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Abstract
Ovine herpesvirus 2 (OvHV-2), is the causative agent of sheep-associated malignant

catarrhal fever (SA-MCF), a generally fatal disease of cattle and other captive wild rumi-

nants. Information on the OvHV-2 strains circulating in South Africa (SA) and other African

countries with regard to genetic structure and diversity, and pattern of distribution is not

available. This study aimed to characterize the OvHV-2 strains circulating in SA using

selected genes encoding glycoproteins and tegument proteins. To establish the genetic

diversity of OvHV-2 strains, four genes, Ov 7, Ov 8 ex2, ORF 27 and ORF 73 were selected

for analysis by PCR and DNA sequencing. Nucleotide and amino acid multiple sequence

analyses revealed two genotypes for ORF 27 and ORF 73, and three genotypes for Ov 7

and Ov 8 ex2, randomly distributed throughout the regions. Ov 7 and ORF 27 nucleotide

sequence analysis revealed variations that distinguished SA genotypes from those of ref-

erence OvHV-2 strains. Epitope mapping analysis showed that mutations identified from

the investigated genes are not likely to affect the functions of the gene products, particu-

larly those responsible for antibody binding activities associated with B-cell epitopes.

Knowledge of the extent of genetic diversity existing among OvHV-2 strains has provided

an understanding on the distribution patterns of OvHV-2 strains or genotypes across the

regions of South Africa. This can facilitate the management of SA-MCF in SA, in terms of

introduction of control measures or safe practices to monitor and control OvHV-2 infection.

The products encoded by the Ov 7, Ov 8 ex2 and ORF 27 genes are recommended for

evaluation of their coded proteins as possible antigens in the development of an OvHV-2

specific serodiagnostic assay.

PLOS ONE | DOI:10.1371/journal.pone.0147019 March 22, 2016 1 / 22

OPEN ACCESS

Citation: Doboro FA, Njiro S, Sibeko-Matjila K, Van
Vuuren M (2016) Molecular Analysis of South African
Ovine Herpesvirus 2 Strains Based on Selected
Glycoprotein and Tegument Genes. PLoS ONE 11(3):
e0147019. doi:10.1371/journal.pone.0147019

Editor: Patrick CY Woo, The University of Hong
Kong, HONG KONG

Received: September 22, 2015

Accepted: December 28, 2015

Published: March 22, 2016

Copyright: © 2016 Doboro et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by Department of
Science and Technology (DST) for research funding;
Meat Industry Trust (MIT) for payment of the
University tuitions. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0147019&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
Sheep-associated malignant catarrhal fever (SA-MCF) is an economically important disease
that occurs world-wide [1]. Ovine herpesvirus 2 (OvHV-2) is responsible for causing SA-MCF
in cattle, deer, bison and a wide variety of wild animals in captivity [2].

Mortalities resulting from SA-MCF have been reported globally including several African
countries, namely, Egypt, Kenya and South Africa (SA) [3, 4, 5, 6–8, 9, 10]. Economic losses
due to outbreaks of SA-MCF may occur over a long period unlike occasional infections which
result in deaths of few animals at a time [11, 12]. By 2010, out of the number of MCF suspected
cases in cattle received at the Agricultural Research Council-Onderstepoort Veterinary Insti-
tute (ARC-OVI) diagnostic laboratory in SA, 10% tested OvHV-2 positive while 90% tested
OvHV-2 negative with PCR (M. Romito, ARC-OVI, pers. comm. 2009). In a study that
involved 86 sheep from different regions of South Africa, the prevalence of OvHV-2 was found
to be 77% [13]. Such a high prevalence (77%) in the natural reservoirs of OvHV-2 from differ-
ent regions of SA highlights the importance of the disease in the country and necessitates inves-
tigation of the molecular epidemiology and genetic diversity of OvHV-2 strains circulating in
SA. The epidemiology of SA-MCF in SA is not yet fully understood and more research on the
molecular epidemiology of OvHV-2 to expand the knowledge in this field is necessary [13].
The paucity of research on OvHV-2 is due to the absence of a cell culture system to propagate
the virus in vitro, thus resulting in difficulties studying the molecular epidemiology, diagnosis
and pathogenesis of OvHV-2 [14, 15].

A genome sequence comparative study revealed sequence variations in OvHV-2 viruses
occurring in different host species, cattle and sheep [16]. Apparently gene sequence variations
do not occur exclusively from OvHV-2 isolates found in different hosts; Taus, et al., demon-
strated sequence variations in the ORF 73 gene from isolates obtained in sheep [16]. Variations
were also detected in Ov 3, Ov 10 and ORF 17 nucleotide sequences from isolates obtained
from the nasal secretions of sheep [16]. Although there is evidence of genetic diversity in
OvHV-2 isolates from other parts of the world, it is important to investigate the level of genetic
diversity in the OvHV-2 population in cattle in South Africa (SA), which can have an impact
on virulence, diagnosis, immunization against OvHV-2 and disease control.

Consequently, the aim of this investigation was to characterize OvHV-2 strains circulating
in different regions of SA using genes encoding glycoproteins (Ov 7, Ov 8 ex2 and ORF 27)
and the tegument protein (ORF 73). The specific genes of OvHV-2 were selected based on the
predicted features of their encoded proteins such as membrane surfaced-proteins, transport
activities and post-translational modifications associated with antibody binding as defined by
Hart et al. (2007) [17]. The genetic diversity of these strains was established by PCR and DNA
sequence analysis of selected OvHV-2 genes.

Materials and Methods

Sampling
Forty two bovine blood samples (Table 1) that previously tested OvHV-2 positive using the
hemi-nested PCR directed at ORF 75 gene of OvHV-2 were made available for this project by
the ARC-OVI diagnostic laboratory. The blood samples were received from different regions
and specific locations of SA between the years 2007 and 2009 (Table 1). During the period of
this study the approval of animal use was not needed.

DNA extraction
Viral DNA from the blood samples was extracted using the DNeasy Blood and Tissue kit as
outlined by the manufacturer (Qiagen). An OvHV-2 negative blood sample (MCF 2222)
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Table 1. The list of bovine blood samples, obtained from different geographic areas in South Africa,
used for molecular characterization of OvHV-2.

Laboratory reference number Locality of origin (SA province-Location) Year Tested

1 MCF 2696 FS—Bloemfontein 2009

2 MCF 2721 FS—Frontfort 2009

3 MCF 2664 FS—Frontfort 2008

4 MCF 2668e FS—Bloemfontein 2009

5 MCF 2666 NW—Lichtenburg 2008

6 MCF 2668h FS—Bloemfontein 2009

7 MCF 2670 EC—Preston Park 2009

8 MCF 2191 EC—Queenstown 2007

9 MCF 2677e NW—Rustenburg 2009

10 MCF 2132 MP—Middelburg 2007

11 MCF 2685 WC—Stellenbosch 2008

12 MCF 2658c G—Cullinan 2008

13 MCF 2659 WC—Goodwood 2009

14 MCF 2658h G—Cullinan 2008

15 MCF 2696 FS—Bloemfontein 2009

16 MCF 2661 WC—Stellenbosch 2008

17 MCF 2694 MP—Bronkhorspruit 2008

18 MCF 2643 WFS—Kimberly 2008

19 MCF 2645 MP—Middelburg 2008

20 MCF 3002.2 KZN—Cascades 2009

21 MCF 2709 KZN—Cascade 2009

22 MCF 2684 WC—Goodwood 2009

23 MCF 2624.1 WC—Frankfort 2008

24 MCF 2624.2 WC—Frankfort 2008

25 MCF 1987 FS—Clocolan 2007

26 MCF 2277.1 NW—Brandfort 2007

27 MCF 2040 EC—Grahamstown 2007

28 MCF 2195 EC—Botterfontein 2007

29 MCF 2127 EC—Grahamstown 2007

30 MCF 2140 L—Ellisras 2007

31 MCF 2198 WC—Vrede 2007

32 MCF 3002.1 KZN—Cascades 2009

33 MCF 2790 KZN—Cascade 2009

34 MCF 2850 NC—Bloemfontein 2009

35 MCF 2849 NC—Witrandsfontein 2009

36 MCF 2812 NW—Frankkfort 2009

37 MCF 2975 WC—Oudtshoorn 2009

38 MCF 2685 WC—Stellenbosch 2009

39 MCF 3008 KZN—Cascades 2009

40 MCF 3018.2 G—Pretoria 2009

41 MCF 3023.2 G—Elsenburg 2009

42 MCF 3033.1 FS—Sasolburg 2009

FS-Free State; NW- North-west; WC-Western Cape; MP-Mpumalanga; G-Gauteng; EC-Eastern Cape;

L-Limpopo; KZN-Kwazulu Natal; WFS-Western Free State.

doi:10.1371/journal.pone.0147019.t001
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routinely used by the ARC-OVI diagnostic laboratory was included as a negative control. No
positive control was used since all the samples had previously tested positive with the hemi
nested PCR targeting the ORF 75 gene of the OvHV-2.

Primer design
Oligonucleotide primers were designed using Primer 3 [18], for the specific amplification of
Ov 7, Ov 8 ex2, ORF 27, and ORF 73 genes of the OvHV-2 by PCR. The primer sequences
were based on the conserved regions of the four genes as shown in Table 2. Using gene-specific
primers, the estimated sizes of the PCR products for Ov 7, Ov 8 ex2, ORF 27 and ORF 73 genes
were 495 bp, 253 bp, 999 bp and 1490/1649 bp (Table 2), respectively.

PCR reactions and conditions for amplification
The amplification of Ov 7, Ov 8 ex2, ORF 27 and ORF 73 genes was carried out in a PCR reac-
tion mixture with the final volume of 18 μℓ consisting of a HotStar HiFidelity DNA polymerase
(0.5 U), MgSO4 (0.5 mM), dNTP (0.3 mM), forward and reverse primers (0.3 μM each), HiFi-
delity PCR buffer (1x), 5x Q-solution (1 x) and the DNA template of 50 ng per reaction. Except
for dNTP mix, forward and reverse primers, and DNA template, all the PCR reaction compo-
nents are part of the HotStar HiFidelity Polymerase Kit (Qiagen). The reaction mixtures were
processed in a thermocycler following specific amplification program for each gene, as shown
in Table 3.

Table 2. Oligonucleotide primer sequences used for specific amplification of Ov 8 ex2, Ov 7, ORF 27 and ORF 73 genes, and indicating positions
of each gene on the OvHV-2 reference genome sequences.

Gene Sequence Estimated PCR product size (bp) Gene position:accession number

Ov 7 Forward: 5’- CAC TAT GCC CAA CTG TAT ATT GC -3’ 495 80812–80834:NC007646.1 (UK)

80812–80834:AY839756.1 (UK)

80654–80676:DQ198083.1 (US)

Reverse: 5’- CAT AAG CTA GGT GCT TGC—3’ 495 81307–81290:NC007646.1 (UK)

81307–81290:AY839756.1 (UK)

81149–81132:DQ198083.1 (US)

Ov8 ex2 Forward: 5’- GCT AGC ACA AGG CTG GCG AGT CTA AAC -3’ 253 83653–83678:NC007646.1 (UK)

83653–83678:AY839756.1 (UK)

83495–83521:DQ198083.1 (US)

Reverse: 5’- TTA CTC GGT TAA ACA CAG GAC-3’ 253 83906–83886:NC007646.1 (UK)

83906–83886:AY839756.1 (UK)

83748–83728:DQ198083.1 (US)

ORF 27 Forward: 5’- GTA TGG TGG GCA TAC AGA GAC TAA TC -3’ 999 53995–54020:NC007646.1 (UK)

53995–54020:AY839756.1 (UK)

53835–53960:DQ198083.1 (US)

Reverse: 5’- GCA CTA CAC ACA GCC AGG TTT TTC -3’ 999 54994–54971:NC007646.1 (UK)

54994–54971:AY839756.1 (UK)

54834–54801:DQ198083.1 (US)

ORF 73 Forward: 5’- GTA TCC TAT TGT TGG TTA AAA GGT AAA GAT -3’ 1490/1649 119041–119070:NC007646.1 (UK)

119041–119070:AY839756.1 (UK)

118891–118911:DQ198083.1 (US)

Reverse: 5’- GGT GCT TTT ACG AAG TGG -3’ 120531–120514:NC007646.1 (UK)

120531–120514:AY839756.1 (UK)

120540–120523:DQ198083.1 (US)

doi:10.1371/journal.pone.0147019.t002
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Gel electrophoresis
Aliquots of amplicons (10 μℓ) of each of the selected genes were analyzed by gel electrophoresis
using 1.5% agarose gels stained with SYBR green I nucleic acid gel stain (Roche diagnostics).
Expected DNA fragments of each gene sample were excised from the agarose gel with a clean,
sharp scalpel, and purified using QIAquick gel extraction kit (Qiagen) according to the manu-
facturer’s instruction.

Sequencing
The purified PCR product (10–20 ng) of each gene was sent to the ARC-OVI Molecular Biol-
ogy division for sequencing. Sequencing reactions were prepared using the BigDye Terminator
v3.1 sequencing kit (Applied Biosystems, USA). Multiple sequence alignments were performed
using the BioEdit sequence alignment [19]. Multiple sequence alignments were performed
from the start to the last codon before the stop codon of the genes, for example, from region
80901 to 81263 (Accession no: NC007646.1), 53997 to 54875 (Accession no: NC007646.1) and
118890 to 120578 (Accession no: DQ198083.1) for Ov 7, ORF 27 and ORF 73, respectively.
Multiple sequence alignments for the Ov 8 ex2 gene were analyzed from region 83703 to 83903
(Accession no: NC007646.1). The nucleotide sequences were edited using the BioEdit sequence
alignment editor; where an ambiguity character such as N was assigned, it was replaced with a
specific nucleotide base following analysis of chromatograms. The specificity of the nucleotide
and protein sequences was confirmed using the Basic Local Alignment Search Tools for nucle-
otides and proteins, blastn and blastp, respectively. The multiple sequence alignments for each
gene were produced using ClustalW. The nucleotide sequences were aligned against respective
gene regions from the reference genome sequences.

The derived amino acid sequences for each gene were obtained using the ExPASy transla-
tion tool [20] and were subjected to analysis on the BepiPred 1.0 server to predict the location
of B-cell epitopes [21, 22] and to determine sequence variations in the epitope regions.

Phylogenetic analysis
The neighbour-joining and Maximum Likelihood methods were used for phylogenetic recon-
struction in order to confirm the genotypes or groups of the nucleotide and amino acid
sequences of the different OvHV-2 genes identified from multiple sequence alignment
analyses:

Neighbor-Joining (NJ) method. Evolutionary analyses were conducted in MEGA 5
(Molecular Evolutionary Genetics Analysis software) [23]. The evolutionary history was
inferred using the Neighbor-Joining method [24]. The bootstrap test was conducted with 1000
replicates to determine the percentages of replicate trees in which the associated taxa clustered
together [25]. For nucleotide sequences, the evolutionary distances were computed using the
Maximum Composite Likelihood method and are in the units of the number of base substitu-
tions per site. For amino acid sequences, the evolutionary distances were computed using the

Table 3. Specific thermocycling conditions for the amplification of target genes.

Gene target Denaturing temperature, time Annealing temperature, time Extension temperature, time

Ov 7 94°C, 1 min 55°C, 1 min 72°C, 1 min

Ov 8 ex2 94°C, 30 s 53°C, 30 s 72°C, 30 s

ORF 27 94°C, 1 min 50°C, 1 min 72°C, 1 min

ORF 73 94°C, 2. Min 50°C, 2 min 72°C, 2.5 min

doi:10.1371/journal.pone.0147019.t003
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Poisson correction method [26] and are in the units of the number of amino acid substitutions
per site.

Maximum Likelihood (ML) method. Evolutionary analyses were also conducted in
MEGA5 [27]. For the nucleotide and amino acid sequences of each gene, the evolutionary his-
tory was inferred by using the Maximum Likelihood method based on the Tamura-Nei model
[28] and JTT matrix-based model [29], respectively. The percentage of trees in which the asso-
ciated taxa clustered together were determined by the bootstrap test based on 1000 replicates.
Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join-
ing and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and
then selecting the topology with superior log likelihood value.

Results

Detection of OvHV-2 genes Ov 8 ex2, Ov 7, ORF 27 and ORF 73, by
PCR
Of the 42 blood samples investigated, Ov 7, Ov 8 ex2, ORF 27 and ORF 73 genes could be suc-
cessfully amplified in 18 (43%), 38 (90%), 17 (40%) and 13 (13%) samples, respectively. The
amplicon sizes obtained were as expected (Fig 1) and no amplicon was observed from the nega-
tive control samples.

Fig 1. A representation of PCR products obtained from amplification of complete glycoprotein genes, Ov 7 (495 bp), Ov 8 ex2 (253 bp), ORF 27 (999
bp) and the tegument gene, ORF 73 (1649 bp) of OvHV-2.

doi:10.1371/journal.pone.0147019.g001
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Sequence analysis
The total number of Ov 7, Ov 8 ex2, ORF 27 and ORF 73 gene amplicons that could be success-
fully sequenced were four (22.2%), twenty two (57.9%), five (29.4%) and three (23.1%), respec-
tively. PCR products were amplified downstream and upstream of each of the selected gene to
accommodate the whole gene, however, the multiple sequence analysis is based on sequences
encompassed between the start and stop codon of each gene. Blast analysis confirmed the PCR
amplicon sequences to correspond to those of Ov 7, Ov 8 ex2, ORF 27 and ORF 73 nucleotide
sequences of OvHV-2. The genotypes and groups obtained with the multiple sequence analysis
were confirmed with phylogenetic analysis.

Ov 7 nucleotide and derived amino acid sequence analyses
The 363 bp nucleotide and 121 derived amino acid (aa) sequences of the complete Ov 7 gene
were used to produce multiple sequence alignments with Ov 7 reference gene sequences (acces-
sion numbers: NC-007646.1, AY839756.1 and DQ198083.1) (Figs 2 and 3, respectively). Phylo-
genetic trees were constructed using 200 bp nucleotide and 67 derived amino acid sequences of
the Ov 7 (Fig 4).

Nucleotide and amino acid sequence variations were observed between the Ov 7 gene
sequences from SA samples and that of reference sequences (Figs 2 and 3, respectively). Com-
paring SA and reference genes, Ov 7 nucleotide and amino acid sequence identities ranged
between 98.8–99.7% and 96.6–99.1%, respectively (S1 Table), and between SA sequences, 98.6–
100% and 95.8–100%, respectively (S1 Table).

Analysis of the multiple sequence alignment of Ov 7 nucleotide sequences revealed single
nucleotide sequence differences at five positions, 80931, 81118, 81207, 81215 and 81236 (Fig
2). These single nucleotide polymorphisms (SNPs) resulted in the identification of three geno-
types of Ov 7 sequences that were designated as genotype 1 consisting of the three reference
sequences, NC-007646.1, AY839756.1 and DQ198083.1, genotype 2 consists of SA sequences
Ov7-22/WC/2009 and Ov7-11/WC/2008 and genotype 3 consists of two SA sequences, Ov7-
28/EC/2007 and Ov7-10/MP/2007. Notably, Ov7-28/EC/2007 and Ov7-10/MP/2007
sequences were very similar to reference sequences with only one SNP difference.

Fig 2. Multiple sequence alignment of nucleotide sequences of the Ov 7 gene from SAOvHV-2 strains and reference sequences derived from
OvHV-2 genome sequences (Accession numbers: NC-007646.1, AY839756.1, DQ198083.1), showing three genotypes of Ov 7 gene.Ref on the
alignment indicates the nucleotide sequences of the Ov 7 gene of the OvHV-2 reference genomes obtained from the GenBank. Variable regions are
highlighted in rectangles (▯) and group of genotypes (G) are illustrated on the right side of the align sequences.

doi:10.1371/journal.pone.0147019.g002
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Similar to nucleotide sequences, three major groups of Ov 7 amino acid sequences were
identified from the analysis of the multiple sequence alignment between SA and reference
sequences (Fig 3). These groups consisted of the same taxa as observed in the nucleotide multi-
ple sequence alignment thus designated genotype 1, 2 and 3 with respect to the nucleotide
sequence genotypes consisting of the same sequences. The single amino acid sequence varia-
tions were observed at three positions, 80973, 81003, and 81012, for group 1, and at position
80911 for group 2. Other than SNPs, no major sequence variations were observed among the
nucleotide or amino acid sequences of the Ov 7 genes.

Phylogenetic analysis of Ov 7 nucleotide and derived amino acid sequences revealed three
clades, with group classification similar to that identified from the multiple sequence alignment
analysis (Fig 4). The different clades were well supported with good bootstrap values at each
clade nodes (Fig 4).

Fig 3. Multiple sequence alignment of amino sequences of the Ov 7 gene from SAOvHV-2 strains and reference sequences derived fromOvHV-2
genome sequences (Accession number: NC-007646.1, AY839756.1, DQ198083.1) analysed with ExPASy translate tool.Ref on the alignment
indicates the amino acid sequences of the Ov 7 gene of the OvHV-2 reference genomes obtained from the GenBank. Variable regions are highlighted in
rectangles (▯) and groups of amino acid sequences (G) are illustrated on the right side of the align sequences.

doi:10.1371/journal.pone.0147019.g003

Fig 4. The phylogenetic trees of the Ov 7 nucleotide (A & B) and amino acid (C & D) sequences of OvHV-2 strains and their closely related
reference sequences obtained fromGenBank. The unrooted condensed trees were constructed using Neighbor-Joining (A & C) and Maximum Likelihood
(B & D) methods, showing branching patterns of each clade. Groups 1, 2 and 3 are illustrated and abbreviated as clade 1 (C1), 2 (C2) and 3 C3), respectively,
with supporting bootstrap values at each clade nodes.

doi:10.1371/journal.pone.0147019.g004
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Ov 8 ex2 nucleotide and derived amino acid sequence analysis
Multiple sequence alignments with Ov 8 ex2 gene reference sequences were produced from the
200 bp nucleotide and 67 derived amino acid sequences (Figs 5 and 6, respectively) obtained
from Ov 8 ex2 gene amplicons. Phylogenetic trees were also obtained using similar sizes of 200
bp nucleotide and 67 derived amino acid sequences of the Ov 8 ex2 (Fig 7).

The nucleotide sequence identity between SA and reference Ov 8 ex2 sequences ranged
between 92.5 and 99%, and among SA sequences was between 92 and 100% (S2A Table). The
amino acid sequences identity ranging from 91 to 98.5%, was obtained between SA and Ov 8
ex2 gene reference sequences, and 89.5 to 100% among SA Ov 8 ex2 sequences (S2B Table).

Nucleotide sequence variations observed resulted in three groups of Ov 8 ex2 sequences
(Fig 5). The three groups are characterized by nucleotide motifs ‘CGTCAC’, ‘—GGT’,
‘TCAGGT’ or ‘CAGGGT’ between positions 83703–83708 and were respectively designated
Ov 8 ex2 genotypes 1, 2 and 3. Ov 8 ex2 genotype 1 sequences were shared between the refer-
ences and some of the SA OvHV-2 sequences. SNPs were observed at 12 positions of the Ov 8
ex2 aligned nucleotide sequences, however only few were non-synonymous, affected the

Fig 5. Multiple sequence alignment of nucleotide sequences of the Ov 8 ex2 gene from SAOvHV-2 strains and reference sequences derived from
OvHV-2 genome sequences (Accession numbers: NC-007646.1, AY839756.1, DQ198083.1), showing three genotypes of Ov 8 ex2 gene.Ref
indicates the nucleotide sequences of the Ov 8 ex2 gene of the OvHV-2 reference genomes obtained from the GenBank. Variable regions are highlighted in
rectangles (▯), and groups of genotypes (G) are illustrated on the right side of the align sequences.

doi:10.1371/journal.pone.0147019.g005

Fig 6. Multiple sequence alignment of amino acid sequences of the Ov 8 ex2 gene from SAOvHV-2 strains and reference sequences derived from
OvHV-2 genome sequences (Accession numbers: NC-007646.1, AY839756.1, DQ198083.1) analyzed with ExPASy translate tool. Ref indicates the
amino acid sequences of the Ov 8 ex2 gene of the OvHV-2 reference genomes obtained from the GenBank. Variable regions are highlighted in rectangles
(▯), and groups of amino acid sequences (G) are illustrated on the right side of the align sequences.

doi:10.1371/journal.pone.0147019.g006

Molecular Analysis of Ovine Herpesvirus 2 Strains in South Africa

PLOS ONE | DOI:10.1371/journal.pone.0147019 March 22, 2016 9 / 22



Fig 7. The phylogenetic trees of the Ov 8 ex2 nucleotide (A & B) and amino acid (C & D) sequences of OvHV-2 strains and their closely related
reference sequences obtained fromGenBank constructed using Neighbor-Joining (A & C) andMaximum Likelihood (B & D) methods. The
condensed trees constructed using the Maximum Likelihood (B & D) methods indicate the branching patterns of each clade. The unrooted condensed trees
were constructed using Neighbor-Joining (A & C) and Maximum Likelihood (B & D) methods, showing branching patterns of each clade. Groups 1, 2 and 3
are illustrated and abbreviated as clade 1 (C1), 2 (C2) and 3 C3), respectively, with supporting bootstrap values at each clade nodes.

doi:10.1371/journal.pone.0147019.g007
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predicted protein sequence (Figs 5 and 6). These Ov 8 ex2 sequence groups identified from the
nucleotide multiple sequence alignment were retained in the amino acid multiple sequence
alignment (Fig 6). Major sequence variations occurred at the 5’-end within six nucleotides
among the nucleotide sequences of the Ov 8 ex2 genes and same variations were retained at the
N-terminal of the amino acid sequences.

Phylogenetic trees using Ov 8 ex2 nucleotide and derived amino acid sequences confirmed
the three genotypes revealed in three clades with good supporting bootstrap values at each
clade nodes (Fig 7).

ORF 27 nucleotide and derived amino acid sequence analysis
The 878 bp nucleotide and 292 derived amino acid (aa) sequences of the ORF 27 gene were
used to generate multiple sequence alignments including sequences from SA OvHV-2 strains
and the reference genomes (Figs 8 and 9, respectively). Based on the 200 bp nucleotide and 67
derived amino acid sequences of the ORF 27, phylogenetic trees were obtained (Fig 10).

The nucleotide and amino acid sequence identities of the ORF 27 gene ranged from 96.3 to
97.6% and 87.7 to 89.7%, respectively (S3 Table). Notable was the 100% sequence identity
obtained for SA sequences on both the nucleotide and amino acids (S3 Table).

Multiple sequence analysis of ORF 27 gene nucleotide and amino acid sequences revealed
two groups of sequences designated ORF 27 genotypes 1 and 2 (Figs 8 and 9). Genotype 1 con-
sists of reference sequences while all SA ORF 27 sequences were identified as ORF 27 genotype
2. According to the nucleotide multiple sequence analysis, the ORF 27 genotype 2 is character-
ized by nucleotide deletions at 5 positions of the gene sequence, including positions 54134,
54140, 54166–54168, 54192–54193, 54471, and 54496–54497. Furthermore, genotype 2 is char-
acterized by SNPs at positions 54609, 54633, 54664 and 54704.

In the amino acid multiple sequence alignment of ORF 27 amino acid sequences, two
groups similar to that observed in the nucleotide sequences were obtained. ORF 27 group 2

Fig 8. Multiple sequence alignment of nucleotide sequences of the ORF 27 gene from SAOvHV-2 strains and reference sequences derived from
OvHV-2 genome sequences (Accession numbers: NC-007646.1, AY839756.1, DQ198083.1), showing two genotypes of ORF 27 gene.Ref indicates
the nucleotide sequences of the ORF 27 gene of the OvHV-2 reference genomes obtained from the GenBank. Variable regions are highlighted in rectangles
(▯), and groups of genotypes (G) are illustrated on the right side of the align sequences

doi:10.1371/journal.pone.0147019.g008
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sequences were characterized by amino acid changes [‘T’ at position 54043, ‘ST’ at position
54054 and 54055, ‘T’ at position 54155, and, ‘Y’, ‘I’, and ‘R’ at positions 54209, 54219 and
54228, respectively], deletions [‘PY’ at 54044 and 54045, ‘QR’ at 54052 and 54053, ‘Y’ at 54156]
and amino acid motifs[‘APACC’ from position 54046 to 54050, ‘FTSRPR’ from position 54057
to 54062 and ‘TPPRCSG’ from position 54157 to 54163] (Fig 9). Variation occurred often and
randomly among the nucleotide sequences of the ORF 27 genes and rarely at the C-terminal
among amino acid sequences of the glycoprotein encoded by ORF 27.

Phylogenetic analysis using ORF 27 nucleotide and derived amino acid sequences revealed
two clades, namely clade 1 and 2, with good supporting bootstrap value (s) at each clade nodes
(Fig 10).

ORF 73 nucleotide and derived amino acid sequences analysis
The sizes of the aligned nucleotide and derived amino acid sequences of ORF 73 gene were
1688 bp (Fig 11) and 562 bp (Fig 12), respectively. The actual size of the ORF 73 for SA strains
were larger than the expected estimated size because of the large random insertion mutations
observed in the SA ORF 73 sequences (Fig 11). The nucleotide and amino acid sequence iden-
tity of the ORF 73 gene between SA and references sequences ranged between 83.6 to 97.1%
and 83 to 96.6%, respectively (S4 Table). Among SA sequences the sequence identity ranged
between 99.8 to 100% for nucleotides and 99.6 to 100% for amino acids (S4 Table). Phyloge-
netic trees constructed using 200 bp nucleotide and 67 derived amino acid sequences of the
ORF 73 were obtained (Fig 13, respectively).

Sequence variations were observed on the ORF 73 nucleotide and amino acid sequences
between the SA and OvHV-2 reference sequences. Two groups of sequences were identified
from ORF 73 sequences analyzed, and were designated genotypes 1 and 2. Genotype 1 consists
of reference sequences, AY839756.1 and NC007646.1 and genotype 2 is composed of all SA
ORF 73 sequences and reference sequence DQ198083.1. Genotypes 1 and 2 are distinguished
from each other by nucleotide deletions from position 118976 to 119011 and insertions at posi-
tion 119074 and 119077 (Fig 11). Genotype 2 sequences were all identical, except DQ198083.1
sequence which was marked by several nucleotides and amino acid sequence differences of
which some were characteristic of genotype 1 sequences. The same number of groups corre-
sponding to the nucleotide genotypes were retained in amino acid multiple sequence analysis

Fig 9. Multiple sequence alignment of amino acid sequences of the ORF 27 gene from SAOvHV-2 strains and reference sequences derived from
OvHV-2 genome sequences (Accession numbers NC-007646.1, AY839756.1, DQ198083.1) analyzed with ExPASy translate tool.Ref indicates the
amino acid sequences of the ORF 27 gene of the OvHV-2 reference genomes obtained from the GenBank. Variable regions are highlighted in rectangles
(▯), and groups of amino acid sequences (G) are illustrated on the right side of the align sequences.

doi:10.1371/journal.pone.0147019.g009
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(Fig 12). From the amino acid analysis, group 2 sequences obtained from SA strains are charac-
terized by motifs ‘PGCQIILQARRV’ from sample ORF73-36/NW/2009 and ‘PGCQIIL-
QATRV’ from ORF73-10/MP/2007 and ORF73-3/FS/2009, at position 119413 to 119424 and
amino acid ‘DR’ at position 119390 to 119391. Furthermore, SA and two reference sequences
(AY839756.1 and NC007646.1) are distinguished by amino acids ‘E’, ‘I’, ‘E’ ‘D’ and ‘R’, respec-
tively at positions 118898 and 119346.

Phylogenetic analysis using both ORF 73 nucleotide and derived amino acid sequences
revealed two clades (Fig 13) with supporting bootstrap values above 70 at each clade nodes.

Distribution of genotypes in different regions at specific periods
Random distribution of genotypes was observed in the following manner; Ov 7 gene sequences:
Only genotype 2 was identified in samples from SA, specifically fromWC, EC and MP
(Table 4), at all time periods of sample collection. Due to absence of PCR products from sam-
ples from FS, NW, G, and KZN there was no data produced for these regions. Ov 8 ex2 gene

Fig 10. The phylogenetic trees of the ORF 27 nucleotide (A & B) and amino acid (C & D) sequences of OvHV-2 strains and their closely related
reference sequences obtained fromGenBank constructed using Neighbor-Joining (A & C) andMaximum Likelihood (B & D) methods. The
unrooted condensed trees were constructed using Neighbor-Joining (A & C) and Maximum Likelihood (B & D) methods, showing branching patterns of each
clade. Groups 1 and 2 are illustrated and abbreviated as clade 1 (C1) and 2 (C2), respectively, with supporting bootstrap values at each clade nodes.

doi:10.1371/journal.pone.0147019.g010
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sequences: All Ov 8 ex2 genotypes were found in SA samples with genotypes 1 and 2 dominat-
ing (Table 4).

Genotype 3 was only detected from samples collected in 2009 (Table 5). ORF 27 gene
sequences: Only samples from two provinces (WC and FS) were investigated and from both
provinces genotype 2 was identified from all time periods of sample collection (2008 and 2009)
(Table 5). Samples from EC, NW, MP, G, and KZN provinces did not have amplicons that

Fig 11. Multiple sequence alignment of nucleotide sequences of the ORF 73 gene from SAOvHV-2 strains and reference sequences derived from
OvHV-2 genome sequences (Accession numbers NC-007646.1, AY839756.1, DQ198083.1). Ref indicates the nucleotide sequences of the ORF 73 gene
of the OvHV-2 reference genomes obtained from the GenBank. Variable regions are highlighted in rectangles (▯), and groups of genotypes (G) are
illustrated on the right side of the align sequences.

doi:10.1371/journal.pone.0147019.g011

Fig 12. Multiple sequence alignment of amino acid sequences of the ORF 73 gene from SAOvHV-2 strains and reference sequences derived from
OvHV-2 genome sequences (Accession numbers: NC-007646.1, AY839756.1, DQ198083.1) analysed with ExPASy translate tool. Ref indicates the
amino acid sequences of the ORF 73 gene of the OvHV-2 reference genomes obtained from the GenBank. Variable regions are highlighted in rectangles
(▯), and groups of amino acid sequences (G) are illustrated on the right side of the align sequences

doi:10.1371/journal.pone.0147019.g012
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could be analysed. ORF 73 gene sequences: Samples from three provinces were analysed for
ORF 73 gene (FS, MP and NW) from which genotype 2 was found, at all periods of sample col-
lection (Table 5). Samples from EC, G, KZN andWC provinces did not have amplicons that
could be analysed.

Fig 13. The phylogenetic trees of the O RF 73 nucleotide (A & B) and amino acid (C & D) sequences of OvHV-2 strains and published closely
related reference sequences obtained fromGenBank constructed using Neighbor-Joining (A & C) and Maximum Likelihood (B & D) methods. The
unrooted condensed trees were constructed using Neighbor-Joining (A & C) and Maximum Likelihood (B & D) methods, showing branching patterns of each
clade. Groups 1 and 2 are illustrated and abbreviated as clade 1 (C1) and 2 (C2), respectively, with supporting bootstrap values at each clade nodes.

doi:10.1371/journal.pone.0147019.g013

Table 4. Summary of genotypes of different genes investigated for characterization of South African
OvHV-2 strains.

Province Genotypes detected

Ov 7 Ov 8 ex2 ORF 27 ORF 73

WC 2 1, 2, 3 2 -

EC 2, 3 1, 2 - -

FS - 1, 2 2 2

NW - 2, 3 - 2

MP 2, 3 - - 2

G - 1, 2 - -

KZN - 3 - -

Numbers 1, 2 and 3 represent genotypes 1, 2 and 3 of the specific gene.— = not analysed.

doi:10.1371/journal.pone.0147019.t004
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B cell epitopes mapping of Ov 7, Ov 8 ex2 and ORF 27 genes
B cell epitope prediction analysis revealed five sites of B cell epitopes in Ov 7 and four in ORF
27 amino acid sequences while one site was observed from the Ov 8 ex2 sequences (Table 6). In
all the genes investigated, these sites seem to be conserved as they occur where there are no
sequence variations.

Discussions
In spite of the importance of SA-MCF, no research has been conducted on the molecular char-
acterization of OvHV-2 strains in cattle in South Africa, or in other African countries. This
scarcity of research in OvHV-2 in South Africa could be due to the fact that the virus has been
considered dominant in non-African countries [30] whilst a closely related virus, namely,
AIHV-1 was confirmed dominant in African countries due to the presence of wildebeest,
which is a carrier of AIHV-1 in Africa [30].

In SA, farmers who breed sheep or wildebeest often have to deal with legal actions taken
against them when cases of SA-MCF andWD-MCF occur in cattle in neighbouring farms [31].
The importance of conducting research on OvHV-2 in Africa cannot be over-emphasised and
it is evident that OvHV-2 is also being recognised in Africa. Furthermore, there are no OvHV-
2 isolates available for research due to challenges with the virus isolation [14], conveniently the
availability of the complete genome sequence of the OvHV-2 [17] has made it possible to con-
duct molecular studies of this virus.

Characterizing viruses based on geographical origin is important in order to gain a better
understanding of the existing genetic variation for development of specific diagnostic tools and
effective vaccines. Consequently an attempt was made to characterize OvHV-2 strains circulat-
ing in the cattle population in SA, based on four OvHV-2 genes, namely, Ov 7, Ov 8 ex2, ORF
27 and ORF 73.

Amplification of selected OvHV-2 genes
Detection of OvHV-2 DNA using PCR has since become a preferred method of diagnosis over
histopathology test and is globally recognized [32, 33]. Most of the diagnostic laboratories have

Table 5. Summary of genotype distribution among South African OvHV-2 strains collected at different time periods.

Year of sample collection Genotypes detected
Ov 7 Ov 8 ex2 ORF 27 ORF 73

2007 3 1, 2 - 2

2008 2 1, 2 2 2

2009 2 1, 2, 3 - 2

Numbers 1, 2 and 3 represent genotypes 1, 2 and 3 of the specific gene.— = not analysed.

doi:10.1371/journal.pone.0147019.t005

Table 6. Epitopemapping using derived amino acid sequences of Ov 7, Ov 8 ex2 and ORF 27 genes.

Gene Epitope region on the multiple aligned derived amino acid sequences
E1 E2 E3 E4 E5

Ov 7 80947–80953 80964–80970 80975–80987 80995–81002 81013–81020

Ov 8 ex2 83721–83733 - - - -

ORF 27 54012–54017 54030–54042 54109–54116 54149–54154

E = Epitope; N/A = Not analysed;— = No epitope

doi:10.1371/journal.pone.0147019.t006
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adopted PCR assays developed from previous research studies targeting the specific genes of
OvHV-2 [32, 34, 35, 36]. Nested and real-time PCR have been adopted to screen OvHV-2 in
clinical and subclinical cases [34, 37]. Hence, PCR was employed to amplify selected genes of
OvHV-2, namely Ov 7, Ov 8 ex2, ORF 73 and ORF 27, for characterization of OvHV-2 strains
occurring in cattle in SA.

Availability of OvHV-2 genomic sequences obtained from the GenBank assisted in the
development of gene-specific primers (16, 17). The primers successfully amplified the targeted
regions in each gene, but the amplification was not successful in all the samples analyzed. The
discrepancies in sample amplification by the different assays could have been due to low primer
sensitivity, specificity, suboptimal PCR conditions or poor DNA sample quality. Several rea-
sons affect the reproducibility of PCR results ranging from the quality of the blood sample,
DNA extraction methods, amount and quality of nucleic acid template and PCR reaction com-
ponents to thermocycling conditions [38]. Although it was not in the interests of the objectives
of the study to optimize the different PCR assays used, the PCR sensitivity could have been
improved using fresh positive OvHV-2 blood samples for DNA extraction, a different DNA
extraction method for better DNA quantities, re-design amplification primers, test different
temperatures for optimal primer annealing and/or use a more sensitive Taq polymerase. How-
ever, collection of fresh OvHV-2 positive blood samples during the period of this work was not
practical, because the study was focused on clinical samples that had previously tested positive
for the OvHV-2 virus using an existing discriminative PCR method. Field samples would still
require screening of OvHV-2 positive samples from an unknown population of samples using
an existing PCR method because the designed primers and protocol could not be used for
screening purposes as they were still under optimization. Nonetheless, PCR products of the
four genes were further analyzed by DNA sequencing to characterize OvHV-2.

Sequences analysis
Nucleotide and amino acid multiple sequence alignment analyses revealed two genotypes iden-
tified from ORF 27 and ORF 73 nucleotide sequences, and three genotypes from Ov 7 and Ov
8 ex2 nucleotide sequences. The genotypes and groups observed with phylogenetic analysis
using Ov 7, Ov 8.2, ORF 27 and ORF 73 nucleotide and derived amino acid sequences, respec-
tively, were in agreement with the number of genotypes and groups obtained with multiple
sequence analysis.

Sequence diversity has not been previously demonstrated in Ov 7, Ov 8 ex2 and ORF 27
genes; however, genetic diversity has previously been demonstrated in Ov 3, Ov 10, ORF 73
and ORF 17 genes of OvHV-2 [16]. ORF 73 gene sequence diversity has been demonstrated
between the OvHV-2 strains from the nasal secretions of sheep [16] and the lymphoblastoid
cell line of the BJ1035 cow [17]. Furthermore, variation in the sequences of the ORF 73 gene
has been used for subtyping Kaposi’s sarcoma associated herpesvirus (KSHV) and to study the
variability among the KSHVs [39, 40].

Genetic mutations in the form of SNPs, nucleotide insertions and deletions were responsible
for the variation observed from each gene. Nucleotide insertions and deletions are types of
mutations that have been observed in other viruses including equine gammaherpesvirus (γ-
EHV) [41, 42] and the OvHV-2 closely related AIHV-1. In the latter, mutations caused by dele-
tion or re-assortments of the genome were due to continuous passage in cell culture which
resulted in pathogenic wild strains becoming non-pathogenic or attenuated [43].

Point mutations are the most common types of mutations observed in nucleotide sequences
of the genes investigated, including synonymous and non-synonymous mutations, with the lat-
ter being the most common. Since synonymous mutations do not affect the protein, this type
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of mutation has no real role in the evolution of species [44]. On the contrary, non-synonymous
mutations (Deletion, insertion and SNP) affect the amino acids that are coded for and change
the resulting protein that is expressed (44). The severity of this kind of mutation depends on
where in the amino acid sequence the mutation occurs. If it occurs at the amino terminal, the
entire protein is changed; this could affect the function of this protein [45]. However, non-syn-
onymous mutations can be beneficial in that they increase the diversity in the gene pool thus
encouraging for natural selection and drive evolution on a micro-evolutionary level [46]. None
of the non-synonymous mutations in the genes investigated occurred on the N-terminal of the
protein. Furthermore, the mutations did not occur in the B cell epitope region of the proteins
thus the antibody-binding activity of these proteins is not affected. Therefore, implications due
to variation in the sequence observed on each gene suggested that ORF 27 and ORF 73 genes
can be used to differentiate OvHV-2 strains based on the observed unique patterns of sequence
for each genotype, and can be used to study the OvHV-2 strains diversity. Nonsense mutation,
another type of mutation which results in a codon that translated into a stop signal, was not
observed from the genes investigated.

The importance of nucleotide and amino acid sequence variations in viruses is not only lim-
ited to understanding genetic diversity, they also provide insight into virulence and pathogene-
sis of a particular virus, and information for development of diagnostic tools and effective
antiviral drugs and vaccines. Currently the pathogenesis of OvHV-2 is unknown [47]. Due to
lack of sufficient clinical history of the animals used, the genotypes that were identified could
not be directly linked to the virulence of OvHV-2. However, two different blood samples
obtained from two naturally infected bovines that died from OvHV-2 infection were confirmed
by PCR test specific for SA-MCF at the ARC-OVI laboratory, and supported by the presence of
clinical signs of MCF recorded on the registration form. Genotypes 1 and 2 of the Ov 8 ex2 and
ORF 27 genes were identified, respectively. Although OvHV-2 does not always cause disease in
cattle, deer and bison [2, 48], findings from this study have shown that OvHV-2 strains consist-
ing of genotypes 1 and 2 of the Ov 8 ex2 and ORF 27 genes, respectively, are virulent, at least to
cattle.

Genetic diversity can also be influenced by geographical location because of environmental
conditions such as climate, temperature or weather [49]. Genetic variations linked to geographic
origin are significant in the manifestation of the disease particularly where weather patterns
vary significantly [49]. Variations in the sequences of the genome associated with different geo-
graphic origin of the viral strains have been observed in other viruses including Fibropapilloma-
associated marine turtle herpesvirus (FPTHVS) equine gammaherpesvirus 2 (EHV-2) and 5
(EHV 5) strains [50, 51]. Sequence analysis of Ov 7 and ORF 27 revealed variations that distin-
guished between the SA and reference OvHV-2 strains, which originate from the United King-
dom (UK) and United State of America (USA). However, more samples should be tested from
the UK and USA to confirm this result. The information on genotypes linked to geographic ori-
gin will be essential since it can be used to trace the origin of infection when an outbreak occurs,
particularly in areas that have previously never experienced an OvHV-2 outbreak.

There are no effective control measures against MCF in SA [31, 48]. Prevention of co-graz-
ing of carriers (sheep or wildebeest) and susceptible animals (cattle or buffaloes) is one of the
MCF control actions that has been considered [31, 48]. Genotypes obtained from SA strains
showed random distribution in the different provinces of SA. Since the number of samples ana-
lyzed for most of the genes under investigation was limited and varied for different provinces,
no conclusive findings could be drawn in this regard. However, a reasonable number of sam-
ples were analyzed for the Ov 8 ex2 gene and the findings suggest that the distribution of Ov 8
ex2 genotypes is likely to be random among the various provinces. Ov 8 ex2 sequences analysis
also showed that the distribution of genotype 2 identified in SA samples was independent of
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the period of collection as it was observed in samples collected in 2007, 2008 as well as in 2009.
Nonetheless, a higher number of samples from each province will have to be analyzed in order
to determine the actual distribution pattern of genotypes of each gene.

B cell epitopes are important in vaccine development because they are recognized by mem-
brane bound antibodies present on the outer surface of B lymphocytes and are regarded as anti-
genic determinants [52]. Furthermore, these epitopes can also react with antibodies in
serodiagnostic tests [30, 37, 53]. The predicted B-cell epitopes identified for Ov 7, Ov 8 ex2 and
ORF 27 genes seemed conserved which is an advantage for serodiagnostic test development
and vaccine design.

Proteins successfully used for improving sero-diagnostic tests and subunit vaccines have
properties such as signal peptide, situated in the outer membrane, may be involved in meta-
bolic process and ATP biosynthesis [54]. In addition, proteins responsible for transport and
proteolysis have also been shown to have the ability to react with antibodies [54, 55]. The gly-
coproteins encoded by Ov 7 and Ov 8 ex2 genes of OvHV-2 were predicted to be responsible
for attachment of the virus to host receptor cells [17] indicating that they are surface glycopro-
teins, and the protein encoded by ORF 27 were predicted to be responsible for transmission of
the virus from one cell to another [17] which is a transport activity. The Ov 7, Ov 8 ex2 and
ORF 27 gene products can be good candidates for serodiagnosis and subunit vaccine candi-
dates because their encoded glycoproteins possess the features required for good candidates for
serodiagnosis or subunit vaccine development including the presence of transmembrane
domain, situated in the outer membrane surface, and possession of signal peptides.

This is the first report on characterization and genotyping of OvHV-2 strains circulating in
SA. The information obtained has given an insight on the level of genetic diversity among
these strains which can be used to improve the serodiagnosis of the virus by developing more
specific serodiagnostic tools that will take into consideration the genetic diversity that exists
between OvHV-2 strains. Moreover, genotypes based on ORF 27 and ORF 73 genes were able
to differentiate OvHV-2 strains based on the geographical origin, which can be useful for future
epidemiological studies. In the interest of controlling SA-MCF in SA, the information can assist
veterinary authorities to follow the distribution patterns of specific genotypes of OvHV-2
strains, particularly those linked to virulence, and establish factors responsible for the spread of
the virus from one region to another, such as animal trade or transportation across provinces
for socio-economic reasons. This could lead to the government re-considering the introduction
of the former legislation of the Animal Diseases Act, 1984 used for control of MCF in SA [31].

Conclusions
The Ov 8 ex2, Ov 7, ORF 27 and ORF 73 genes could be amplified with the primers designed
and PCR assays developed. These PCR assays have a potential for use in the detection of
OvHV-2 infection, but, require further optimization and validation to improve the assay
sensitivity.

The findings have provided preliminary information on the diversity of OvHV-2 strains
based on Ov 8 ex2, Ov 7, ORF 27 and ORF 73 genes. The nucleotide and derived amino acid
sequences of the selected OvHV-2 genes from strains from SA can serve as references for future
studies on aspects such as epidemiology and bioinformatics. Furthermore, findings of this
study can be used for the selection of gene candidates for the development of diagnostic assays
and vaccines for the prevention of OvHV-2 infection. It seems unlikely that variations on the
protein sequences of the investigated genes would affect the function of the gene products or
antibody binding activities of each protein because of the predicted conserved B-cell epitopes
observed on the amino acid sequences of the glycoproteins coded by the selected genes.

Molecular Analysis of Ovine Herpesvirus 2 Strains in South Africa

PLOS ONE | DOI:10.1371/journal.pone.0147019 March 22, 2016 19 / 22



Supporting Information
S1 Table. Average sequence identities determined for the Ov 7 nucleotide and amino
sequences obtained between South African Ov 7 sequences compared to reference
sequences.
(PDF)

S2 Table. Average sequence identities determined for the Ov 8 ex2 nucleotide (Figure A)
and derived amino acid (Figure B) sequences obtained between South African OvHV-2
strains compared to reference strains.
(PDF)

S3 Table. Average sequence identities determined for the ORF 27 nucleotide and derived
amino acid sequences obtained between South African OvHV-2 strains compared to refer-
ence strains.
(PDF)

S4 Table. Average sequence identities for the ORF 73 nucleotide and derived amino acid
sequences obtained between South African OvHV-2 strains compared to reference strains.
(PDF)

Acknowledgments
I would like to thank Dr Charlotte Ellis for the technical advices, and all personnel from the
ARC-OVI PCR diagnostic laboratory for the provision of samples. This project was conducted
under the approved protocol V088/11.

Author Contributions
Conceived and designed the experiments: FAD SNMVV. Performed the experiments: FAD.
Analyzed the data: KSM. Wrote the paper: KSM SNMVV.

References
1. Løken T, Aleksandersen M, Reid H, Pow I. Malignant catarrhal fever caused by ovine herpesvirus-2 in

pigs in Norway. Vet Rec. 1998. 143: 464–467. PMID: 9829302

2. Plowright W. Malignant catarrhal fever virus, in Virus infections of ruminants, 3rd ed. In: Dinter Z, Mor-
ein B, editors. New York: Elsevier Science; 1990.pp. 123–150.

3. Bastawecy IM, Abd EL-Samee AA. First isolation and identification of ovine herpesvirus 2 causing
malignant catarrhal fever outbreak in Egypt. Life Sci. 2012; 9(3): 798–804.

4. De Kock G, Neitz WO. Sheep as a reservoir host of snotsiekte (or malignant catarrhal fever of cattle) in
South Africa. S Afr J Sci. 1950; 46: 176–180.

5. National Research Council. TheWater Buffalo: New Prospects for an Underutilized Animal. Washing-
ton: Board on Science and Technology for International Development. 1981; 111.

6. Piercy SE. Studies in bovine malignant catarrh. Experimental infection in cattle. Br Vet J. 1952; 108:
35–47.

7. Pier G, Lyczak J, Wetzler L. Immunology, Infection and Immunity. Volume 1. ASM PLWashington
Press; 2004.

8. Plowright W. Studies on bovine malignant catarrhal fever of cattle. DVSc. Thesis, The University of Pre-
toria. 1964. South Africa; 336.

9. Rossiter PB. Antibodies to malignant catarrhal fever virus in sheep sera. J Comp Pathol. 1981; 91:
303–311. PMID: 7047584

10. Tustin RC. Personal communication. Faculty of Veterinary Sciences, The University of Pretoria, South
Africa; 2001.

11. Collery P, Foley A. An outbreak of malignant catarrhal fever in cattle in the Republic of Ireland. Vet Rec.
1996; 139: 16–17. PMID: 8819289

Molecular Analysis of Ovine Herpesvirus 2 Strains in South Africa

PLOS ONE | DOI:10.1371/journal.pone.0147019 March 22, 2016 20 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147019.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147019.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147019.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0147019.s004
http://www.ncbi.nlm.nih.gov/pubmed/9829302
http://www.ncbi.nlm.nih.gov/pubmed/7047584
http://www.ncbi.nlm.nih.gov/pubmed/8819289


12. Foster PD. Outbreak of malignant catarrhal fever in British cattle. Vet Rec. 1983; 113:477.

13. Foster PD. Outbreak of malignant catarrhal fever in British cattle. Vet Rec. 1983; 113:477.

14. Coulter LJ, Wright H, Reid HW. Molecular genomic characterization of the viruses of malignant
catarrhal fever. J Comp Pathol. 2001; 124: 2–19. PMID: 11428184

15. Russell GC, Stewart JP, Haig DM. Malignant Catarrhal fever: a review. Vet J. 2009; 179: 324–335. doi:
10.1016/j.tvjl.2007.11.007 PMID: 18760944

16. Taus NS, Herndon DR, Traul DL, Stewart JP, Ackermann M, Li H. et al. Comparison of ovine herpesvi-
rus 2 genomes isolated from domestic sheep (Ovis aries) and a clinically affected cow (Bos bovis). J
Gen Virol. 2007; 1: 88: 40–45. PMID: 17170434

17. Hart J, AckermannM, Jayawardane G, Russell GC, Haig DM, Reid H. et al. Complete sequence and
analysis of the ovine herpesvirus 2 genome. J Gen Virol. 2007; 88: 28–39. PMID: 17170433

18. Koressaar T, RemmM. Sequence analysis enhancements and modifications of primer design program
Primer3. Bioinformatics. 23 (10): 1289–1291.

19. Hall TA. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Win-
dows 95/98/NT. Nucleic Acids Symp Ser. 1999; 41: 95–98.

20. Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD. et al. Protein Identification and
Analysis Tools on the ExPASy Server. In Walker JM, editor. The Proteomics Protocols Handbook:
Humana Press; 2005, 571–607.

21. Larsen JE, Lund O, Nielsen M. Improved method for predicting linear B-cell epitopes. Immunome Res.
2006; 2: 2. PMID: 16635264

22. Yel Manzalawy, Dobbsc D, Honavar V. Predicting linear B-cell epitopes using string kernels. J Mol
Recognit. 2008; 21(4): 243–255. doi: 10.1002/jmr.893 PMID: 18496882

23. Tamura K, Nei M, Kumar S. Prospects for inferring very large phylogenies by using the neighbor-joining
method. Proceedings of the National Academy of Sciences (USA). 2004; 101: 11030–11035.

24. Saitou N, Nei M. The neighbor-joining method: A newmethod for reconstructing phylogenetic trees.
Mol Biol Evol. 1987; 4: 406–425. PMID: 3447015

25. Felsenstein J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution. 1985;
39: 783–791.

26. Zuckerkandl E, Pauling L. Evolutionary divergence and convergence in proteins. In: V. Bryson V, Vogel
HJ, editors. Evolving Genes and Proteins. New York Academic Press; 1965. pp 97–166.

27. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: Molecular evolutionary genet-
ics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol
Biol Evol. 2011; 28: 2731–2739. doi: 10.1093/molbev/msr121 PMID: 21546353

28. Tamura K, Nei M. Estimation of the number of nucleotide substitutions in the control region of mitochon-
drial DNA in humans and chimpanzees. Mol Biol Evol. 1993; 10: 512–526. PMID: 8336541

29. Jones DT, Taylor WR, Thornton JM. The rapid generation of mutation data matrices from protein
sequences. Comput Appl Biosci. 1992; 8: 275–282. PMID: 1633570

30. Muller-Doblies UU, Li H, Hauser B, Adler H, AckermannM. Field validation of laboratory tests for clinical
diagnosis of sheep-associated malignant catarrhal fever. J Clin Microbiol. 1998; 36: 2970–2972.
PMID: 9738052

31. Honiball EJ, Van Essen LD, Du Toit JG. A review of malignant catarrhal fever in the republic of South
Africa: The centre of wildlife management, faculty of natural and agricultural sciences university of Pre-
toria; 2008.

32. Li H, Shen DT, O’Toole DT, Knowles DP, Gorham JR, Crawford TB. Investigation of sheep-associated
malignant catarrhal fever virus infection in ruminants by PCR and competitive inhibition enzyme-linked
immunosorbent assay. J Clin Microbiol. 1995; 33: 2048–2053. PMID: 7559946

33. Li H, Taus NS, Lewis GS, Kim O, Traul DL, Crawford TB. Shedding of ovine herpesvirus 2 in sheep
nasal secretions: the predominant mode for transmission. J Clin Microbiol. 2004; 42: 5558–5564.
PMID: 15583281

34. Baxter SIF, Pow I, Bridgen A, Reid HW. PCR detection of the sheep-associated agent of malignant
catarrhal fever. Arch Virol. 1993; 132: 145–159. PMID: 8352654

35. Dunowska MGJ, Letchworth JK, Collins JC, Demartini JC. Ovine herpesvirus-2 glycoprotein B
sequences from tissues of ruminant malignant catarrhal fever cases and healthy sheep are highly con-
served. J Gen Virol. 2001; 82: 2785–2790. PMID: 11602790

36. Egyed L, Ballagi-Pordany A, Bartha A, Belák S. Studies of in vivo distribution of bovine herpesvirus
type 4 in the natural host. J Clin Microbiol. 1996; 34: 1091–1095. PMID: 8727882

Molecular Analysis of Ovine Herpesvirus 2 Strains in South Africa

PLOS ONE | DOI:10.1371/journal.pone.0147019 March 22, 2016 21 / 22

http://www.ncbi.nlm.nih.gov/pubmed/11428184
http://dx.doi.org/10.1016/j.tvjl.2007.11.007
http://www.ncbi.nlm.nih.gov/pubmed/18760944
http://www.ncbi.nlm.nih.gov/pubmed/17170434
http://www.ncbi.nlm.nih.gov/pubmed/17170433
http://www.ncbi.nlm.nih.gov/pubmed/16635264
http://dx.doi.org/10.1002/jmr.893
http://www.ncbi.nlm.nih.gov/pubmed/18496882
http://www.ncbi.nlm.nih.gov/pubmed/3447015
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://www.ncbi.nlm.nih.gov/pubmed/8336541
http://www.ncbi.nlm.nih.gov/pubmed/1633570
http://www.ncbi.nlm.nih.gov/pubmed/9738052
http://www.ncbi.nlm.nih.gov/pubmed/7559946
http://www.ncbi.nlm.nih.gov/pubmed/15583281
http://www.ncbi.nlm.nih.gov/pubmed/8352654
http://www.ncbi.nlm.nih.gov/pubmed/11602790
http://www.ncbi.nlm.nih.gov/pubmed/8727882


37. O’Toole D, Li H, Sourk C, Montgomery DL, Crawford TB. Malignant catarrhal fever in a bison (Bison
bison) feedlot, 1993–2000. Malignant catarrhal fever in a bison feedlot, J Vet Diagn Invest. 2002; 14:
183–193.

38. Garcia S. Crance JM, Billecocq A, Peinnequin A, Jouan A. Bouloy M. et al. Quantitative Real-Time
PCR Detection of Rift Valley Fever Virus. J Clin Microbiol. 2001; 39 (12): 124456–124461.

39. Gao SJ, Zhang YJ, Deng JH, Rabkin CS, Flore O, Jenson HB. Molecular polymorphism of Kaposi’s sar-
coma-associated herpesvirus (human herpesvirus 8) latent nuclear antigen: evidence for a large reper-
toire of viral genotypes and dual infection with different viral genotypes. J Infect Dis. 1999; 180:1466–
1476. PMID: 10515805

40. Zhang Y, Davis TL, Wang X, Deng J, Baillargeon J, Yeh I. et al. Distinct Distribution of Rare US Geno-
types of Kaposi’s Sarcoma-Associated Herpesvirus (KSHV) in South Texas: Implications for KSHV Epi-
demiology. J Infect Dis. 2001; 183: 125–129. PMID: 11106539

41. Bell SA, Balasuriya UB, Gardner IA, Barry PA, WilsonWD, Ferraro GL. et al, Temporal detection of
equine herpesvirus infections of a cohort of mares and their foals. Vet Microbiol. 2006; 116: 249–257.
PMID: 16774810

42. Brault SA, Blanchard MT, Gardner IA, Stott JL, Pusterla N, Mapes SM. et al. The Immune response of
foals to natural infection with equid herpesvirus-2 and its association with febrile illness. Vet Immunol
Immunopathol. 2010; 137: 136–141. doi: 10.1016/j.vetimm.2010.05.010 PMID: 20646766

43. Wright H, Stewart JP, Ireri RG, Campbell I, Pow HW, Reid HW. et al. Genome re-arrangements associ-
ated with loss of pathogenicity of the γ-herpesvirus alcelaphine herpesvirus-1. Res Vet Sci. 2003; 75
(2): 163–168. PMID: 12893166

44. Nei M, Gojoborit T. Simple Methods for Estimating the Numbers of Synonymous and Nonsynonymous
Nucleotide Substitutions. Mol Biol Evol. 1986; 3(5): 418–426. PMID: 3444411

45. Li H, Li S, Johnston H, Shelbourne PF, Li X. Amino-terminal fragments of mutant huntingtin show selec-
tive accumulation in striatal neurons and synaptic toxicity. Nature Genet. 2000; 25: 385–389. PMID:
10932179

46. Scoville H. Synonymous vs. nonsynonymous mutations. Available: http://evolution.about.com/od/
Overview/a/Synonymous_Vs_Nonsynonymous-Mutations.htm.

47. Li H, Cunha CW, Gailbreath KL, O’Toole D, White SN, Vanderplasschen A. et al. Characterization of
ovine herpesvirus 2-induced malignant catarrhal fever in rabbits Original Research Article. Vet Micro-
biol. 2011; 150: 270–277. doi: 10.1016/j.vetmic.2011.02.016 PMID: 21419581

48. Li H, Cunha CW, Gailbreath KL, O’Toole D, White SN, Vanderplasschen A. et al. Characterization of
ovine herpesvirus 2-induced malignant catarrhal fever in rabbits Original Research Article. Vet Micro-
biol. 2011; 150: 270–277. doi: 10.1016/j.vetmic.2011.02.016 PMID: 21419581

49. Reid HW, Van Vuuren M. Bovine malignant catarrhal fever. 2nd ed. In: Coetzer JAW, Tustin RC, edi-
tors. Infectious Diseases of Livestock. Cape Town, Oxford University Press; 2004.

50. Liu Y, Webber S, Bowgen K, Schmaltz L, Bradley K, Halvarsson P. et al. Environmental factors influ-
ence both abundance and genetic diversity in a widespread bird species. Ecol Evol. 2013; 3(14):
4683–4695. doi: 10.1002/ece3.856 PMID: 24363897

51. Greenblatt RJ, Quackenbush SL, Casey RN, Rovnak J, Balazs GH, Thierry M. et al. Genomic Variation
of the Fibropapilloma-Associated Marine Turtle Herpesvirus across Seven Geographic Areas and
Three Host Species. J Virol. 2005; 79 (2): 1125–1132. PMID: 15613340

52. Thorsteinsdóttira L, Torfasonb Eg, Orsteinsdóttira S, Vanssona V. Genetic diversity of equine gamma-
herpesviruses (γ-EHV) and isolation of a syncytium forming EHV-2 strain from a horse in Iceland. Res
Vet Sci. 2013. 94; 1: 170–177. doi: 10.1016/j.rvsc.2012.07.011 PMID: 22862856

53. Barlow D, Edwards M, Thornton J. Continuous and discontinuous protein antigenic determinants.
Nature. 1986; 322; 747–748. PMID: 2427953

54. Li Liang, Mert Doskaya M, Juarez S, Caner A, Jasinskas A, Tan X. et al. Identification of potential sero-
diagnostic and subunit vaccine antigens by antibody profiling of toxoplasmosis cases in Turkey help in
the development of improved serodiagnostics and vaccines. Mol Cell Proteomics. 2011; 10: 7.

55. Pier G, Lyczak J, Wetzler L. Immunology, Infection and Immunity. Volume 1. ASM PLWashington
Press; 2004.

Molecular Analysis of Ovine Herpesvirus 2 Strains in South Africa

PLOS ONE | DOI:10.1371/journal.pone.0147019 March 22, 2016 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/10515805
http://www.ncbi.nlm.nih.gov/pubmed/11106539
http://www.ncbi.nlm.nih.gov/pubmed/16774810
http://dx.doi.org/10.1016/j.vetimm.2010.05.010
http://www.ncbi.nlm.nih.gov/pubmed/20646766
http://www.ncbi.nlm.nih.gov/pubmed/12893166
http://www.ncbi.nlm.nih.gov/pubmed/3444411
http://www.ncbi.nlm.nih.gov/pubmed/10932179
http://evolution.about.com/od/Overview/a/Synonymous_Vs_Nonsynonymous-Mutations.htm
http://evolution.about.com/od/Overview/a/Synonymous_Vs_Nonsynonymous-Mutations.htm
http://dx.doi.org/10.1016/j.vetmic.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21419581
http://dx.doi.org/10.1016/j.vetmic.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21419581
http://dx.doi.org/10.1002/ece3.856
http://www.ncbi.nlm.nih.gov/pubmed/24363897
http://www.ncbi.nlm.nih.gov/pubmed/15613340
http://dx.doi.org/10.1016/j.rvsc.2012.07.011
http://www.ncbi.nlm.nih.gov/pubmed/22862856
http://www.ncbi.nlm.nih.gov/pubmed/2427953

