 can be considered an 
‘SPPV signature’. The presence of G at position 48 and C 
at position 98 can be considered an ‘LSDV signature’. All 
SPPV and LSDV isolates possess the ‘A’ nucleotide substitu-
tion at positions 400 and 431, with the exception of SPPV/
Ahemdabad/2009/P5. In contrast to the above, foreign SPPV 

isolates and LSDV isolates have a G nucleotide substitution 
at position 465 that is not found in Indian SPPV isolates. A 
multiple sequence alignment of CaPV ORF095 nucleotide 
sequences showing specific signature residues for each of 
the CaPV members is shown in Fig. 1.  

Phylogenetic analysis of the CaPV‑A4L gene

A phylogenetic tree based on nucleotide sequences of the 
CaPV A4L gene is shown in Fig. 2. The consensus tree 

Table 3   Percentage identity of 
CaPV A4L coding sequences of 
Indian GTPV and SPPV isolates 
to other CaPV isolates

CaPV isolates GTPV isolates SPPV isolates

nt aa nt aa

GTPV (Indian isolates, Table 1) 99.2-100 97.5-100 96.3-97.7 92.0-96.3
SPPV (Indian isolates, Table 1) 96.3-97.7 92.0-96.3 98.8-100 96.3-100
GTPV (Uttarkashi)/P60, vaccine virus 99.2-99.8 98.1-100 96.3-97.5 92.6-93.8
SPPV (Srinagar)/P40, vaccine virus 96.7-96.9 93.2-93.8 99.2-99.8 97.5-100
Other GTPV isolates, Table 1 99.2-100 97.5-100 96.3-97.7 92.0-96.7
Other SPPV isolates, Table 1 96.5-96.9 93.2-93.8 98.8-99.8 97.5-100
LSDV (Table 1) 96.3-97.3 93.2-95.1 96.5-98.1 95.1-97.5

Table 4   List of synonymous 
and non-synonymous mutations 
present in CaPV A4L of GTPV 
and SPPV isolates in this study

Name of the isolate/sample ORF 095 (CaPV A4L)

nt aa

GTPV 90/Mukteswar/2012 A26G K9R
GTPV KT/Mukteswar/2012 A83G, A248G, A287G N28S, Y83C, K96R
GTPV/28/08/Palampur/2012 C125T T42I
GTPV/Uttarkashi/1978/P101 A184G K62E
GTPV/Ladakh/2001/P3 A403T T135C
GTPV/871/Scab/Pune/2009 A443T K148M
GTPV/Uttarkashi/1978/P60 T267C –
GTPV/VBRI/2008/P4 – –
GTPV/Sambalpur/2001/P6 – –
GTPV/Avikanagar/P4 – –
GTPV/143/12 – –
GTPV/Akola – –
GTPV/Mukteswar/1946/P5 – –
GTPV/Mukteswar/1946/P50 – –
SPPV/Srinagar/00/P40 T30C, T42G –
SPPV/Jaipur/P3 T42G, A324C K108N
SPPV/RoumanianFanar/P37 T42G –
SPPV/32/01/Scab/Jalandhar/2011 T72C L117P
SPPV/Ahmedabad/2009/P5 T389C, A400G, A431G, A450T V130A, T134A, N144S, L150F
SPPV/30/01/Scab/Ahmadabad/2008 T247C C83R
SPPV/30/02/Skin/Ahmadabad/2008 A170G N57S
SPPV/Makdhoom/2007/P6 A313G, G433A K105E, D145N
SPPV/Pune/2008/P4 A340G T114A
SPPV/2823/Lung/Pune/2007 A424G I142V
SPPV/Srinagar/00/P5 A233G, T270C K78R
SPPV/Ranipet/P54 – –



1424	 A. Madhavan et al.

1 3

revealed the presence of three distinct genetic clusters sepa-
rating the three members of the genus Capripoxvirus namely 
GTPV, SPPV and LSDV. This analysis demonstrated that 
of GTPV and SPPV are more closely related to each other 
than to LSDV. The significance of this grouping/cluster was 
supported by 1000 replicates of bootstrap testing. All of the 
Indian GTPV strains except GTPV KT/Mukteswar/2012 
clustered together with the Chinese GTPV isolate FZ. GTPV 
KT/Mukteswar/2012 clustered separately with the foreign 
GTPV isolates GTPVG20-LKV and GTPV Pellor. The SPPV 
group showed more intra-cluster diversity than the GTPV 
and LSDV groups. Unexpectedly, SPPV/Ahmedabad/2009/
P5 formed a different subcluster from the other SPPV iso-
lates, although the SPPV isolates in general showed significant 

intra-species sequence similarity. A phylogenetic tree based on 
the sequences of CaPV-A4L homologs from various animal 
poxviruses (Table 2) retrieved from the GenBank database is 
shown in Fig. 3. This analysis showed genus-specific grouping 
of all chordopoxviruses, with fowlpox virus (FWPV) cluster-
ing separately from all other chordopoxviruses. The CaPVs 
were found to be more closely related to suipoxvirus (SWPV) 
than to any of the other chordopoxviruses.

Predicted protein characteristics and structural 
features of CaPV‑A4L

The full-length CaPV-A4L protein (161 aa, 18.68 kDa) was 
predicted to contain a total of 34 basic, 30 acidic, 47 polar, 

Fig. 1   Multiple sequence alignment of the CaPV A4L gene showing species-specific signature residues for each member of the genus CaPV 
indicated by colored boxes
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and 40 hydrophobic residues and no cysteine residues and 
to have an isoelectric point of 8.994. A schematic repre-
sentation of the full length CaPV-A4L is shown in Fig. 4A. 
The predicted antigenic index, hydrophobicity, and surface 
exposure of amino acid residues obtained using Protean are 
shown in Fig. 4B. A secondary structure prediction using 
PSIRED revealed the presence of six α-helices (α1, 2-16; aa 
α2, 22-24; aa α3, 47-62; α4, aa 93-94; α5, aa 100-115; α6, 
aa 121-150) and only β sheet (aa 71-72) and many coils, as 
shown in Fig. 4C. The location of coiled-coil motifs (CCMs) 
in CaPV-A4L, predicted using COILS2, is shown in Fig. 5A. 
A coiled-coil probability plot using scanning windows of 
14, 21, or 28 aa residues showed that the central portion of 
CaPV-A4L can potentially form coiled coils, with aa 54-89 
(CCM-I) and aa 100-134 (CCM-II) predicted to have the 
highest probability using all three window sizes. A 3D struc-
tural model was made in I-TASSER after identification of 
templates, and threading alignments. The final model had a 
C-score of -2.14with an estimated TM score of 0.46 ± 0.15, 
and an RMSD score of 9.6 ± 4.6 Å (Fig. 5B). 

Discussion

Capripoxvirus infection is generally considered to be host-
specific in nature [6], and some strains have been reported 
to infect sheep, goats and cattle, with more severe disease 
evident in the homologous host [7, 13, 21]. Genus level 
classification based on the host from which the virus was 
isolated is not reliable due to cross-species transmission, 
which has been reported frequently in the last decade [7, 
22]. The antigenic relatedness of SPPV and GTPV makes 
them indistinguishable at the serological level, but they can 
be distinguished using molecular tools, which can help in 
understanding the molecular epidemiology of these viruses 
[9, 10, 23, 24]. A growing numbers of mixed-flock infections 
and CaPV-like disease [25] have worsened the situation, sub-
stantiating the need for identifying the causal agent. In this 
study, ORF095, which encodes a VACV A4L homolog [12] 
and is one of the major core immunogenic and conserved 
proteins of the CaPV genome, was targeted to genetically 
characterize the viral isolates at the nt and aa level.

Sequence analysis of CaPV-A4L protein revealed that 
all Indian GTPV isolates have high sequence similarity at 
both the nt and aa level to GTPV FZ, a Chinese isolate. The 
same pattern of clustering of Indian GTPVs with Chinese 
isolates was reported earlier [26]. However, GTPV KT-
Mukteswar-2012 contained amino acid substitutions, namely 
N28S, Y83C and K96R, that were also present in the G20-
LKV, Pellor and Gorgan strains. These isolates were identi-
cal to each other in the sequenced region at both the nt and 
aa level. All SPPV isolates from outside of India, namely, 
the SPPV 10700-99, SPPV A and SPPV Niskhi strains, had 

a common G substitution at nt position 405 that was not 
found in any Indian SPPV isolates. Although the AL gene 
sequence is generally highly conserved among CaPVs, spe-
cies-specific signature residues were found that can be used 
for genotyping or differentiation of strains within the genus. 
Being located at the core of CaPV genome, A4L homolog 
is highly conserved and may not face any immune pressure 
from the host species that would force genetic changes.

The phylogenetic analysis showed that CaPVs formed 
three distinct clusters, namely GTPV, SPPV and LSDV, 
as observed for other genes used for the characterization 
of CaPVs [9, 27]. The topology of the consensus tree also 
revealed that GTPV and SPPV are more closely related to 
each other than to LSDV, supporting the earlier conclusions 
based on analysis of whole genome sequences of CaPVs 
[11]. It has been suggested recently that GTPV and LSDV 
are more closely related to each other than to SPPV and that 
they emerged from a common ancestor closely related to 
SPPV. This was based on phylogenetic studies on different 
genomic segments [9, 11, 28]. More studies are needed to 
clarify the evolutionary history of CaPV.

CaPV-A4L is a highly conserved immunodominant core 
protein. Therefore, it is not surprising that the nt sequence 
of its gene and its deduced aa sequence were found to be 
more than 96.3% and 92.0% identical, respectively, in all 
CaPVs. Multiple alignments of A4L sequences and phylo-
genetic analysis did not reveal specific differences among the 
vaccine and virulent strains of GTPV and SPPV, indicating 
that the A4L might not play a role in virulence or in the 
attenuation process. Subdivisions or subclusters were found 
in the GTPV, SPPV and LSDV groups with considerable 
bootstrap support, which is in agreement with previously 
reported studies examining the GPCR and RPO30 genes [23, 
28]. One interesting feature of the A4L gene phylogeny is 
that the SPPV/Ahmedabad/2009/P5 isolate forms a separate 
subcluster between the GTPV and SPPV clusters. Multiple 
sequence alignment also revealed that this particular SPPV 
isolate had four nucleotide changes (T389C, A400G, A431G 
and A450T) in common with GTPV isolates. Therefore, 
sequencing of the entire genome of this isolate is warranted 
to investigate whether recombination might have occurred 
between SPPV and GTPV. Also, the C216T mutation was 
only observed in the LSDV Cro/2016, OBP, SIS Lumpyvax 
and NW-LW1959 isolates, which form a separate subcluster 
from other LSDV isolates in the phylogenetic tree (Fig. 1)

The ORF095 protein is a homolog of myxoma virus 
(MYXV) M093L [29] and vaccinia virus (VACV) A4L 
[13]. These viruses encode a 39-kDa acidic virion core pro-
tein that is synthesized at a late stage after infection. The 
late viral protein of VACV, designated as p39, corresponds 
to the product of A4L in VACV Copenhagen and A5L in 
VACV WR strains and was reported previously to induce a 
strong persistent immune response in humans [30, 31]. The 
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co-localization of A5/A4 with replicated DNA in virosomes 
and its co-purification with nuclease activity indicate a pos-
sible role of this core protein in DNA processing or pack-
aging [13]. Also, the A4L or p39 protein does not undergo 
post-translational modifications and acts as a matrix-like 
linker between the core and the innermost of the two mem-
branes of the intracellular mature VACV virion [31] and 
makes a part of the spike-like protrusions present on the 
IMV core. Similarly, CaPV-A4L is located in the core but 
is partially exposed to the host immune system, making it 
potentially useful for differentiation of CaPV-vaccinated and 
infected hosts. This protein should be overexpressed in a 
suitable heterologous host and evaluated in an immunoassay 
such as ELISA as a coating antigen.

The CaPV-A4L protein was predicted to have a high 
antigenic index with high hydrophilicity and surface prob-
ability, suggesting its potential use for diagnostic or prophy-
lactic purposes. The CaPV-A4L homolog protein of GTPV 
Uttartkashi (vaccine strain) has 93.79 to 100% sequence 
identity among members of the genus Capripoxvirus, with 
the highest identity observed with the GTPV FZ strain and 
the lowest with LSDV isolates. A4L homologs from other 
poxviruses had shown a low percentage of identity, viz. 
swinepox virus (50.31%), deerpox virus (44.87-45.51%), 
Yaba-like and tanapox viruses (37.65%), vaccinia-like 
viruses (37.11-37.18%), followed by myxoma and rabbit 
fibroma viruses (37.11%) with least identity to fowlpox 
virus (FWPV). FWPV strains carry a VACV A4L homolog, 
which is an immunodominant, 39K core protein possessing 
highly charged domains at each end of the protein and a 

12-amino-acid serine-rich repeat sequence in the middle of 
the protein [32]. This repeat structure has also been reported 
to be present in a molluscum contagiosum virus homolog 
(MC107L) but absent from VACV-A4L. As expected, CaPV-
A4L did not show any such repeat sequence in its primary 
structure. The complete A4L protein may be essential for 
the virus, as it plays a major role in virus assembly. This 
fact is corroborated by evidence that shRNA targeting CaPV 
A4L can effectively inhibit the replication of GTPV in Vero 
cells, resulting in a 463.5-fold reduction in vitro [12]. This 
presents a new anti-GTPV strategy for control of goatpox in 
the future. Strong coiled coil motifs (CCM-I and II) respon-
sible for oligomerization under native conditions are present 
in the middle region of the protein. Oligomerization might 
stabilize the structure and function of the protein under 
common storage conditions [33]. This might be one of the 
potential attributes of a candidate diagnostic or prophylactic 
antigen [34, 35].

Conclusions

In this study, we found that the CaPV-A4L homolog is 
highly conserved among CaPVs but shows genetic varia-
tions that can be can be exploited for genotyping by phylo-
genetic analysis and testing for signature residues in the gene 
sequence. Comparative sequence analysis of A4L homologs 
of different pox viruses revealed a low percentage of overall 
identity but highly conservation at the genus level. The oli-
gomerization ability of this protein predicted in this study 
needs to be tested experimentally. Potential signature resi-
dues specific for each CaPV member are indicative of an 
alternate genotyping strategy. Also, the ideal protein char-
acteristics revealed by A4L structural analysis show that it 

Fig. 2   Phylogenetic tree based on nucleotide sequences of CaPV-A4L 
genes of Indian GTPV and SPPV isolates and other CaPV sequences 
available in the GenBank database (Table  1). The tree was con-
structed by the neighbor-joining method in MEGA version 7.0 with 
1000 bootstrap replicates. Symbols in the figure indicate vaccine 
strains of GTPV and SPPV used in India

◂
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can be a potential candidate antigen for heterologous expres-
sion and application for immunodiagnostic or prophylactic 
purposes.
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