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Abstract

In order to better define virus isolates from animals with malignant catarrhal fever
(MCF), segments of three genes of ovine herpesvirus-2 were amplified from
diagnostic samples representing MCF cases with a range of clinical presentations in
cattle, including head and eye, alimentary and neurological. The variation within
each gene segment was estimated by DNA sequencing, which confirmed that the
newly-annotated Ov9.5 gene was significantly more polymorphic than either of the
other loci tested (segments of ORF50 and ORF75), with alleles that differed at over
60% of nucleotide positions. Despite this, the nine Ov9.5 alleles characterized had
identical predicted splicing patterns and could be translated into Ov9.5 polypeptides
with at least 49% amino acid identity. This multi-locus approach has potential for use
in epidemiological studies and in charactering chains of infection. However there was
no association between specific variants of OvHV-2 and the clinical/ pathological

presentation of MCF in the cattle analysed.
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1. Introduction

Gammabherpesviruses (yHV) can replicate in and latently infect lymphoid cell types
and are associated with lymphoproliferative diseases and tumours (Ackermann, 2006; Barton
etal., 2011; Nash et al. 2001). They share similarities of size, sequence and genome
organization. Evolution within the subfamily Gammaherpesvirinae is reflected in the
colinearity of most YHV genome sequences, with approximately 50 genes considered to be
conserved across the group of fully-sequenced yYHV (McGeoch et al., 2005). The genes of
most YHV are named with respect to the genome of the prototype virus of this family,
herpesvirus saimiri (HVS), with 75 open reading frames (ORF) numbered from the left of the
genome (Albrecht et al., 1992). These genes encode the components of the virus capsid,
tegument and envelope; proteins involved in replication of the virus genome; regulatory
proteins that control the lytic cycle and latency; and proteins that manipulate the metabolism
of the host to benefit viral replication and persistence. Comparison of HVS with other yHV
shows that each virus carries a complement of virus genes that do not have homologues in the
HVS genome (McGeoch, 2001). These genes are termed unique genes, although they may be
shared within groups of related viruses. They are annotated by a prefix letter specific to the
virus and are numbered from the left of the genome. Unique genes in YHV have been
identified by bioinformatic analysis, comparative genomics and by analysis of cDNA or
protein sequences (Albrecht et al., 1992; Coulter et al., 2001; Hart et al., 2007; Hughes et al
2010; Mills et al., 2003; Russell et al., 2013).

Several ruminant gammaherpesviruses of the Macavirus genus (Davison et al., 2009)
are associated with the lymphoproliferative disease malignant catarrhal fever (MCF). The
best studied of these are ovine herpesvirus 2 (OvHV-2) and alcelaphine herpesvirus 1 (AIHV-
1). MCF occurs when virus shed in the mucous secretions of reservoir host species (sheep for

OvHV-2 and wildebeest for AIHV-1), which are infected efficiently and without obvious
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clinical signs, infects susceptible species such as cattle, bison, deer and pigs (Russell et al.,
2009). MCEF is an often-fatal systemic disease that is generally sporadic, affecting individual
animals within a group, but can occasionally cause losses of up to 40% of a herd (Russell et
al., 2009; World Organisation for Animal Health (OIE), 2008). The clinical signs of MCF can
be varied and several distinct disease presentations have been described, including peracute,
head and eye, alimentary and neurological (World Organisation for Animal Health (OIE),
2008). Most MCF cases in cattle present with fever, depression and lymphadenopathy; while
the common head and eye form is further characterized by nasal and ocular secretions,
corneal opacity, skin lesions and multifocal necrotic lesions of the gums, tongue and palate
(Otter et al., 2002). In the peracute form, sudden death may occur, though depression
followed by diarrhoea, with death occurring within a few days has also been reported. In the
alimentary form, haemorrhagic diarrhoea may also be found (Holliman et al., 2007), while
nervous signs, ataxia, and blindness have been reported in the neurological form (Mitchell
and Scholes, 2009). Although MCF is generally considered a disease with a case fatality rate
approaching 100 %, reports of recovery from clinical MCF and chronic infection have also
been published (Milne and Reid, 1990; O’Toole et al., 1997; Penny, 1998; Twomey et al.,

2002).

The genomes of AIHV-1(Ensser et al., 1997) and OvHV-2 (Hart et al., 2007; Taus et
al., 2007; Jayawardane et al., 2008) have been fully sequenced, demonstrating conservation
of YHV genome structure and possession of a similar complement of unique genes (Russell et
al., 2009). Recently, analysis of virus gene expression in AIHV-1 infected cells revealed the
presence of a novel spliced gene (Russell et al., 2013) that encoded a secreted glycoprotein.
This gene, termed A9.5, had not been previously predicted because of the small size of the
coding exons and because no similar protein was present on any database. Predicted segments

of protein sequence with similarity to these exons were found at the same position in OvHV-
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2, such that the homologous gene Ov9.5 could be identified despite having only 33 %
translated amino acid identity to the A9.5 polypeptide. Notably, the two published OvHV-2
genome sequences contained distinct Ov9.5 genes, which had equivalent positions and
predicted splicing patterns but shared only 60 % nucleotide identity (Russell et al., 2013).
The low degree of identity between the two alleles of Ov9.5 suggests distinct histories,
selective regimes or functions (Russell et al., 2013). It may therefore be relevant that one
Ov9.5 sequence was from a clinical case of MCF in a British cow while the other was
obtained from OvHV-2 virions from sheep nasal secretions in the USA (Hart et al., 2007;

Taus et al., 2007).

In order to compare sequence variation within the Ov9.5 gene with other loci in
OvHV-2, two additional genes were selected for comparative sequence analysis. These were:
a segment of the ORF75 gene, encoding the virion enzyme formylglycineamide ribotide
amidotransferase (FGARAT), routinely used as the target of a diagnostic PCR assay for
OvHV-2 (Baxter et al., 1993); and a segment of the ORF50 gene, encoding RTA, a
transcription factor involved in lytic cyle activation, selected because of its important role in
virus regulation. The ORF73 (latency-associated nuclear antigen) locus was also considered
as a target for PCR but initial studies showed that this gene could not be reliably amplified
from clinical case material despite the use of published primer sets (Coulter and Reid, 2002)
or newly designed nested primers (GC Russell, unpublished data). This is likely to be a
consequence of the size and repetitive nature of this gene combined with the relatively low

viral load in the samples used for analysis.

In this paper we analyse genetic variation in OvHV-2 from clinical case samples by
looking at three loci to address the hypothesis that the highly polymorphic Ov9.5 gene is a

useful epidemiological marker of OvHV-2 strain variation. We also examine the possibility



115  that distinct strains of OvHV-2 may be responsible for different presentations of MCF in

116  cattle.
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2 Materials and methods

2.1.  Clinical samples

All DNA samples used in this work were extracted from material submitted to
Moredun Research Institute for PCR-based testing in support of a diagnosis of MCF. Prior to
2006, DNA samples were purified from peripheral blood mononuclear cells (PBMC) or from
tissues from MCF-suspect cases by a standard phenol-based method (Sambrook et al. 1989),
while samples collected since 2006 were purified by a column-based method that did not use

organic solvents (DNeasy mini, Qiagen, Crawley, UK).

OvHV-2 positive samples were selected according to reported clinical signs,
representing a range of clinical disease presentations as documented in Table 1 and
summarised as follows: alimentary, 11 cases, including herds A and E from the report by
Holliman et al. (2007); head & eye, four recovered cases described by Twomey et al. (2002);
neurological, two cases reported by Mitchell and Scholes (2009). In addition, seven DNA
samples from two MCF outbreaks (head and eye form) in different parts of the UK (including
one sample from an in-contact sheep) and five samples from sporadic MCF cases (where no
other MCF-positive sample was submitted from the same source within at least a month)
were analysed (Table 1). As a positive control for the PCR and sequencing reactions, DNA
from the cell line BJ1035 was tested with all primer sets. The OvHV-2 genome from this cell

line was previously sequenced (Hart et al., 2007).

2.2.  Amplification and sequencing of selected OvHV-2 gene segments

Primers for nested PCR of the Ov9.5 gene were designed to target conserved areas flanking
the predicted coding region, based on the available sequences of OvHV-2 (Hart et al., 2007;

Taus et al., 2007; Fig. 1; supplementary Fig. S1). Primers for nested amplification of ORF50
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were chosen within exon 2, to amplify a fragment of 400-500 base pairs for sequence
analysis, and primers for amplification of ORF75 were as described previously (Baxter et al.,
1993). Primer pairs were designed using Primer3 (www .bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi; Untergasser et al., 2007) and are detailed in Table 2.

ORF50, ORF75 and Ov9.5 gene segments were amplified from genomic DNA
samples in which OvHV-2 DNA had been detected by diagnostic nested PCR (Baxter et al.
1993) or real-time PCR (Hussy et al., 2001). For each gene, first-round amplification was
performed in 25 pl reactions using 1 unit KOD Hot Start DNA polymerase (Merck, Feltham,
UK), 50-100 ng of genomic DNA, and 5 pmol each of the appropriate first round primer set.
Amplification reactions consisted of a denaturation/activation step at 94 °C for 30s; 30 cycles
of 94 °C for 30s, 55 °C for 30 s and 68 °C for 60 s; and a final extension step at 68 °C for 5
minutes. Aliquots of 2 ul from each first round PCR were then used as template in second
round PCR amplifications using the same enzyme, buffer and PCR conditions but with 10
pmol per reaction of the appropriate nested primers. The nested PCR products were analysed
by agarose gel electrophoresis, stained with SYBR®Safe DNA Gel Stain (Life Technologies,
Paisley, UK) and visualized by UV transillumination before purification (QIAamp PCR
purification system). PCR product concentrations were estimated after purification using a
Nanodrop spectrophotometer (Labtech, Uckfield, UK). Approximately 300 ng of each PCR
product was submitted for bidirectional nucleotide sequencing by Eurofins MWG Operon
(Ebersberg, Germany), using the internal PCR primers as the sequencing primers.
Electropherograms from each pair of sequencing reactions were assembled to produce sample

consensus sequences for each gene segment amplified.

To confirm that direct sequencing of PCR products produced an accurate
representation of the target sequence in vivo, PCR products of Ov9.5 from 5 samples were

cloned into pGEM-T-Easy (Promega, Southampton, UK) and at least three clones
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representing each PCR product were sequenced. The PCR products that were sequenced after

cloning are indicated in Table 1.

2.3. Bioinformatics

Unless otherwise indicated all DNA sequence analysis was done using DNASTAR
Lasergene software (V8.0 and above; www.DNASTAR.com). DNA sequence information
from each amplicon was assembled using the SEQMAN program and consensus sequences
representing the region flanked by the inner nested PCR primers were derived. Any DNA
sample that did not give good quality sequence traces on both strands for the entire region

was discarded.

The consensus sequences for each sample and locus were aligned using Lasergene
MEGALIGN and MAFFT (Katoh and Standley, 2013,
http://mafft.cbrc.jp/alignment/software/). For Ov9.5, the positions of introns and exons were
defined according to the annotation of Ov9.5*01 (Russell et al., 2013) and conservation of
splice donor and acceptor sequences was confirmed by visual inspection, while the
conservation of a continuous Ov9.5 open reading frame was confirmed by in silico generation
of predicted Ov9.5 cDNA sequences and their translation. Phylogenetic and evolutionary
analysis of all sequences was done by maximum likelihood methods using the programs

TOPALIi (Milne et al., 2009; www.topali.org) and MEGA (version 5 or above; Tamura et al.,

2011; megasoftware.net).

2.4 Nucleotide sequence accession numbers

Nucleotide sequences of the gene fragments amplified in this work have been

submitted to the European Nucleotide Archive (ENA; www.ebi.ac.uk/ena) and have been

assigned accession numbers as follows.
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For Ov9.5: Ov9.5*0101, HG813097; Ov9.5*0201, HG813098; Ov9.5*0202,
HG813099; Ov9.5*0203, HG813100; Ov9.5*0301, HG813102; Ov9.5*0401, HG813101,

Ov9.5*0501, HG813103; Ov9.5*0502, HG813104; Ov9.5*0503, HG813105.

For OvHV-2 ORF50: ORF50*0101, HG813085; ORF50*0102, HG813086;
ORF50*0103, HG813087; ORF50*0201, HG813088; ORF50*0301, HG813089;

ORF50*0401, HG813090; ORF50*0501, HG813091.

For OVvHV-2 ORF75: ORF75*0101, HG813093; ORF75*0102, HG813094;

ORF75*0201, HG813095; ORF75*0301, HG813096.

3. Results

3.1  Amplification and sequencing of OvHV-2 loci from MCF case samples

Amplification of the ORF75 gene segment routinely used for OvHV-2 diagnostic
PCR used the published primer sequences (Baxter et al., 1993); whilst the ORF50 gene
segment was amplified using novel primers specifically designed for this work. The

sequences of all primers used here are given in Table 2.

To allow conserved primer sites flanking the Ov9.5 gene to be identified, the
intergenic region between the annotated Ov9 and Ov10 genes in the sequenced OvHV-2
isolates from the UK and US (Hart et al., 2007; Taus et al., 2007) was aligned (Fig. 1;
supplementary Fig. S1). This demonstrated that while the predicted Ov9.5 gene was
divergent between the two sequenced virus isolates, with about 60 % nucleotide identity, the
intergenic regions flanking Ov9.5 (approximately 150 bases at the left end and 600 bases at

the right end; Fig. 1) were well-conserved, with greater than 90 % nucleotide identity. The
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Ov9.5-specific primers in Table 2 were placed in conserved flanking regions to allow

amplification of the predicted Ov9.5 coding sequence for studies of genetic variation.

Amplification of the OvHV-2 ORF50, ORF75 and Ov9.5 gene segments was
attempted in DNA samples from 46 OvHV-2 infected animals, including different host
species, MCF presentations, sporadic cases and outbreak samples. Despite the use of nested
PCR, not all samples tested yielded a single clear band of the expected size for each
amplification reaction. This is likely to be a reflection of the age or poor quality of some of
the DNA samples (particularly those that were purified by phenol extraction) leading to
degradation of the DNA or reduced PCR performance but it is also possible that variation
within the primer sites could account for the lack of amplification in some cases. A number
of the samples selected derived from published work describing unusual clinical
presentations of MCF (Holliman et al., 2007; Mitchell and Scholes, 2009; Twomey et al.,
2002) and some of these were over ten years old. Assays of failed samples were repeated at
least once for confirmation. Purified PCR products were subject to DNA sequencing using

the inner nested primers from each locus (Table 2).

Samples from five animals were also analysed by cloning of the Ov9.5 PCR product
and subsequent sequencing of multiple clones for each sample (Table 1). This confirmed that
the consensus sequences obtained by direct sequencing of PCR products were identical to the
sequences of cloned PCR products. Among these Ov9.5 samples, we obtained ten clones that
had been amplified with the outer L1 and R1 primers and 5 clones amplified with the L2-R1
primers (Table 2). These contained the expected sequences at internal primer sites and
showed the same conservation of the region outside the Ov9.5 coding region as the published
genome sequences. These observations support the view that the degree of conservation
around the primer sites, even between highly divergent alleles of Ov9.5, is such that our

nested PCR protocol should be productive in the vast majority of cases.
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3.2  Gene sequence variation in samples from MCF cases

ORF50 sequences were obtained from 25 samples, representing seven different alleles
(Table 3). The majority allele was found in 11 samples and was designated ORF50*0101.
Two smaller groups of samples had sequences that differed by single synonymous nucleotide
substitutions from ORF50*0101 and were called ORF50*0102 and ORF50*0103. Four other
ORF50 alleles encoded different polypeptide sequences: ORF50*0201 and ORF50*0301,
which differed from the majority allele by single amino acid substitutions; and ORF50*0401
and ORF50*0501, each of which had 3 amino acid substitutions compared with ORF50*0101
(Table 3). The sequenced OvHV-2 genomes encoded ORF50*0401 (Hart et al., 2007),
analysed here as the positive control sample BJ1035, and an allele that differed from
ORF50*0101 by two amino acid substitutions, which was not found in our sample set

(designated ORF50*0601 by us; Taus et al., 2007).

ORF75 sequences were obtained from 22 samples. These sequences represented 4
alleles, which differed at up to two nucleotide positions (Table 3). The majority allele was
found in 18 samples and was identical to the ORF75 fragment sequence in one of the two
published OvHV-2 genome sequences (Taus et al., 2007). This allele was named
ORF75*0101. The remaining ORF75 alleles differed by a synonymous nucleotide
substitution in allele ORF75*0102; and by single amino acid changes in alleles ORF75*0201

and ORF75*0301 (Table 3).

Nine different Ov9.5 sequences were obtained from 39 samples (Table 3) representing
5 major clades of alleles that shared 55-99% nucleotide identity (Fig. 2). All of the sequences
obtained had identical patterns of predicted splice donor and acceptor sites and the predicted
spliced cDNAs could encode proteins of approximately 160 residues that shared 50-100 %

translated amino acid identity. The alleles were named by similarity to the previously
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identified Ov9.5 gene variants encoded in the sequenced OvHV-2 genomes (Russell et al.,
2013): Ov9.5*0101 (previously Ov9.5*01; Hart et al., 2007); and Ov9.5*0201 (previously
Ov9.5*02; Taus et al., 2007). Of the 39 Ov9.5 amplicons sequenced, two were identical to
the Ov9.5*0101 sequence and 20 were identical to the Ov9.5*0201 sequence (Table 3). The
remaining 17 sequences included two alleles that were over 99% identical to Ov9.5*0201,
called Ov9.5*0202 and Ov9.5*0203, and three groups of more divergent sequences. These
included Ov9.5*0301, which had 78 % amino acid identity to Ov9.5*0201, and Ov9.5*0401,
with 95 % identity to Ov9.5*0201. The final three alleles encoded Ov9.5 proteins that were
more than 98 % identical to each other but 50-56 % identical to the proteins encoded by the

other allele groups. These were termed Ov9.5*0501 to *0503 (Fig. 2; Table 3).

3.3 Analysis of Ov9.5 alleles

The Ov9.5 polypeptides encoded by the nine sequence variants in Table 3 were
identical at only 57 positions in the aligned 159 residues. The conserved positions included
seven asparagine residues, of which six were predicted to be potential N-linked glycosylation
sites in at least one variant, and seven cysteine residues. (Fig. 3). These features suggest
shared structural and potentially functional similarity within the Ov9.5 proteins. Structure-
based homology searching with an alignment of the available A9.5 and Ov9.5 polypeptide
sequences (http://toolkit.tuebingen.mpg.de/hhpred) showed that only two proteins of known
structure gave significant alignments with the mature Ov9.5 polypeptide sequences. These
were IL-4 (P = 0.001) and IL-21 (P = 0.006), which had previously been identified as
potential homologues of A9.5 (Russell et al., 2013), using an alignment with fewer alleles.
These cytokines share a 4-helix bundle structure stabilised by 3 disulphide bonds. Notably,

among over 100 residues of each cytokine aligned with the A9.5/0v9.5 sequences, 3
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cysteines were conserved, adding further weight to the hypothesis that these viral genes

encode distant homologues of 4-helix bundle cytokines.

The possibility of positive selection for polymorphism within the Ov9.5 polypeptide
was investigated by analysing the ratio of synonymous to non-synonymous substitutions
within the aligned codons by multiple approaches using Topali and MEGA. Within Topali,
PAML/CodeML (Yang, 2007) was used to test for the presence of positive selection under
three pairs of models with increasing complexity (M0 v M3, Mlav M2a and M7 v M8). In
each case the likelihood ratio test statistic did not reach significance levels. Similarly, using
the Hyphy software package (Kosakovsky Pond et al. 2005) within MEGA, 15 codon
positions had dN-dS values greater than one and the maximum dN-dS value found was 2.0,
but no positions were found to be statistically significant (P<0.05). Thus, there was no
evidence to reject the null hypothesis of neutral selection. However, application of a specific
test of neutrality within MEGA (codon-based Z-test of selection; Nei and Gojobori, 1986),
suggested that the differences between the more divergent alleles (i.e. pairwise comparisons

with less than 90 % identity) could not be explained by neutral selection (P<0.001).

3.4  Combined phylogenetic analysis

Phylogenetic analysis of the combined ORF50, ORF75 and Ov9.5 nucleotide
sequences from the 21 animals for which data were available from all three loci showed
twelve distinct viral variants (Fig. 4). The overall tree topology was driven by variation
within the Ov9.5 locus, while differences at the other two loci influenced the subdivision of
nodes sharing the same Ov9.5 allele. Virus genotypes have been assigned in Fig. 4 based on
the Ov9.5 clades and subtypes based on allelic differences at all three loci. The most frequent

genotype among the OvHV-2 strains analysed was OvHV-2 type 2a (ORF50*0101/
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ORF75*0101/ Ov9.5*0201), which carries the majority allele at each locus. Samples that
shared an Ov9.5 genotype but differed at other loci generally differed at a single locus. Thus
the seven samples with the Ov9.5*0301 allele also shared the ORF75*0101 allele but differed
at ORF50. These small differences between virus genotypes suggest the major mode of
evolution is by sequence divergence whilst recombination between virus genotypes may play

a minor role.

4. Discussion

In this study, we have analysed OvHV-2 strain variation by sequencing of three loci
in diagnostic samples from 45 infected animals, including sheep, bison, reindeer and cattle.
The analysis showed that there were seven ORF50 alleles, four ORF75 alleles and nine Ov9.5
alleles in our sample set. The degree of polymorphism varied between the genes analysed:
alleles of ORF50 and ORF75 shared greater than 98 % identity whilst the most divergent
alleles of Ov9.5 had around 55 % nucleotide identity (Table 3). These three gene segments
comprise only about 1 % of the OvHV-2 genome. Comparative analysis of the published
OvVHV-2 genome sequences (Hart et al., 2007; Taus et al., 2007) showed that there were only
two segments in the genome where sequence identity between the two virus strains was
significantly lower than 98 % (Taus et al., 2007; G.C. Russell unpublished observations).
These were the repetitive region of ORF73, which had segments of identity ranging from 70-
90%, and the Ov9.5 gene, which had about 60 % identity between the two genome
sequences. Thus selection of two loci with over 98 % identify between alleles, in addition to
the divergent Ov9.5 region, allowed both the overall conservation between OvHV-2 strains

and the diversity at Ov9.5 to be analysed.
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Although much of the variation in Ov9.5 was found within the predicted intron
sequences (Fig. 1; supplementary Fig. S1), the predicted Ov9.5 spliced cDNA sequences
were also highly polymorphic with 62 % nucleotide and only 50 % predicted amino acid
identity between the coding regions of the most divergent sequences. While no statistical
support was found for positive selection within the Ov9.5 alleles, a null hypothesis of neutral
selection among the more divergent alleles was also rejected. Given that polymorphic sites
are found throughout the Ov9.5 gene (exons and introns), and appear to be restricted to the
Ov9.5 locus, there may be multiple processes driving polymorphism within these alleles,
including, but not limited to, immunological selection acting on Ov9.5 within the reservoir
host. Data from a wider range of Ov9.5 alleles, from MCF cases and reservoir hosts, is

required to allow a deeper analysis of polymorphism in this region.

It is also notable that the Ov9.5*0201 allele, originally identified in sheep samples
from the US (Taus et al., 2007), was the most frequent allele among the samples tested here
(20 of 39 samples). While this indicates that OvHV-2 strains prevalent in Europe and
America may be similar, it also suggests that the characterised genomic sequence of BJ1035
(Hart et al., 2007) represents an infrequent and divergent Ov9.5 genotype. However, the two
strains of virus sequenced to date are highly similar across the remainder of the genome

(Taus et al., 2007)

Despite the highly divergent nature of the Ov9.5 alleles, sequencing of segments of
the ORF50 and ORF75 genes of virus strains carrying the same Ov9.5 alleles showed further
genetic differences. This suggests that while analysis of polymorphism at the Ov9.5 locus
may be a useful tool for distinguishing MCF virus strains, a multi-locus approach may be
more informative for molecular epidemiology of MCF, and for tracing specific chains of

infection.
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The use of Ov9.5 and other loci as genotyping tools for MCF outbreaks is illustrated
in Table 1. Among five outbreaks (outbreak B and outbreak L with head & eye presentation;
farm A, farm E and outbreak A with alimentary presentation; Table 1), cattle involved in four
shared the same Ov9.5 genotype (Ov9.5*0201) suggesting that a single strain of virus may
have been involved in each of these outbreaks and that analysis of Ov9.5 has epidemiological
value. In two of these outbreaks, two cattle were analysed and found to be identical at all

three loci, further supporting this view.

In the fifth outbreak (Twomey et al., 2002), four cattle samples exhibited three
different Ov9.5 genotypes suggesting infection by multiple OvHV-2 strains. This outbreak
was unusual in that all four animals survived MCF, and was complicated by signs of
concurrent bracken poisoning. Bracken poisoning was suggested to be a predisposing or
trigger factor for MCF in these cattle, and may have increased the susceptibility of the

animals involved, potentially leading to infection by different virus strains.

In one MCF outbreak where a virus-positive nasal swab sample was obtained from an
in-contact sheep (sample 10-530-8, outbreak L; Table 1), the genotype of this virus isolate
differed at all three loci from MCF-affected cattle samples from the same outbreak. This
illustrates that further research is required to define chains of infection in MCF outbreaks and
to determine whether the same range of OvHV-2 strains that circulate in sheep are found in

cattle affected by MCF.

An examination of potential correlations between MCF occurrence or presentation
and virus strain was performed for 32 samples that had been genotyped for Ov9.5 or for all
three loci tested. In the case of Ov9.5 alleles, only Ov9.5*0201, *0301 and *0401 were found
in more than two samples. Ov9.5*0201 was found in 16 samples that were classed as

alimentary or head & eye, whilst Ov9.5*0301 was found in six samples classed as alimentary
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or head & eye, and Ov9.5*0401 was found in three samples of which two were classed as
neurological and the third head & eye. Thus, there seems to be no clear association between a
particular presentation of MCF and the genotype of the virus (with respect to the three genes
analysed) isolated from diagnostic samples but this is limited by the low number of samples
for which both clinical data and genotyping were available. Using geographical information
from each case, the distribution of samples genotyped for Ov9.5 was analysed on a regional
basis, in keeping with maintaining anonymity of sample providers. These data, illustrated in
supplementary Fig. S2, showed that the distribution of MCF cases was in line with the
distribution of sheep in the UK — mainly in the west of the country - and that the genotypes

found in outbreaks appeared to reflect the main alleles in that region.

The occurrence of MCF outbreaks may reflect specific strains of virus that are more
infectious or are shed in greater quantities by infected sheep with the potential to infect
groups of cattle or they may indicate conditions of husbandry, environment or herd genetics
that favour virus transmission. Unfortunately there are insufficient data from the samples
analysed in this report to address these hypotheses and further work is required to compare
MCF viruses involved in disease outbreaks with those that cause sporadic MCF.The high
resolution of the molecular methods described here to discriminate between strains of OvHV-

2 may facilitate the epidemiological study of MCF in a wider range of samples and locations.
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498  Table 1. Details of samples analyzed

Genotypes®
Sample® Presentation (outbreak)®  Species ORF50 ORF75 Ov9.5 Citation/comment®
09-1280 Cattle *0501 ND ND
09-1334 Cattle *0102 ND ND
10-441 Cattle *0101 ND ND
06-1784 Cattle *0103  *0101  *0503
09-1058 Cattle *0301 *0101 *0301
09-1060 Cattle *0201  *0101  *0301
09-1188 Cattle *0101  *0101  *0201
09-1197 Cattle *0101 *0101 *0201
09-986 Cattle *0201  *0101  *0301
05-1500 Cattle ND *0201 ND
US virus® sheep *0601 *0101 *0201 Taus et al., 2007
06-146 Alimentary Cattle ND ND *0201 cloned
06-202-2 Alimentary Cattle *0101 *0101 *0201
05-725 Alimentary (Farm A) Cattle *0102 *0101 *0301 Holliman et al., 2007
05-786-4 Alimentary (Farm A) Cattle *0102 *0101 *0301 Holliman et al., 2007
06-442-1  Alimentary (Farm E) Cattle ND ND *0201 Holliman et al., 2007
06-442-2 Alimentary (Farm E) Cattle ND ND *0201 Holliman et al., 2007
06-443 Alimentary (Farm E) Cattle ND ND *0201 Holliman et al., 2007
06-235-1  Alimentary (outbreak A) Cattle *0101 ND ND
06-235-2 Alimentary (outbreak A) Cattle ND ND *0201
06-235-3  Alimentary (outbreak A) Cattle ND ND *0201
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06-235-4
BJ1035'

01-2021-1

01-2021-2

01-2021-3

01-2021-4

10-414
10-530-11
10-530-12
10-404
10-415
10-530-8
10-524
06-1114
06-1116
01-392
01-393
06-486
07-1778-2
06-1811
06-283
08-145

06-1567

Alimentary (outbreak A)
Head & Eye

Head & Eye (outbreak B)

Head & Eye (outbreak B)

Head & Eye (outbreak B)

Head & Eye (outbreak B)

Head &Eye (outbreak L)
Head &Eye (outbreak L)
Head &Eye (outbreak L)
Head &Eye (outbreak L)
Head &Eye (outbreak L)
(outbreak L)

Head &Eye (outbreak S)
Head and Eye

Head and Eye
Neurological
Neurological

(outbreak)

(Sporadic)

(Sporadic)

(Sporadic)

(Sporadic)

head & eye (Sporadic)

Cattle
Cattle

Cattle

Cattle

Cattle

Cattle

Cattle
Cattle
Cattle
Cattle
Cattle
Sheep
Cattle
cattle
cattle
Cattle
Cattle
cattle
Cattle
Reindeer
Bison
Deer

Cattle
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*0101

*0401

ND

ND

ND

ND

ND

ND

ND

*0101

*0101

*0103

*0101

ND

ND

ND

*0101

ND

ND

*0103

*0101

*0103

*0102

*0101

*0301

ND

ND

ND

ND

ND

ND

ND

*0101

*0101

*0102

*0101

ND

ND

ND

*0101

ND

ND

*0101

*0101

*0101

*0101

*0201

*0101

*0201

*0401

*0301

*0301

*0201

*0201

*0201

*0201

*0201

*0502

*0201

*0201

*0501

*0401

*0401

*0201

*0101

*0203

*0301

ND

*0301

Hart et al., 2007
cloned

Twomey et al., 2002

Twomey et al., 2002

Twomey et al., 2002

Twomey et al., 2002

cloned

cloned

Mitchell and Scholes,
2009

Mitchell and Scholes,
2009

cloned



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

05-1513 head & eye (Sporadic) Cattle *0102  *0201  *0202

06-387 cattle ND ND *0201 cloned

& Sample identifiers are mainly as assigned by MRI virus surveillance unit, with the format
yy-nnnn-ss, where the first two digits indicate year after 2000 and the following digits are
sample (and sub-sample) number within that year. Exceptions are the samples used for
genome sequencing of OvHV-2: identified as BJ1035 (Hart et al., 2007) and US virus (Taus

et al., 2007).

> information on the presentation of MCF in a specific case is given only if recorded. Where
samples were known to be submitted from an outbreak of MCF involving multiple cases with
the same presentation, this is detailed in parentheses. Where no other MCF-positive sample
was submitted from the same source within at least a month, samples are indicated as

sporadic.

¢ genotypes of each locus are given as assigned in the text. ND indicates that the appropriate

PCR product sequence could not be determined from that sample.

9 where samples analysed here have been described or sequence data presented in previous
publications, these are cited. Those samples for which the Ov9.5 PCR product was

additionally cloned and sequenced from multiple clones are also indicated in this column.

¢ the genotype of each locus from the US virus was assigned based on the predicted PCR

products from the published sequence (Taus et al., 2007).

"BJ1035 DNA was analysed as a positive control, confirming the published sequence for the
three loci amplified.
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522

523

Table 2. PCR primers used in this work

Primer name Sequence (5°-37) Product size (bp|) Description/reference

Ov95 L1 AAAGACACATGCATCAAACTCT 3’-end of the Ov9.5 putative gene

Ov9.5R1 GGGTAAGTACATGGTATAAAGCAG 954 5’-end of the Ov9.5 putative gene

Ov9.51L2 TGAAAAACTGGCCACATAAA nested primer for Ov9.5 L1-R1 product
Ov9.5 R2 AAGAACCCTGATAAACTCCAGA 893 nested primer for Ov9.5 L1-R1 product
OHVorf50 F1 CCCCAACAAGTCAGCATTTT ORF50 exon 2 forward

OHVorf50_R1 TCAGTCGAATGCTGTTGGAG 600 ORF50 exon 2 reverse

OVvHV2 orf50_F2 GGACCTCTCATCTCTTCTGCAA nested primer for OHVorf50 F1-R1 product
OvHV2_orf50_R2 ATGGCAAAGTCACAGGGATG 444 nested primer for OHVorf50_F1-R1 product
556 TTCTGGGGTAGTGGCGAGCGAAGGCTTC Baxter et al., 1993

755 AAGATAAGCACCAGTTATGCATCTGATAAA 422

556 TTCTGGGGTAGTGGCGAGCGAAGGCTTC

555 AGTCTGGGTATATGAATCCAGATGGCTCTC 238
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524

525

Table 3. Sequence similarity between alleles of the three loci analysed

ORF50 ORF75 Ov9.5
Alleles Differences from  ° Number of Alleles Differences ® Number of Alleles 9% identity with  ° Number of
ORF50*0101 samples of from samples of 0v9.5*0201 samples of
DNA (protein) each type ORF75*0101 each type DNA (protein) each type
DNA (protein)

ORF50*0101 0(0) 11 ORF75*0101 0(0) 18 Ov9.5*0101 56.6 (49.6) 2
ORF50*0102 1 (0) 5 ORF75*0102 1(0) 1 Ov9.5*0201 100 (100) 20
ORF50*0103 1(0) 4 ORF75*0201 2(1) 2 Ov9.5*0202 99.7 (99.3) 1
ORF50*0201 2(1) 2 ORF75*0301 2(1) 1 Ov9.5*%0203 99.6 (99.3) 1
ORF50*0301 2(1) 1 Ov9.5*%0301 83.2 (78.6) 9
ORF50*0401 5@) 1 Ov9.5*0401 98.2 (95.5) 3
ORF50*0501 4 (3) 1 Ov9.5*0501 60.5 (50.6) 1
ORF50*0601 2(2) 0 Ov9.5*0502 60.4 (49.6) 1
Ov9.5*0503 60.5 (51.2) 1
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529

% For ORF50 and ORF75 the number of differences of each allele from the majority allele (*0101) in the DNA sequence is given, with differences in

the translated protein sequence in parentheses.
® For each allele of each gene, the number of samples analysed with that allele is given.

° For Ov9.5, the percent identity of each allele to the majority allele (Ov9.5*0201) in the DNA and the translated protein sequences are given.
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530 Figure Legends

531  Fig. 1. Schematic depiction of similarity between the two OvHV-2 genome sequences in the Ov9—
532  Ovl10 intergenic region, based on the sequence alignment in supplementary Fig. S1. Identical

533  nucleotide positions within the alignment are indicated by vertical bars (]) and mismatched bases are
534  depicted as dots (.). The positions of PCR primers designed to amplify the Ov9.5 region are

535 indicated above the line, with primer names and polarities given. The predicted termination codons
536  of the Ov9, Ov9.5 and Ov10 genes are shown as colon triplets (:::) annotated above the line, while
537 the positions of the putative coding exons of the Ov9 5 gene are shaded dark grey within the

538 alignment and named above it. The region encoding the Ov9.5 gene, which has less than 70%

539 identity, is highlighted grey, whilst the intergenic flanking regions have over 90% sequence

540 identity.

541

542  Fig. 2. Phylogenetic analysis of Ov9.5 gene sequences. Nucleotide sequences of the 9 variants
543  0Ov9.5*0101 to Ov9.5*0503 were aligned using MAFFT and phylogenetic analysis was done in
544  MEGA version 6.0, using the maximum likelihood approach with 500 bootstrap replicates. Model
545  selection indicated that the Tamura-Nei model (Tamura and Nei, 1993 ) was most appropriate to
546 this dataset, producing tree topology that was supported by bootstrap values of least 98 % (except
547  for the branching within the Ov9.5*05 clade). Bootstrap percentage values are given on the left of
548  their respective nodes. The tree is drawn to scale, with branch lengths measured in the number of

549  substitutions per site (with scale bar) .

550  Fig. 3. Alignment of the Ov9.5 predicted polypeptide sequences aligned by MAFFT

551  (http://mafft.cbrc.jp/alignment/server/index.html). Conserved residues are indicated below the

552  alignment, with those identical in all nine sequences in uppercase, whilst residues conserved in at
553 least seven of nine alleles are shown in lowercase. The positions of conserved cysteine residues are
554  boxed and predicted N-linked glycosylation sites (score >0.5; NetNGlyc 1.0 Server,

555  http://genome.cbs.dtu.dk/) are highlighted in grey. The position and length of signal peptides in
28
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557

558

559

560

561

562

563

564

565

566

567

each polypeptide were predicted using SignalP Server 4.1 (http://genome.cbs.dtu.dk/) and is

indicated by underlining.

Fig. 4. Phylogenetic analysis of the combined ORF50-ORF75-0Ov9.5 nucleotide sequences was
performed using the approach described in Fig. 2 for the 21 samples for which sequence was
obtained from all three loci. Branch lengths are not proportional to genetic distance in this figure.
Bootstrap values (percentage of 500 replicates) are given on the left of the respective nodes, except
for two terminal nodes where they are placed to the right of the node. The combined sequences are
named according to the sample designations in Table 1. The genotypes of the three loci for each
sample are indicated to the right of the tree and assignment of OvHV-2 strain type is given on the
right of the figure. Samples with identical genotypes are boxed whilst the Ov9.5 clades are

separated by thick lines.
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ORF50/0ORF75/0v9.5 OVHV-2 type
*0401/*0301/*0101 la
*0103/*0101/*0503 5c
*0103/*0102/*0502 5b
*0101/*0101/*0301 3d
*0301/*0101/*0301 3c
*0201/*0101/*0301 3b
*0201/*0101/*0301 3b
*0102/*0101/*0301 3a
*0102/*0101/*0301 3a
*0102/*0101/*0301 3a
*0101/*0101/*0401 4a
*0102/*0201/*0202 2b
*0103/*0101/*0203 2c
*0101/*0101/*0201 2a
*0101/*0101/*0201 2a
*0101/*0101/*0201 2a
*0101/*0101/*0201 2a
*0101/*0101/*0201 2a
*0101/*0101/*0201 2a
*0101/*0101/*0201 2a
*0601/*0101/*0201 2d
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0v9.5*01
ov9
0Vv9.5*02

0v9.5*01

0v9.5*02

Ov9.5*01

0Vv9.5*02

Ov9.5*01

0v9.5*02

Ov9.5*01

0v9.5*02

Ov9.5*01

0v9.5*02

0v9.5*01

0Vv9.5*02

126150
CGTAGTAAGGTGTCATTTCGAAAACGAGACATTTAAACCTTGCGGGTGCCGACAAACCACAAAGTAGCTTTAAGGAAGTGAGCTTAATAGTGAAAACCTTA

CTAGTAAGGTGTCATTTCGAAAACGAGACATTTAAACCTTGCGGGTGCCGACAAACCACAAAGTAGCTTTAAGGAAGTGAGCTTAATAGTGAAAACCTTA
126160

Ov9.5-L1 > 126250
AAGTTTGACTTTCCTCCAAACCACATTTTATTAACTACTTACTAAATCTAATCTAATAAAGACACATGCATCAAACTCTATTAAGTGTCTCGACTTTTTA

AAGTTTGACTTTCCTCCAAACCACATTTTATTAACTACTTACTAAATCTAATCTAATAAAGACACATGCATCAAACTCTATTAAGTGTCTCGACTTTTTA

126260

0v9.5-12 > 126350
TTAATGAAAAACTGGCCACATAAATAAGAGGTTTTCTGGTTTTTAAACTTGATGACAATTTCATGTATCTTCGGGCTTGTACAGTAGTCAAGTATCTGGA
TTAATGAAAAACTGGCCACATAAATAAGAGGTTTTCTGGTTTTTAAACTTGATAACAATTTCATGTATCTTCGGGCTTGTACAGTAGTCAAGTATCTGGA

126360

Exon 4 126450

TTTAAGACGCCTGTTCGAAGGTA TA TGGAGAGGCTTTCCGGCTTTTTTTGCATGTATGTTGTGGTAAGTCTGCAATATATTAAAACATTTTGTTAAA
TTCAAGATGCTTGTTTAGAGGTA TA TGGCAA———TTTACCCCGAACTTGCAATATAAGTTGTGGTATTTCTGTAAGATAGTAAAATAACTGTGTAAG
126450

126550

126550

Exon 3 126650
CCAAGTGAATGGTTGAAATAATAATAAAAAAACTCTTACCCGCTGCATTACAGTTAACCAGTAACCCAAAATATCAGGAGTAGTTTCATTTCCAAACTCT
T- AACTGAAGA———AAAACAACATTAAAAAA——TCTTACCCTCTGTAATAAACTCAGCCAGTAGCCCAAAATCTCTTCTGTAGTATGGTTGCCGAATTGT

126640

Exon 3 126740
TTACAAGTAACATTAGCAGCTAAGTCACTTTTTTCAAGT——GAC TTG TGGCGTGTGTTTCGATGAGGTCCAGTGACAACCTCCAATAGATGTGGACCT

GCACAAGTCACATTACTAGCATAGTCG TTTGTGCTTGTAAGACGTTGCTTGCGTACATTTCGGTCGGTTCGATATTGAACCTCGTAAAGTTCCTGTTCC
126740



0v9.5*01

0Vv9.5*02

Ov9.5*01

0v9.5*02

Ov9.5*01

0v9.5*02

Ov9.5*01

0v9.5*02

Ov9.5*01

0v9.5*02

Ov9.5*01

0v9.5*02

Ov9.5*01

0V9.5*02

Exon 3 126840
TTCAGATTACACTCAGTGGAGTTGTTGTTTGTTAGGGAAATGTTGAAACACTGAATGCAAGGCAATCCAGGTGTCTGAAAAACATTAGATACATATAAGT

TTTTGTAGACAATCTGTG———TTGTTATTCTTCAGAGTTATGTTGAAGCAATCCCTACAGGGCAACCCTACAGTCTAGAAAACAT --------- AAAGGC
126830
Exon 2 126940

TTTGCTATAAACACTACATA CAATCTATCGCATACAGTAAATTACATATAATATAAAATAGAGACTATATACCTACTT TG——TCACCTAGTGTAGCAT

126910
Exon 2 127040
TTGAGCAACCAGAGTGATCATTGTAGETTACATTCTACAAAAAAA-ACATATTGGTTACTACACT TAAGCAGTGATTCAAGATATAAATTTTAATGTATT
GG AT A TGO T AGAAGAAAATAAATAAT - T ACACT AAAGTGOTGAATAGCACT ATGAATARACAGETGTC
127010
Exon 1 127140
ATAGAATAAGTTGTATACATATACTTACAAAACAGTTGGTTAAATTGAGGATAAACT TTAATGATAAAATAGTTTCCTTCACAGTACGATGTAGACTTGT

ACATCTTAT————TATAGGTATACTTACAACACAGTCGGTCAAATTTGAGTTACTCTTTAATATTGTAATACTTTCTTTCAAGGTATGACGAACTCCATG
127100

Exon 1 127230

127200

< 0v9.5-R2 < 0v9.5-R1 127330
CCACAATATCTGGAGTTTATCAGGGTTCTTATACTGCTTTATACCATGTACTTACCCTCAACATTTTTGTAAGTATCGAAATAAGTAAAAATGAAAGTAT

CCACAATATCTGGAGTTTATCAGGGTTTTTATACTGCTTTATACCATGTACTTACCCTCAACATTTTTGTAAGTATCGAAATAAGTAAAAATGAAAGTAT
127300

127430
TCGCCTTTATCAGACATAATTGGATTTACTGGACCAAGGGTCAGATCAAAGCATGGGATGAGTAACTTCGGGTTAGGTTGACTTACTAAGAACTTAGGCA

TAGCCTTTATCAGACATAGTTGGATTTACTGGACCAAGGGTCAGATCAAAGTATGGGATGAGTAACTTCGGGTTAGGTTGACTTACTAAGAACTTAGGCA
127400



127530
Ov9.5*01 TGAATTTCCGGGAGAAAGTTATCAACACTACTTATCTATGAATAAAGACAGACTACAATCATTTGTATTATGAAGCTTTTATTAGCAAAATATTTACAAG

0V9.5*02 TGAATTTCCGGGAGAAAGTTATCAACACTACTTATCTATGAATAAGGACAGACTACTATCATTTGTATTATGAAGCTTTTATTAGCAAAATATTTACAAG
127500

127630
Ov9.5*01 TTTGGGGTTACGTCACTCAGATAACTGTATCTAGCAACTAGCAGTTAAAGGTTTCAGGTTTCCAGTCGACAGGATTAGTGGTTTAATGCTATTCCATTAA

0V9.5*02 TTTGGGGTTACGTCACTCAGATAACTGTATCTAGCAACTAGCAGTTAAAGGTTTCAGGTTTCCAGTCGACGGGATTAGTGGTTTAATGCTATTCCATTAA

127600
127730
0v9.5*01 TGCCAACATGACAGTGCAAAGCACAAGAATTGTTGCATGACTTCAGCAGCATCAAGAGACTTCTTTATTTGGTCGCATTAAGTGCCTGTTGAATTATTGC
0V9.5%02 TGCCAACATGACAGTGCAAAGCACAAGAATTGTTGCATGACTTCAGCAGCATCAATAGACTTCCTTATTTGGT ——— === TGAATTATTGC
127690
127830

Ov9.5*01 TATTGTTGTTCCCAGTAGCGAGGATAACCCTGAAAGCAAATTGAATAATAGTAAACAACTATTCATAATACCATCTACAACTCATATTTCCAGACAGTTT

0v9.5*02 TCTTGAGGGCATCAGTTGTGAGGAGAACCCTGAAAGCAAATTCAATAATAGTAAACAACTATTCATAATACCATCTACAACTCATATTTCCAGACAGTTT
127790

127920
Ov9.5*01 ACTGATAGCAGATACTAAGCTCACAGCATTCACTAAATCTGGTTGGTAAAATCAAAATGCATATAATAAAATGGCAATACTCA

0v9.5*02 ACTGATAGCAGATACTAAGCTCACAGCATTCACAAAATCTGGTTGGTAAAATCAAAATGCACATAATAAAATGGCAATACTCA;

Supplementary Fig. S1. Alignment of the Ov9—Ov10 intergenic region between the two OvHV-2 genome sequences. The segment of

the Hart et al. (2007) sequence (AY839756) is labeled Ov9.5*%01 while the Taus et al. (2007) sequence (DQ198083) is labeled

Ov9.5*%02. The predicted termination codons of the Ov9, Ov9.5 and Ov10 genes are boxed, while the putative coding exons of the
Ov9.5 alleles are shaded within the alignment and named above it. Identical positions within the alignment are indicated by colons (:),
while gaps inserted to maximize similarity are shown by dashes (-). The positions of PCR primers designed to amplify the Ov9.5

region are indicated by underlining in each sequence, with primer names and polarities given above the alignment.



Russell et al., 2014.

Supplementary Fig. S2.

UK map showing regional assignment of Ov9.5 genotypes among MCF-positive samples.
0Ov9.5 genotypes are represented by symbols as shown in the key on the right of the map,
while the genotypes found in the MICF outbreaks listed in Table 1 are shown as numbered
yellow ellipses as follows: 1, Outbreak L (head & eye); 2, Farm A (alimentary); 3, Farm E
(alimentary); 4, Outbreak B (head & eye); 5, Outbreak A (alimentary).

No samples from MCF cases in Scotland or Northern Ireland were used in this study.
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