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Summary. Equine herpesvirus 1 was isolated from an onager in 1985, a zebra
in 1986 and a Thomson’s gazelle in 1996 in USA. The genetic relatedness and
pathogenicity of these three viruses were investigated based on the nucleotide
sequences of the glycoprotein G (gG) gene, experimental infection in hamsters,
and comparison with horse isolates. The gG gene sequences of EHV-1 from onager
and zebra were identical. The gG gene sequences of the gazelle isolate showed
99.5% identity to those of onager and zebra isolates. The gG gene sequences of
EHV-1 isolated from horses were 99.9-100% identical and 98, 98 and 97.8%
similar to gG from onager, zebra and gazelle isolates, respectively. Hamsters in-
oculated with onager, zebra and gazelle isolates had severe weight loss, compared
with hamsters inoculated with horse isolates. The histopathological findings were
related to the virulence of each isolate. The results indicated that EHV-1 isolates
from onager, zebra and gazelle differ from horse EHV-1 and are much more
virulent in hamsters.

Introduction

Equine herpesvirus 1 (EHV-1), a member of the alphaherpesvirus subfamily, is
a major pathogen of horses all over the world. EHV-1 infection is associated
with respiratory disease, epizootic abortion and neurological disorders [1, 9, 24].
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Isolation of EHV-1 from captive and wild equids has also been reported [4, 23, 30].
EHV-1 infections are usually limited to equine species; however, infections in non-
equine animals have been reported [5, 10, 20, 21, 26]. The clinical manifestations
of EHV-1 in captive equid and non-equid animals differ. EHV-1 was isolated from
an onager (Equus hemionus onager) fetus which was aborted after 10 months
of gestation [23], from an aborted Grevy’s zebra (Equus grevyi) fetus [30], and
from a captive Thomson’s gazelle (Gazella thomsoni) that died after an acute
neurological illness characterized by depression, recumbency, and seizures [10].
While monoclonal antibody analysis identified the onager, zebra and gazelle
isolates as EHV-1 [20], DNA restriction endonuclease analysis indicated that
those isolates were genetically distinct from EHV-1 from horse [23, 30]. However,
there is little information about the molecular characteristics of EHV-1 isolated
from these animals. Moreover, the pathogenicity of these isolates has not been
evaluated.

The glycoproteins of herpesvirus play important roles in the infection process,
mediating attachment, entry of the virion into the host cell, egress, and cell-to-cell
spread [11]. Because of their locations in the viral envelope and on the surfaces
of infected cells, glycoproteins are targets for host immune responses [8]. The
envelope glycoprotein G (gG) gene of EHV-1 has been shown to be nonessential
for growth in cell culture [2, 17]. However, gG binds a broad range of chemokines
with high affinity and blocks chemokine activity by preventing their interaction
with specific receptors [3]. The gG homologue has been examined in EHV-1
and related viruses [6, 7, 16]. The gG homologue is relatively divergent among
alphaherpesviruses. Therefore, the gG gene is used as a marker for the molecular
relatedness among alphaherpesviruses [13, 16, 17].

Pathogenicity and virulence of EHV-1 have been evaluated in small rodent
models. Syrian hamsters are known to be susceptible to EHV-1. We have shown
that an experimental hamster model is useful for evaluating the pathogenicity of
EHV-1 [14]. EHV-1 isolates could be classified as virulent, intermediate virulent,
or nonvirulent according to the virulence in hamsters. EHV-1 virions associated
with neurological illness in horses were classified as virulent. Therefore, the
pathogenicity and virulence of EHV-1 in hamsters might reflect those in horses.

In this study, we investigated the genetic relatedness of EHV-1 isolated from
horse, onager, zebra and gazelle by analyzing the nucleotide and predicted amino
acid sequences of the gG gene. In addition, the pathogenicity of these isolates was
investigated by infection of hamsters. The results indicated that EHV-1 isolated
from onager, zebra and gazelle might be distantly related to EHV-1 horse isolates
and much more virulent.

Materials and methods

Viruses and cells

The EHV-1 isolates used in this study were T-529, from an aborted onager fetus [23], T-616,
from an aborted zebra fetus [30], 94-137, from a Thomson’s gazelle that died after acute
neurological illness [20], and 90c18, 94c19 and 97c7, from horses with respiratory disease
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in Japan (Matsumura et al. unpublished). Based on our previous studies, isolate 90c18 was
virulent, and isolates 94c19 and 97¢7 were nonvirulent [18, 25]. Viruses were propagated in
fetal horse kidney (FHK) cells. Virus titrations were in Madin-Derby bovine kidney (MDBK)
cells as described previously [18]. The FHK and MDBK cells were grown in Eagle’s minimum
essential medium (Eagle’s MEM) (Nissui, Japan) supplemented with 100 IU/ml penicillin,
100 pg/ml streptomycin, and 5% fetal bovine serum (FBS).

DNA extraction

Viral DNA was extracted as follows. FHK cells were inoculated with virus at low multi-
plicity of infection. Cells showing almost complete cytopathic effects (CPE) were treated
with 1% sodium dodecylsulphate and 0.1 mg/ml of proteinase K in 0.01 M Tris—HCI, 0.1 M
NaCl, 0.5 mM EDTA, pH 8.0, at 37 °C overnight. DNA was extracted with phenol, phenol-
chloroform, and then chloroform, followed by ethanol precipitation and resuspension in
0.01 M Tris—HCI, 0.1 mM EDTA, pH 8.0. DNA concentration and purity were assayed with
GeneQuant IT (Amersham Pharmacia, Japan).

DNA amplification and sequencing

The gG gene was amplified with primers Fo-1 and Re-5 (Table 1) using a Takara LA PCR kit
(TaKaRa Biomedicals, Japan) and the shuttle PCR program (30 cycles of 98 °C for 10 sec and
65 °C for 5 min) with a thermal cycler (GeneAmp PCR System 9600, Perkin-Elmer-Cetus,
USA). Amplified products were treated with exonuclease I (USB, USA) and shrimp alkaline
phosphatase (USB, USA) at 37°C for 15 min. The reaction was stopped by incubation at
80°C for 15 min. The treated DNA was used as the template for nucleotide sequencing. The
sequenced region corresponded to nucleotide numbers 127606—-129020 of the EHV-1 Ab4p
strain genome sequence (GenBank accession no. M86664) [28]. The sequence was read using
13 sequencing primers (Table 1) with Thermo Sequenase Cy5.5 Terminator Sequencing Kit
(Amersham Pharmacia, Japan). Cycle sequencing was performed using 40 cycles of 95 °C
denaturation for 30 sec, annealing for 20 sec (annealing temperatures were adjusted according
to the melting temperature of each primer), and 72 °C extension for 1 min. The products were

Table 1. Primer sequences used in this study

Primer  Sequence T Position in Ab4p
(°C)  genome

Fo-1 5'-AAA GTT GGT CTG CTT TCA AGC CCT G-3'  60.6  127606-127630

Fo-a 5'-ACA GTG CCA CCA ACT GTA AAG CG-3 60.2  127641-127663
Fo-2 5'-CAA TTG CGA TTA AAG CTG AAT CCA-3’ 55.3  127837-127860
Fo-3 5’-GGA GTT TAC CAT CGT AA CAT GAG-3’ 57 128075-128098
Fo-b 5'-TGG CAT GAT TCA TGG ACT CAC TGC-3' 58.7  128219-128242
Fo-4 5'-CAG ACT GTC ACT CGT GG AGT CA-3’ 62 128419-128441

Fo-5 5'-AAC GGC ATC CAG GAC TGT GAC AGT-3’ 62.1  128721-128744
Re-1 5'-GTC AAA AAA CCA AGC AAT GGA CGC-3’ 584  127952-127929

Re-2 5'-ACT TCC AAC GTT ACA CGT CCT GT-3 60 128194-128172
Re-3 5’-GCG CCA AGA TTC TGA CTC CAA C-3' 58.7  128523-128502
Re-4 5'-CTA TCA ACC CTA TCA TGG CAC ATG-3’ 53.9  128814-128791
Re-a 5'-CCA CAC TCA GTT ATT ACA GAC-3’ 60.4  128974-128954

Re-5 5'-TGT ATG GGG CTA TTT CCG GAATTG C-3’  60.6  129020-128996
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purified by ethanol precipitation, then dissolved in 6 |1 of formamide loading dye. The labeled
DNA products were sequenced with Gene Rapid (Amersham Pharmacia, Japan).

Sequence data were analyzed by using GENETYX-MAC/ATSQ 4.0.2 and GENETYX-
MAC ver.10.1 (Software development co., Itd. Japan). The gG gene sequences were submitted
to the DNA Data Bank of Japan (DDBJ, National Institute of Genetics, Japan). Accession
nos. are AB187029—-AB187033. Other DNA sequences were obtained from DDBJ for the gG
gene of EHV-1 Ab4p (accession no. M86664) [28], EHV-8 (asinine herpesvirus 3, AHV-3)
(accession no. U24184) [17], and EHV-9 (GHV-1) (accession no. D85905) [16]. Sequence
alignments were performed using CLUSTAL X [19]. The phylogenic trees were constructed
by the neighbor-joining method [27].

Experimental animal infection

Hamster inoculation was as described previously [15]. Three-week-old specific-pathogen-free
(SPF) male Syrian hamsters (SLC, Japan) were used. Food and water were freely available to
the hamsters during the course of the experiment. Hamsters were observed for 3 days before
inoculation. All experiments were conducted under the guidelines for animal experiments
at Gifu University with approval by the Committee of Animal Care and Welfare, Faculty
of Applied Biological Sciences, Gifu University. Hamsters were divided into 4 animals
per group, anesthetized by 2.5 mg/head of ketamine hydrochloride (Sankyo, Japan), and
inoculated intranasally with 25 1 of viral suspension containing 1 x 103 pfu/g of hamster
body weight into each nasal cavity. Control hamsters were inoculated with the same volume
of Eagle’s MEM. Hamsters were weighed and monitored for general behavior twice a day. All
animals were euthanized after 10 days post-inoculation with injection of an excess amount
of sodium pentobarbital.

Histopathology and immunohistochemistry

Organs including olfactory bulbs, brain, lungs, liver and kidneys were sampled for histopatho-
logical examination. Tissue samples were fixed in 4% paraformaldehyde in 0.01 M phosphate
buffer pH 7.0. Tissues were dehydrated and embedded in paraffin wax using routine tech-
niques. Then, tissues were sectioned at 5 um and stained with haematoxylin and eosin (HE).
Viral antigens were detected by immunostaining using the standard avidin-biotin-complex
(ABC) immunoperoxidase method with ABC kits (Vector Laboratories, Burlingame, CA,
USA) using rabbit EHV-9 antiserum as described previously [31]. It was known that there is
a serological cross-reaction between EHV-1 and EHV-9 [16].

Results
Phylogenic analysis of glycoprotein G gene

Genetic relatedness of T-529, T-616, 94-137, 90c18, 97c7 and other EHV-1-
related viruses was investigated using the gG nucleotide sequence. The segment
examined was 1233 bp in length and encoded a 411-residue open reading frame.
The nucleotide sequences of gG of onager isolate T-529 and zebra isolate T-616
were identical. The nucleotide sequence of the gG gene of the gazelle isolate
94-137 showed 99.6% (1228/1233) identity with those of the onager and zebra
isolates. The nucleotide sequences of the gG gene of 90c18 and Ab4p were
identical, whereas the gG gene of 97c7 showed 99.8% (1231/1233) identity
with those of Ab4p and 90c18. The nucleotide sequence of the gG of T-529
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Table 2. Amino acid variation of glycoprotein G among EHV-1 examined
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and T-616 showed 98% (1208/1233) homology with that of Ab4p and 90c18 and
97.9% (1207/1233) homology with 97c7. The gG gene of 94-137 showed 97.9%
(1207/1233) homology with those of Ab4p and 90c18 and 97.8% (1206/1233)
with that of 97¢7. These nucleotide variations affected some substitutions in the
predicted glycoprotein G amino acid sequences (Table 2).

The nucleotide sequences of T-529, T-616, 94-137,90c18, 97¢7, Ab4p, EHV-8
and EHV-9 were used to construct a phylogenic tree, which showed that gG of
T-592, T-616 and 94-137 form a new branch that is closely related to EHV-1 in
the horse (Fig. 1).

Pathogenicity of T-529, T-616 and 94-137 in hamsters

The pathogenicity and virulence of T-529, T-616 and 94-137 were evaluated in
hamsters. EHV-1 isolated from horses, including 90c18, 94c19 and 97¢7, were also
used for comparison. Hamsters inoculated with T-529, T-616, and 94-137 showed
nervous manifestations, namely restlessness, lack of coordination, fighting and
aggressiveness, and lethargy, which started on day 3 post-inoculation in the case
of 94-137 and T-529 and on day 5 post-inoculation in the case of T-616 (Table 3).

T-529, T-616
86

00| 94137
90c18, Abdp
46
97¢c7

EHV-8

EHV-9

Fig. 1. A phylogenic tree constructed from nucleotide sequences of the gG of T-529

(onager), T-616 (zebra), 94-137 (gazelle), Ab4p (horse), 90c18 (horse), 97¢7 (horse), EHV-8

(accession no. U24184), and EHV-9 (accession no. D85905). EHV-9 was used as an out-group
in the construction of the phylogenic tree. Bootstrap values are shown
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Table 3. The nervous manifestations of hamsters inoculated with T-529, T-616, 94-137 and

90c18
Viruses  Days post-inoculation
o 1 2 3 4 5 6 7 8 9 10
T-529 - - - 44 44 44 4/4 3/3% 2/2%  1/1*  Died
T-616 - - - = - 4/4  4/4 - - - -
94-173 - - - 44 44 3/4 2/4 2/3% 1/3 - -
90c18 - - - - - - 3/4%*x 3[4FE - — - -

— No nervous manifestations such as salivation, convulsion, motor disorder and hyper-
reactivity to outer stimulation, were observed

*A hamster died

**(QOne out of 4 showed salivation, convulsion, motor disorder and excitation. Other two
out of 4 seemed to be lighter hyperreactive against outer stimulation. The other hamster did
not show any changes

Nervous signs disappeared at day 7 post-inoculation with T-616 and at day 9
post-inoculation with 94-137. One of the four 94-137-inoculated hamsters died
on day 6 post-inoculation. Nervous signs were severe and persisted until the end
of the observation in the case of T-529. Moreover, T-529-inoculated hamsters died
on days 5, 6 and 7 post-inoculation. On the other hand, hamsters inoculated with
EHV-1 horse isolates had few nervous symptoms. One of 4 hamsters inoculated
with 90c18 showed salivation, convulsions, motor disorder and excitation. Two
others were slightly hyper-reactive to external stimulation. The fourth hamster
did not show any changes. In addition to these symptoms, body weight loss was
observed (Fig. 2). In the case of 94-137 and T-616, the maximum weight loss was
on day 7 post-inoculation, and hamsters did not gain their original weight until
the end of observation period. Hamsters inoculated with 94c19 and 97¢7 did not
show any changes.

Histopathological findings in hamsters

While gross pathological changes were not found in all animals at necropsy, non-
suppurative encephalitis and interstitial pneumonia were found to a varying degree
in all animals inoculated with viruses. Severe degeneration and necrosis of the
neurons were found in the brains of the T-529- and 94-137-inoculated hamsters
(Table 4). Extensive lymphocytic cell infiltration and perivascular cuffing were
observed in the olfactory bulbs, anterior olfactory nucleus, olfactory tubercle, and
pyriform cortex. Glial proliferation was also observed. Histopathological findings
in the brains of the T-616-inoculated hamsters included slight to moderate degrees
of degeneration and necrosis of the neurons with diffuse gliosis in olfactory bulbs,
anterior olfactory nucleus, olfactory tubercle, and pyriform cortex. Lymphocytic
cell infiltration and perivascular cuffing were observed in the olfactory bulbs,
anterior olfactory nucleus, olfactory tubercle, and pyriform cortex (Table 4).
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Fig. 2. Body weight curves of hamsters after intranasal inoculation with T-529, T-616, 94-
137, 90c18, 94c19 and 97c7. The weight loss started on day 2 post-inoculation in groups of
hamsters inoculated with T-529, T-616 and 94-137. In the case of the T-529-inoculated group,
weight loss was severe, and hamsters died by day 7 post-inoculation. In the case of 94-137-
and T-616-inoculated groups, the weight loss was also severe. One hamster in the 94-137-
inoculated group died on day 6 post-inoculation. The body weight ratios were determined as
follows. The body weight of a hamster each day was divided by its body weight on day 0. The
mean of the body weight ratios of each hamster in a group was plotted day by day. Variability
was less than 0.02 and is not shown in order to avoid complexity. 'Died

Various degrees of neuronal degeneration and necrosis with moderate gliosis and
lymphatic infiltration in the olfactory bulb were observed in the brains of hamsters
inoculated with 97¢7 and 90c18. Immunohistochemistry confirmed the presence
of viral antigens in these lesions (data not shown).

Discussion

In this study, the genetic relatedness of EHV-1 isolates from equids was inves-
tigated by comparing nucleotide and predicted amino acid sequences of the gG
gene. Virulence variation was determined using the hamster infection model. The
findings indicated that EHV-1 isolates from onager, zebra and gazelle (T-529,
T-616 and 94-137, respectively) were distinguishable from horse isolates.

We also used the gG gene as an indicator of phylogeny in EHV-1. Other
researchers reported that the gG gene is a variable gene related to phylogenic
relationship among equine herpesviruses [13, 16, 17]. Sequence comparison in-
dicated that isolates (T-529 and T-616) from onager and zebra were closely
related, and the gazelle isolate (94-137) was slightly different. The small amount
of observed diversity did not support a phylogenic separation of these three
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isolates, but did separate them from the horse isolate. Thus, other methods such
as genomic restriction fragment polymorphism and sequence comparison of other
genes should be carried out in order to know the phylogenic relatedness among
these viruses and other EHV-1.

The onager isolate, T-529, caused lethal infection in hamsters, while EHV-1
isolates from horse were not always lethal, as shown in the present study and in our
previous results in which we classified EHV-1 strains into virulent, intermediate
and nonvirulent groups according to their neurological virulence in hamsters [14].
In the present study the onager isolate T-529 belonged to the virulent group. The
zebra, T-616, and gazelle, 94-137, isolates belonged to the intermediate group.

One of the three EHV-1 isolates, 94-137, was isolated from a non-equine
species, Thomson’s gazelle. The clinical manifestations of 94-137 in Thomson’s
gazelle were mainly neurological [20]. Although the native hosts of the gazelle
isolate have not been clarified, it was reported that a zebra mare aborted a fetus
on the farm where the affected gazelle had been kept [20]. Our present results
indicate a close relatedness between T-616 and 94-137. It is well known that some
herpesviruses can cause severe neurological diseases in atypical hosts, such as
monkey B virus in humans and swine pseudorabies virus in various animals [29].
Therefore, a zebra might have been the source of infection in the gazelle.

The present results indicate that T-529, T-616 and 94-137 EHV-1 variants are
distinguishable from EHV-1 from domestic horses. Thus, natural barriers such
as varied habitat and ecology have separated the domestic horse from exotic
equids. The natural barriers may have prevented the transmission of viruses among
wild equids and domestic horses in the past. However, the increase of capturing,
displaying and keeping wild animals in close contact with domestic animals may
facilitate the transmission of viruses between wild and domestic animals beyond
the natural barriers. EHV-1 variants could be a threat to horse industry.
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