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                GENERAL INTRODUCTION 

 

      Equine herpesvirus type 9 (EHV-9) was isolated from a Thomson’s gazelle 

suffering neurological disease, initially it was called gazelle herpesvirus 1  

(GHV-1) (16). EHV-9 showed serological cross-reactivity with equine 

herpesvirus type 1 (EHV-1), and has a homology of approximately 95% to EHV- 

1 and EHV-8 (16, 17, 31). EHV-9 has neurotropism in a wide host range, is most 

closely related to neurotropic EHV-1 (15, 17). EHV-9 has been isolated from 

non-equine species like gazelle, giraffe, polar bears  with neurologic symptoms 

in zoos (11, 16, 22, 27).   

      Equine herpesviruses consist of nine types from 1 to 9. Equine 

herpesvirus types 1, 3, 4, 6, 8 and 9 are classified into subfamily 

Alphaherpesvirinae genus Varicellovirus. Equine herpesvirus types 2, 5 and 7 

belong to subfamily Gammaherpesvirnae genus Percavirus.  

      The complete genome sequence of EHV-9 (accession no. AP010838 in 

Genbank) consists of 148,371 bps in length and has 75 genes and 80 open 

reading frames (ORFs) found in EHV-1 strain Ab4p (accession no. AY665713 in 

Genbank)(17). 62 genes are in the unique long (UL) region, duplicated 4 genes 

are in each of the internal repeat (IR) region and terminal repeat (TR) regions, 

and 9 genes in the unique short (US) region. ORFs 42, 52 and 53 showed the 

highest identity to those in EHV-1 (95%), while ORF71 showed the lowest 

degree of identity (86%). Except  that ORF68 has a frameshift, the others only 

have in-frame additions and deletions of codons (17). The experimental 

infection of EHV-9 indicated that EHV-9 causes latent nonsuppurative 

encephalitis in horses, cattle and pigs and fatal nonsuppurative encephalitis 
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followed by severe neurologic manifestation in goats, mice, rats, hamsters, 

guineapigs, dogs, cats, marmosets, giraffe and polar bear (11, 15, 27, 31, 38, 53, 

54, 65, 66). Histopathological study in the experimental animals suggested that 

EHV-9 entered the brain through the olfactory nerve pathway and then spread in 

the brain (12). It was indicated that a hamster model can be used to evaluate 

neuropathogenicity of EHV-9 (15).  

      Analysis of both virus and host factors in virus pathotenicity is 

necessary to control virus infection. Genetic mutants might be an useful tool to 

reveal pathogenesis in an animal model. In general, mutation is known to easily 

occur in cultured cells derived from non-natural host, than in the cells derived 

from the natural host. Isolation of EHV-1 mutants has been examined using 

various cells such as Madin-Darby bovine kidney (MDBK), rabbit kidney 

(RK13), and baby hamster kidney (BHK-21) cells (3, 23, 50). It was reported for 

EHV-1 that mutant viruses between 8 and 11 passages in BHK-21 cells had a 0.8 

kb deletion in the unique short region of the genome (49). The mutant virus was 

characterized on virological properties by using culture cells and animal models. 

The mutation region was confirmed by using restriction digestion and genome 

sequencing. On EHV-1, it was suggested that glycoprotein I (gI, ORF73), 

glycoprotein E (gE, ORF74), infected cell protein 4 (ICP4, ORF64) and DNA 

polymerase (ORF30) genes were related to neuropathogenicity (32, 39). 

However, homologues of these genes and their products in EHV-9 have never 

been analysed yet. The mechanism of neuropathogenicity of EHV-9 is still 

unclear. 

      Herpesviruses have been isolated from various animals. Some kind of 

herpesviruses may cross the species barrier to spread beyond their normal host 
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range (16). Zoos are the artificial place keeping a high diversity of animal 

species from different areas. It might provide the opportunities to spread 

pathogens to a unexpected host. A polar bear named Jerka (20-year-old, female), 

kept in a zoo in Berlin died of acute encephalitis, which was caused by the 

zebra-borne EHV-1 (22). Greenwood et al. indicated that the virus was a 

recombinant between EHV-1 and EHV-9 based on the nucleotide sequences of 

ORF30 encoding the virus DNA polymerase. EHV-1 is a major pathogen of 

horses all over the worlds, and associated with epidemics of abortion, 

respiratory tract disease and disorders of the central nervous system (55, 56). 

EHV-1 has been isolated from a number of equid species (36, 64) and non-equid 

species (29, 41). In recent years, fatal encephalitis induced by zebra -borne 

EHV-1 species transmission has been reported frequently (1, 22). Three virus 

isolated from zoo animals, zebra (T-616), onager (T-529), and gazelle (94-137), 

were related to horse-derived EHV-1s (18). Due to the polar bear Jerka’s case, 

the possibility of recombination of EHV-1 and EHV-9 might be speculated for in 

these three viruses. The analysis of genome sequences of these three viruses 

becomes important. Recently, application of next generation DNA sequencers 

makes reading the 150 kbp genome sequences easily (34, 44). 

      The purpose of this thesis is to investigate phylogenetical  relationship of 

zebra-borne EHV-1 isolated from zoo animals and molecular biological 

alterations of the gene lacking a stop codon and the genes related to the 

pathogenicity of EHV-9. 

The study covers the followings: 

1.  The alteration of non-stop gene ORF19 of EHV-9 mutant strain SP21 was 

verified at mRNA and protein level by comparison with wild strain EHV-9.  
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2.  Two nucleotide mutations changed amiro acid exist in EHV-9 mutant strain 

SP21 were repaired by recombination in the strains named SP21-14R and 

SP21-19R. The virulence of EHV-9, mutant virus SP21, recombinant virus 

SP21-14R and SP21-19R were investigated in vitro and in vivo.  

3.  The genomes of virus isolated from a zebra, an onager, and a gazelle 

(strains T-616, T-529, and 94-137, respectively) were extracted and sequenced. 

The phylogenetical relation of the three viruses was characterized. 
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            CHAPTER 1 

 

 

Non-stop mutation of ORF19 in Attenuated Equine Herpesvirus Type 9  
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Introduction 

      Equine herpesvirus 9 (EHV-9) was isolated from a gazelle kept at a 

zoological garden in Japan, which gazelle died of encephalitis in 1993 (16).  

      It has been considered that viral gene regulation of EHV-9 should be 

identical to that of EHV-1. During the lytic cycle of the EHV-1 in culture cells, 

regulation of gene expression mainly occurs at the transcriptional level 

involving in immediate-early (IE), early, and late phases (20, 21, 46). For herpes 

simplex virus type 1 (HSV-1), IE proteins are responsible for regulating viral 

gene expression during subsequent phases of the replication cycle. Early gene 

products are synthesized next and are involved in viral DNA synthesis. Late 

genes encode proteins involved in virion structure and assembly (43). Late genes 

which require DNA replication for any appreciable accumulation of mRNA are 

referred to γ2 genes or L2 genes. Some later genes are expressed to a degree in 

the absence of DNA replication but require DNA synthesis for maximal 

expression. These genes are referred to  γ1 genes or L1 genes (63).  

      A eukaryotic mRNA contains one open reading frame that consists of a 

start codon, series of sense codons and a stop codon. Some studies reported 

non-stop mRNA, which had no stop codon in mRNA. It was reported that the 

non-stop mRNAs were indicated to be degraded after translation (30, 42). 

Non-stop mRNA in mammalian cells were degraded fast by the non -stop mRNA 

decay pathway. 3’ to 5’ exonuclease in the exosome complex promotes the 

mRNA degradation, and translation is required for the fast decay of non -stop 

mRNA (10, 30, 42). Hbs1, Dom34, and the exosome-Ski complex were reported 

to act with the non-stop mRNA decay (5, 42). This degradation is also known for 

nonstop decay. On the other hand, other researchers reported that the non -stop 
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mRNA was not significantly reduced and as stable as wild -type mRNA (2, 40, 

57). HSV-1 drug-resistant mutant lost the stop condon in thymidine kinase gene 

greatly decreased the expression level of full-length thymidine kinase protein 

(40). However, it is still unclear about the function and roles of virus non -stop 

mRNA and protein in infected cells. 

      Yamada et al. performed serial passaging of EHV-9 using RK-13 cells, 

which are non-natural host animal cells, and plaque cloning in order to obtain 

mutant viruses for elucidating which genes were involved in the pathogenicity 

and virulence of EHV-9 (Yamada, S., PhD Thesis). One of the mutant viruses, 

designated SP21, formed small plaques in equine cell culture. SP21 was 

analyzed on growth property in culture cells and pathogenicity and virulence in 

hamsters. It was found that the virulence of SP21 was lower than that of wild 

type in the hamster model of EHV-9 infection.  

      In this Chapter, author determined the complete genome sequence of 

SP21. Two point mutants were found in ORF14 (Asp230Tyr) and ORF19 

(TGA498TTA). The mutation found in ORF19 indicated the non-stop mRNA for 

ORF19. The objective of this Chapter is to verify the alteration of mRNA and 

protein translated from the non-stop mRNA of virus in infected cells , and to 

provide information to study non-stop mRNA decay in mammalian cells.  

 

Materials and Methods 

 

Viruses and cells 

 

      EHV-9 wild type and SP21 were used in this chapter. SP21 which is a 
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mutant virus cloned from EHV-9 seed stock passaged in non-natural host cell 

rabbit kidney cells (RK13) for 23 times. Culture cells used were fetal equine 

kidney (FEK), RK13 and bovine kidney (MDBK) cells. FEK cells were 

cultivated with Dulbecco's minimum essential medium (D-MEM) with low 

glucose  supplemented with 10% fetal bovine serum (FBS) and 100 units/ml 

penicillin and 100 µg/ml streptomycin. RK13 and MDBK cells were cultivated 

in minimum essential medium alpha (MEM-ɑ) with 5% FBS and antibiotics. 

 

Genome extraction and sequencing 

 

Viral genomic DNA was extracted as described by Volkening and Spatz 

(2009) as follows (59). Viruses were inoculated into FEK cells at multiplicity of 

infection (MOI) 0.1. When 90% of cells showed cytopathic effect (CPE), 

infected cells were harvested and washed with ice cold phosphate buffered saline 

(PBS) by centrifugation at 2600 g for 15 min. The supernatant was removed, and 

the pellet was resuspended in cold permeabilization buffer (320 mM sucrose, 5 

mM MgCl2, 10 mM Tris-HCl/pH7.5, 1% triton) and placed on ice for 10 min. 

Nuclei were pelleted by centrifugation at 2600 g for 15 min at 4°C. Washing the 

nuclei with the permeabilization buffer twice, the pellet was resuspend in 50 µl 

nuclei buffer (10mM Tris-HCl/pH7.5, 2mM MgCl2 and 10% sucrose) and mixed 

with an equal amount of 2x nuclease buffer (40 mM PIPES, pH7.0, 7% sucrose, 

20 mM NaCl, 2 mM CaCl2, 10 mM 2-mercaptoethanol and 200 µM PMSF), 3 µl 

of micrococcal nuclease (Thermo, EU) solution (300 units/µl) and 3 µl of 

RNaseA (Novagen, South Africa) solution (100 mg/ml). The mixture was 

incubated at 37°C for 30 min in order to degrade cellular and unpackaged viral 
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nucleic acids. The reaction was stopped by adding 2.4 µl of 0.5 M EDTA and 

then added 400 µl of digestion buffer containing 20 mg/ml of protease K. The 

sample mixture was incubated at 50°C for 18 h . DNA was extracted by phenol 

and chloroform extraction followed by ethanol precipitation. DNA was finally 

dissolved in TE buffer (10 mM Tris-HCl, pH8.0, 1 mM EDTA). The small 

fragments of DNA were removed by two times precipitation using 6.5% 

polyethylene glycol containing 10 mM MgCl2.  

      DNA sequencing was examined by using MiSeq(Illumina, USA). The 

complete genomes were assembled by reference sequence mapping and editing 

with Consed. 

 

GST-pORF19 fusion protein expression, purification and immunization  

 

Each of the full length wild type ORF19 and mutant ORF19 was 

amplified by PCR and cloned into pGEX6p-1 vector. The plasmid containing 

fragment of EHV-9-ORF19 or SP21-ORF19 was introduced in Escherichi coli 

BL21. The protein expression was induced by adding 100 mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) to the final concentration of 400 µM/ml in 

a log phase culture. After overnight culture at 20°C, bacteria was collected by 

centrifugation, washed by ice cold STE buffer (10 mM Tris -HCl, pH8.0,150 mM 

NaCl, 1 mM EDTA) once and resuspend in STE buffer containing lysozyme (100 

µg/ml). The suspension was sonicated in ice. Then the sample was centrifuged at 

15,000 g for 10 min at 4°C and the sediment was washed with 1% Triton X-100 

in PBS twice. The sediment was washed by distill ed water twice in order to 

remove TritonX-100. The sediment containing the fused protein was 
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resuspended in PBS containing 0.35% Sarkosyl and 5 mM dithiothreitol (DTT). 

After incubation at room temperature for 30 min, the suspension was centrifuged 

at 15,000 g for 5 min. The supernatant was transferred to a dialysis tube for 

dialyzation overnight in PBS at 4°C . The fusion protein with adjuvant was 

injected subcutaneously to BALB/C mice for 4 times to produce anti-pORF19 

mouse serum. The animal experiments were conducted according to the 

guidelines for animal experiments in Gifu University and certificated by the 

Committee of Animal Care and Welfare, Faculty of Applied Biological Sciences, 

Gifu University. 

 

Confirmation of poly-A tail attachment site 

 

Total RNAs were extracted from EHV-9 or SP21 infected FHK cells at 8 

h post infection (p.i). with TRIzol reagent (Life Technologies , USA) according 

to the manufacturer’s instructions and treated with DNase  I (Life Technologies, 

USA). The RNA samples were used to synthesize cDNA with Oligo(dT)20 as 

primer by ReverTra Ace-ɑ- cDNA synthesis kit (TOYOBO, Japan). The 3’-end 

fragments of ORF19 in cDNA samples were amplified by PCR using ORF19 

specific primer (5'-gcgtaattagctcgctccac-3') and Oligo(dT)20. Sequences of the 

PCR products were directly determined by Sanger method (Dragon Genomics, 

Japan). 

 

Immunofluorescence assay 

 

Cells grown on coverslips were subjected to infection or transfection, 
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prior to be fixed in 4% paraformaldehyde, washed by PBS once, neutralized by 

50 mM NH4Cl and followed by the permeabilization in 0.2% TritonX-100. After 

blocking in 2% BSA, the cells were stained for indirect immunofluorescence 

assay. The primary antibodies used in the present study were 200 times diluted 

anti-pORF19 mouse serum produced in the current study and 200 times diluted 

anti-EHV-9 rabbit serum received from the lab of Veterinary Pathology, Faculty 

of Applied Biological Sciences, Gifu University (65). The secondary antibodies 

used were Alexa Fluor594-conjugated goat anti-mouse IgG (Invitrogen, Japan) 

and fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (MP 

Biomedicals, USA). After indirect immunofluorescence staining, the coverslips 

were observed using the LSM700 microscope (Zeiss, Germany). 

 

Western blotting 

 

Samples were dissolved in SDS-PAGE sample buffer and separated by 

electrophoresis through an SDS-8% polyacrylamide gel and transferred to a 

sheet of nitrocellulose membrane (MILLIPORE, USA). After blocking with 3% 

skim milk-0.05% Tween 20 in PBS, the membrane sheet was incubated with 

anti-ORF19 mouse serum or anti-EHV-9 rabbit serum at a 1:1,000 dilution. After 

1 h incubation, the membrane sheet was washed and incubated with 

streptavidin-horseradish peroxidase conjugated anti -mouse IgG goat serum (ICN 

Biomedicals, USA) or anti-rabbit IgG goat serum (MP Biomedicals, USA) for 

another 1 h. The membrane sheet then reacted with Western Blotting Detection 

reagent mixture (Life Sciences) for 5 mins. Autoradiography films were placed 

on the membrane for exposure about 5s to 1min.  
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Quantitation of RNA synthesis  

 

FEK cells in 6 well plates were inoculated with viruses EHV-9 or SP21 at 

1 plaque forming unit (pfu) per cell. The virus solution was treated with 1 

units/ml of DNase I and 100 ng/ml of RNase A for 30 min on ice before 

inoculation. Collecting the infected cells at 0, 2, 4, 6, 8 h post-infection, RNA 

was extracted and reverse-transcribed as descried above. The cDNAs were then 

used as templates to quantitate the amount of viral RNA with SYBR PrimeScript 

RT-PCR kit (TaKaRa, Japan) according to the manufacturer’s instructions.  

 

Transient transfection assays  

 

pcDNA 3.1(+), pcDNA 3.1(+)-SP21-19 and pcDNA 3.1(+)-EHV-9-19 

which were previously prepared, was transfected into RK13 cells with 

Lipofectamine 2000 (Life Technologies, USA) respectively. The cells were once 

washed by Opti-MEM medium (Life Technologies, USA), followed by adding 

the mixture of plasmid and Lipofectamine 2000, and incubated at 37°C for 1h. 

The mixture was removed, and MEM containing 5% FBS was added. The cells 

were incubated at 37°C for 24 h prior to testing for gene expression by western 

blotting or immunofluorescence assay.  
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Results 

 

Genome sequencing 

 

The genome of SP21 was successfully sequenced. Two point mutations 

were found in ORF14 and ORF19. The point mutation found in ORF14 changed 

asparagine at 230 to tyrosine. And the other point mutation in ORF19 changed 

stop codon TGA to leucine codon TTA. Polyadenylation signal, AATAAA, of 

ORF19 overlapped with this codon (Fig.1). There was no other mutation 

affecting amino acid coding changes except these two mutations.  

 

Non-stop virus gene mRNA and poly-adenylation site 

 

      The gene ORF19 of SP21 lacking a stop codon was transcribed into 

non-stop mRNA. To confirm the non-stop mRNA of ORF19 in this study, three 

series of experiments were carried out. First, RNA was extracted from FEK cells 

infected with EHV-9 or SP21 at 0, 2, 4, 6, 8 h.p.i. The extracted RNA was 

reverse-transcribed with Oligo(dT)20 primer and used for quantification of 

ORF19 mRNA by RT-qPCR. L1 gene ORF73 was used as a reference to evaluate 

the quantity alteration of mRNA. At 0 h, all Cycle threshold (Ct) values obtained 

were almost the same and equal to or higher than 37, meaning no detectable PCR 

products. At 2 h, the amount of mRNA of ORF19 and ORF73 was still less than 

detectable. After 4 h. p.i., the amount of SP21 ORF19 mRNA was transcribed at 

the same level as that of the wild type EHV-9, and no significant nonstop decay 

of the corresponding mRNA was observed (Fig. 2).  
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      In order to obtain ORF19 mRNA 3’-end sequences of EHV-9 and SP21, 

ORF19 specific primer and Oligo(dT)20 primer were used to amplify the ORF19 

cDNA fragment. Both of the PCR products showed the same size (Fig.  3A). The 

PCR products were sequenced, and the results showed that the Polyadenylation 

tail was added at the same position, 29 bp post stop codon, unrelated to the 

presence or absence of the stop codon (Fig. 3B). Therefore, the mRNA of SP21 

ORF19 was confirmed to be the non-stop mRNA. 

 

Expression of a full-length of GST-pORF19 fusion protein in bacteria and 

production of anti-pORF19 serum 

 

      ORF19 mRNA without stop condon in SP21 never showed the difference 

at mRNA transcription level comparing to the wild type EHV-9. For studying the 

protein expression of non-stop mRNA of virus, the antiserum against pORF19 

was produced using GST expression system. The fusion protein product of 

GST-ORF19 was expressed in bacteria. According to the proteins even  not 

dissolved in tritonX-100, the sonicated bacteria sample was washed by 1% triton 

X-100 to remove bacteria proteins. The sediment which was dissolved in 0.35% 

Sarkosyl was analyzed by SDS-PAGE and appeared as a single thick band of the 

expected size (Approximately 80kDa or 86kDa) in the Coomassie blue stained 

gel (Fig. 4A). The ORF19 of SP21 elongated to the next stop which was also 

cloned in pGEX-6p-1 was completely transcribed and expressed in bacteria as 

expected (Fig. 4A lane2). The purified GST fusion proteins were used to prepare 

antiserum in mice. The antiserum was tested by western blotting for specificity. 

As expected, the antiserum reacted with the single polypeptide of the expected 
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size in RK13 cells transfected with pcDNA3.1-EHV-9-19 lysis (Fig. 4C, lane 1). 

EHV-9 infected FHK cell lysis (Fig. 4B lane 1), but not mock infected cell lysis 

and pcDNA3.1 transfected cells lysis  reacted with the antiserum(data not 

shown).  

      EHV-9 or SP21 infected cells and mock infected cells were prepared for 

investigating the protein expression by western blotting. pORF19 of SP21 (Fig. 

4B lane 2, up) showed smaller band than pORF19 of EHV-9 (Fig. 4B lane 1), 

although no pORF19 was detected as well as mock infected samples  (Fig. 4B 

lane 3). SP21 infected cell sample reacted with anti-EHV-9 serum has the same 

band to EHV-9 samples (Fig. 4B lower panel). It was suggested that the pORF19 

encoded in SP21 was expressed at the low level in infected cells.  

      pcDNA 3.1(+)-SP21-19 (the same fragment of ORF19 of SP21 inserted 

into pGEX-6p-1) or pcDNA 3.1(+)-EHV-9-19 transfected cells were collected at 

24 h post-transfected, half of the cell samples used for western blotting to 

investigate the non-stop protein expression in RK13 cells, the other half cell 

samples were used for RNAs extraction to confirm the ORF19 of two plasmids 

transcripted at the same level. The results showed mRNA of ORF19 of SP21 was 

transcripted at 2 times higher level (Fig. 4D), but proteins expression was 

significantly lower than wild type. (Fig. 4C lane 1: pcDNA 3.1(+)-EHV-9-19 

transfected cells; lane 2: pcDNA 3.1(+)-SP21-19 transfected cells). It suggested 

that non-stop pORF19 expression was repressed in transient transfection cells.  

 

The location of EHV-9 pORF19 in MDBK cells 

 

       The function of EHV-9 pORF19 was unknown. EHV-9 was inoculated 
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to MDBK cells at MOI 0.05. At 3, 6, 9, 12 h after inoculation, the cells were 

fixed and reacted with mouse polyclonal anti -pORF19 and secondary anti-mouse 

IgG conjugated with Alexa Fluor594, following rabbit polyclonal anti -EHV-9 

and secondary anti-rabbit IgG conjugated with fluoresceine and examined with a 

Zeiss confocal microscope. At 3 h after infection, although most virus proteins 

were found in the nucleus, pORF19 was not detected in both the nucleus and the 

cytoplasm. The pORF19 was detected around the nucleus and the cytoplasm 

from 6 h to 12 h after infection (Fig. 5A).  

       The transient expression of pORF19 in RK13 cells was found in the 

cytoplasm uniformly and not accumulated around the perinuclear  region where 

pORF19 was observed in infected cells (Fig. 5B).  

       

Discussion 

 

      The mutation in SP21 ORF19 changed the stop codon TGA to leucine 

codon TTA, causing the non-stop mRNA transcription and non-stop protein 

expression. The non-stop mRNA of ORF19 had the same 3’-tail as that of wild 

type. The poly-A tail was added 29 bp post stop codon in both wild type and the 

non-stop ORF19 mRNA. Thus it was confirmed that the mutated ORF19 mRNA 

was the non-stop mRNA. Some studies showed the non-stop mRNAs degraded 

by non-stop decay (30, 42). But some studies never observed this phenomenon, 

and the non-stop mRNA were stable equivalent to the wild type (2, 40, 57). In 

this Chapter, the author found that the non-stop mRNA of ORF19 was of the 

same quantity as that of wild type at 2, 4, 6  and 8 h post inoculation. Therefore 

no non-stop decay was observed for the non-stop ORF19 mRNA.  
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      In this study, the fusion gene consisting of GST and the non-stop gene 

ORF19 extended to the next stop codon was expressed as the fused protein at the 

expected size in prokryotic cells (Fig. 4A lane2). On the other hand, 

pPC-DNA3.1-SP21-19 which encoded the non-stop ORF19 extended to the next 

stop codon was expressed less than detectable amount in eukryotic cells as 

shown in Fig. 4C lane 2. Sequencing the non-stop ORF19 indicated that the 

non-stop ORF19 was not transcribed as the extended mRNA which should 

include the next stop codon and that the poly-A tail was attached to the same site 

in both the normal ORF19 mRNA and the non-stop ORF19 mRNA. These data 

indicated that repression of non-stop protein expression occurred in SP21 

infected cells and that even non-stop ORF19 mRNA could be transcribed and 

modified by the similar manner to the normal mRNA. The repression of non-stop 

protein expression is also reported by other researchers (40, 42). It is still 

undefined that the non-stop protein repression is caused by protein expression 

problem or protein degradation. One study detected the non -stop protein 

stability by addition of cycloheximide,  and not significantly changed during 2 

days, suggesting the degradation of non-stop protein was not accelerated in vivo 

(2). But the other report showed that deletion of proteasome assembly factors led 

to increased non-stop protein level in mammalian cells (5). Saccharomyces 

cerevisiae Ltn1 which was an E3 ubiquitin ligase co-immunoprecipitated with 

the 19S proteasome (5). The loss of Ltn1 function conferred sensitivity to stress 

caused by increased non-stop protein production. It means that the non-stop 

protein administration is affected by the stress to the cell . These discrepanct 

results led to the hypothesis that cell might feel various stresses to the targets 

which we used for each study, and induce the variance .  
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      In this Chapter, the author found two point mutations in SP21, the 

attenuated mutant of EHV-9, by the genome sequencing. One of the mutations in 

ORF19 caused the non-stop mRNA. The virological significance of the non-stop 

ORF19 mRNA will be investigated in the next Chapter 2.  
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Figure. 1. The mutations in ORF14 and ORF19 of SP21. Reading the full length 

of genome of SP21, two mutations inducing amino acid changes were found in 

ORF14 and ORF19. The point mutation in ORF14 changed asparagine (Asn) at 

230 to tyrosine (Tyr), and the point mutant in ORF19 changed stop codon (TGA) 

to leucine codon (TTA).  
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Figure. 2. Relative quantity of non-stop mRNA of ORF19 compared to wild 

type. The relative quantity value was the ratio between the relative amount 

of non-stop ORF19 of SP21 normalized with ORF73 of SP21 against the 

relative amount of ORF19 of EHV-9 normalized with ORF73 of EHV-9. 

Point at 1 line means mRNA of non-stop ORF19 of SP21 in infected cell 

kept the same amount to wild type EHV-9, above 1 line means SP21 had 

more mRNA than wild type at this time, and less than 1 is the opposite. The 

result is from three independent experiments.    
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Figure. 4.  (A) Expression of GST-ORF19 fusion proteins. GST-pORF19 of 

EHV-9 (lane 1) and GST-pORF19 of SP21 (lane 2) showed in Coomassie 

blue-stained gel. (B) FEK cells infected with EHV-9 (lane 1), SP21 (lane 2) and 

mock (lane 3). Immunoblotting with anti-pORF19 serum and anti-EHV-9 serum. 

(C) and (D) RK 13 cells were transfected with plasmids of pcDNA 3.1, pcDNA 

3.1-EHV-9-19 or pcDNA 3.1-SP21-19. The cells were harvested at 24 hours after 

transfection. Half cell samples were used to detected pORF19 expression (C. 

lane1: pcDNA 3.1-EHV-9-19; lane 2 pcDNA 3.1-SP21-19). Half cell samples 

were used for RNA extraction to check the ORF19 transcription  by qRT-PCR. 

The results were normalized with beta-actin (D. a: pcDNA 3.1, b: pcDNA 

3.1-EHV-9-19 c: pcDNA 3.1-SP21-19). 
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Figure. 5. The expression and location of pORF19 in EHV-9 infected cells. (A) 

EHV-9 infcted MDBK cells were fixed at 3, 6, 9, 12h post-inoculation, and 

indirectly immunobloted with anti-pORF19 (red) and anti-EHV-9 (green) 

antiserum. (B) RK13 cells cultured on glass slide, transfected with pcDNA 

3.1-EHV-9-19 using Lipofectamine 2000 reagent (Life Technologies , USA), 

after 24h the cells were fixed, and immunobloted with anti-pORF19 mouse 

serum and secondary anti-serum Alexa Fluor594-conjugated anti-mouse IgG.  
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CHAPTER 2 

 

Mutations Associated with Attenuation of Equine Herpesvirus Type 9  
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Introduction 

      Equine herpesvirus type 9 (EHV-9) was isolated from an outbreak of 

epizootic acute encephalitis and sudden death in a herd of Thomson’s gazelle  

(16).  EHV-9 is genetically close to equine herpesvirus type 1 (EHV-1) which is 

the major pathogen to horse caused abortion, respiratory disease and 

neurological disorder (55). Nugent et al. (39) reported one amino acid at 752 of 

viral DNA polymerase (EHV-1, ORF30) is strongly associated with 

neuropathogenic versus nonneuropathogenic disease outbreaks base d on the 

variation analysis of EHV-1 isolated from Europe, North and South America, and 

Australia. EHV-9 has the neuropathogenic maker D752 in ORF30. The infection 

of EHV-9 induced severe neurologic disease in mice, goats, cats, giraffes and 

marmosets (1, 11, 15, 27, 54, 65, 66). 

      The previous studies in our laboratory showed that the mutant SP21 had 

the lower virulence compared to the wild type EHV-9 in the hamster model 

(Yamada, S., PhD thesis). For searching the factor associated to attenuation, full 

genome sequencing of SP21 was performed in Chapter 1.  Two point mutations 

were found in ORF14 (Asp230Tyr) and ORF19 (stop498Leu). ORF14 encodes a 

tegument protein VP11/12 which reacts with VP16 to enhance the expression of 

immediate-early gene. The lack of VP11/12 was reported not to affect the virus 

growth in culture cells in HSV-1 (58, 60, 61). The Src family kinase Lck 

activates VP11/12 of HSV-1 by tyrosine phosphorylation. (48, 60, 61). However, 

the function of ORF14 in equine herpesviruses is still unknow.   

      UL41 of HSV-1 (a homologue of Equine herpesvirus 1 ORF19) is a 

membrane association, virion host shutoff protein (VHS). The VHS suppresses 

the host cell protein synthesis by degrading cellular mRNA, and other viral 
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proteins are not required for VHS activity (37, 51, 52). The newly made VHS is 

sequestered and rendered inactive by another viral protein VP16 or VP22 (45). 

VHS also enhances translation of viral true late mRNAs, mediates tegume nt in 

corporation, and VHS-null mutants were attenuated in the corneas and central 

nervous system infections in mice. (9, 13, 47). A report verified that pORF19 of 

EHV-1 did not show any significant VHS activity, but that transiently-expressed 

ORF19 protein had intrinsic VHS activity comparable to HSV-1 VHS (14). 

pORF19 of EHV-9 shares 96% amino acid sequence identity with EHV-1 so that 

pORF19 of EHV-9 should have similar function to that of EHV-1. However, the 

function of EHV-9 ORF19 was unclear.  

      In this chapter, two point mutations in ORF14 and ORF19 were repaired 

to the original nucleotide separately by homologous recombination. Revertant 

viruses were named SP21-14R and SP21-19R. Experiments were performed to 

investigate the virulence of EHV-9, SP21, SP21-14R and SP21-19R, and identify 

the mutation related to the attenuation of SP21.     

 

Materials and Methods 

 

Viruses and cells 

 

      EHV-9 was propagated in fetal equine kidney (FEK) cells, assayed for 

infectivity in rabbit kidney cells (RK13), bovine kidney cells (MDBK) and FEK 

cells. SP21 which is a mutant virus cloned from EHV-9 by passaged in 

non-natural host cell RK13 for 23 times and plaque purification was performed 

three times (Yamada, S., PhD thesis). FEK and immortalized fetal horse kidney 
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(FHK3.1) cells were cultivated with Dulbecco's minimum essential medium 

(D-MEM) with low glucose supplemented with 5-10% fetal bovine serum (FBS), 

100 units/ml penicillin and 100 µg/ml streptomycin. RK13 and MDBK were 

grown in minimum essential medium alpha (MEM-ɑ) with 5% FBS. 

 

Construction of the recombinant plasmids 

 

EHV-9 DNA was used as template to amplify fragments  of approximately 

4,000 bps in length for ORF14 and ORF19 recombination. The PCR was carried 

out by using PrimerSTAR Max DNA Polymerase (TAKARA BIO INC, Japan). 

Reaction mixture contained 25 µl of 2x PrimerSTAR Max Premix, 1.2 µl of each 

primer, 19.6 µl of distilled water and 3 µl of virus supernatant which was boiled 

for 10 min before used as the template solution. PCR program consisted of 

denaturing at 98°C for 10 second, annealing at 67°C for 5 second and extension 

at 72°C for 45 second. The PCR products were ligated to the linearized vector 

pUC19 DNA using T4 ligase (Promega, USA). Each of pUC19-14 and pUC19 

-19 was used as a template for PCR. Primers used for PCR were ORF14-F 

5’-AACTCCATATATGGGtaagctggtcggtatatggagtggc-3’, ORF14-R 

5’-TGTATCTTAACGCGTggacgtcccactcgtggaagagcaa-3’, ORF19-F 

5’-AACTCCATATATGGGagtgtaagctttacgcgcggaaagt-3’ and ORF19-R 

5’-TGTATCTTAACGCGTaagtggtatagctgtaaagtgtagg-3’. Each primer contained 

15 bp sequence homologous to pCMV-EGFP, which sequences were shown in 

uppercase. The amplification program consisted of 98°C for 10 second, 5 cycles 

of 57°C for 15 second, 72°C for2 min followed by 30 cycles of 98°C for 5 

second, 63°C for 5 second, 72°C for 2 min. The PCR product was digested with 
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the restriction enzyme DpnI to remove circular plasmid DNAs. A green 

fluorescent protein expression cassette was amplified using pEGFP -C1 as a 

template and inserted into each of pUC19-14 and pUC19-19 DNA with Infusion 

kit (TaKaRa, Japan) according to the manual. The resulting plasmids designated 

as pUC19-14, pUC19-14GFP, pUC19-19 and pUC19-19GFP were used for 

recombination (Fig. 6).  

 

Construction of revertant viruses SP21-14R and SP21-19R 

 

      FHK3.1 cells in 35mm dishes were infected with SP21 at MOI 0.1. After 

adsorption for 1 h, cells were washed once by Opti-MEM medium (Life 

Technologies, USA), and transfected by 4 µg of linearized pUC19-14GFP or 

pUC19-19GFP DNA by the method described at the section of transient 

transfection assays in last chapter. 1 h later, Lipofectamine 2000 and plasmid 

DNA mixture were removed. The transfected cells were covered by fresh 

medium D-MEM containing 5% FBS. When 90% of the cells showed CPE, the 

supernatant was collected.  

      Appropriate dilutions of the virus supernatant were inoculated into FHK 

cells. After 1h of adsorption, cells were covered by Eagle’s medium (NISSUI, 

Japan) containing 5% FBS and 1.5% carboxymethylcellulose. 36 h later, the 

plaques showing green fluorescence were selected under fluorescent microscopy. 

Recombinant virus SP21-14GFP or SP21-19GFP was plaque purified until all 

plaques showed green fluorescence.   

      To construct revertant viruses SP21-14R and SP21-19R, each of 

recombinant viruses SP21-14GFP and SP21-19GFP was used to infect to FHK3.1 
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cells. After 1 h adsorption, 4 µg linearized pUC19-14 or pUC19-19 DNA was 

transfected. The supernatant was collected, when 90% cells showed CPE . 

Plaques without green fluorescence were picked up and plaque purification was 

examined untill all plaques did not show green fluorescence. These processes 

were showed in fig. 7. SP21-14R and SP21-19R viruses were confirmed by 

genome sequencing using MiSeq (Illumina).  

 

Cycleave polymerase chain reaction (PCR) 

 

      The Cycleave PCR method is a useful way to detect a point mutation. 

The author used this method to divide EHV-9, SP21, SP21-14R and SP21-19R. 

The primers and probes of Cycleave PCR were designed on line 

(http://www.takara-bio.co.jp/prt/snps/intro.htm). The reaction mixture contained 

12.5 µl of 2X Cycleave PCR reaction mix  (Takara, Japan), 0.5 µl of forward and 

reverse primers (final concentration of 0.2 µM), 1 µl of FAM and ROX probe 

(final concentration of 0.2 µM) and 2 µl of virus supernatant solution as a 

template, up to 25 µl with distill water. The mixture was subjected to the 

reaction at 95°C for 2 min, 45 cycles of 95°C for 5 s, 52°C for 10 s, and 72°C for 

20 s by Thermal Cycler Dice Real Time System (Takara, Japan).  

 

Genomic DNA extraction 

 

Viruses SP21-14R and SP21-19R were propagated in FHK cells. When 

90% cells showed CPE, the supernatant was collected and centrifuged at 2,600 g 

for 15 min to remove the cells and nuclei. Then the supernatant was centrifuged 
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at 25,000 rpm (Hitachi, Japan) for 1 h. The sediment containing virions was 

resuspended in 100 µl of nuclei buffer  (10mM Tris-HCl/pH7.5, 2mM MgCl2 and 

10% sucrose) and then mixed with an equal volume of 2x nuclease buffer (40 

mM PIPES, PH7.0, 7% sucrose, 20 mM NaCl, 2 mM CaCl 2, 10 mM 

2-mercaptoethanol and 200mM PMSF), 1 µl (300 units) of micrococcal nuclease 

solution and 1 µl (100mg/ml) of RNaseA solution. The mixture was incubated at 

37°C for 30 min to degrade cellular and unpackaged viral nucleic acids. The 

reaction was stopped by adding 2.4 µl of 0.5 M EDTA, then added 400 µl of 

digestion buffer containing 5 µg of protease K (TaKaRa). The sample mixture 

was incubated at 50°C for 18 h. DNA was extracted by phenol and chloroform 

extraction followed by ethanol precipitation. DNA was finally dissolved in a 

small volume of TE buffer.  

 

Western blotting 

 

      The superantant of infected cell culture was collected and centrifuged at 

2,600 g for 15 min, and the superantant was centrifuged at 25,000 rpm (Hitachi, 

Japan) for 1 h, the sediment containing virions was resuspended in PBS. Virion 

samples were mixed with SDS-PAGE sample buffer and separated by 

electrophoresis through an SDS-8% polyacrylamide gel and transferred to a 

sheet of nitrocellulose membrane (Millipore, USA). After blocking with 3% 

skim milk-0.05% Tween 20 PBS, the membrane sheet was incubated with 

anti-ORF19 mouse serum or anti-VP22 rabbit serum at a 1:1,000 or 1:10000 

dilutions. After 1 h incubation, the membrane sheet was washed and incubated 

with streptavidin-horseradish peroxidase conjugated anti -mouse IgG goat serum 
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(ICN Biomedicals, USA) or anti-rabbit IgG goat serum (MP Biomedicals, USA) 

for another 1 h.  

 

Plaque size measurement 

 

For the plaque size measurement, FHK3.1 cell  monolayer in 6-well plates 

was inoculated with viruses. At 3 days p.i., the cells were fixed and stained by 

crystal violet solution (0.2% crystal violet, 10% methanol, 10% formalin and 2% 

sodium acetate). The diameters of approximately 100 randomly selected plaques 

were measured by using ImageJ software (http://rsbweb.nih.gov/ij/).  

 

Viral growth kinetics 

 

      FHK cells in 24-well plate were infected by EHV-9, SP21, SP21-14R or 

SP21-19R at a MOI of 0.01. After 60 min adsorption, the virus solution was 

removed. The cells were washed with D-MEM once and maintained with fresh 

D-MEM. Supernatant was collected at 0, 12, 24, 36, 48, and 60 h p.i.. 

Extracellular titers of each virus sample were determined by plaque assay as 

described above.  

 

Animal experiments 

 

Three-week-old specific pathogenic free (SPF) male Syrian hamsters 

(SLC, Shizuoka, Japan) were used in this study. All experiments were conducted 

according to the guidelines for animal experiments in Gifu University and 
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certificated by the Committee of Animal Care and Welfare, Faculty of Applied 

Biological Sciences, Gifu University. Every five hamsters per group were 

anesthetized by hydrochloric acid-medetomidine (Nippon Zenyaku Kogyo, 

Japan) with 0.01 mg in 100 µl of physiological saline per hamster, then 

intranasally inoculated with 50 µl of virus suspension containing 1 x 103 and 1 x 

102 pfu. For the mock infection group, the same volume of D-MEM was 

inoculated. In the next two weeks, body weight and clinical signs were observed 

every day. 

 

Results 

 

Construction of recombinant viruses SP21-14R and SP21-19R 

  

      The genome sequences showed two point mutations in ORF14 and 

ORF19 as described in Chapter 1. The point mutat ion in ORF14 changed GAC to 

TAC (Asp230Tyr) and point mutation in ORF19 changed stop codon TGA to 

leucine codon TTA (Fig. 1). 

      Which mutation played a role in the attenuation of SP21 was confirmed. 

Each point mutation in ORF14 and ORF19 was repaired to the original sequence 

by homologous recombination. Plasmids pUC19-14, pUC19-14GFP, pUC19-19 

and pUC19-19GFP were used for homologous recombination (Fig. 7). . The 

desired recombinant viruses were confirmed to be repaired by cycleave PCR. 

Each of SP21-14R and SP21-19R virus genome sequences was read to confirm 

that the target mutation site was reverted to the wild type sequence without any 

additional mutations. The desire viruses SP21-14R and SP21-19R were obtained 
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without any other additional amino acid changes. 

 

Investigation of pORF19 in virions 

  

The author analyzed virion preparations to investigate the incorporation 

of pORF19 into virions. The virions of SP21, SP21-14R and SP21-19R were 

compared with a dilution series derived from EHV-9 virions. Due to the 

sediment containing the mature virions and inmature virions, VP22 encoded by 

ORF11 was selected as an internal control protein. pORF19 in SP21 virion was 

20% of that in EHV-9. On the other hand, pORF19 in SP21-14R and SP21-19R 

were 55% and 100% of that in EHV-9, respectively (Fig. 8).    

 

Virological properties of SP21-14R and SP21-19R in cell culture 

 

      To evaluate the influence of point mutations on virological  properties, 

plaque sizes formed by EHV-9, SP21, SP21-14R and SP21-19R were compared. 

Plaques formed by SP21-19R were smaller, approximately 50% of EHV-9 (Fig. 

9). In contrast, plaques formed by SP21-14R were larger than those by SP21 and 

EHV-9, approximately 200% of EHV-9 (Fig. 9). It was suggested that the point 

mutant in ORF14 affected the plaque size which might be related to  cell-to-cell 

spreading and that the mutation in ORF19 might be suppressed the spreading of 

EHV-9 between cells.  

     The viral replication of EHV-9, SP21, SP21-14R and SP21-19R were 

assessed by the multi-step growth experiments. Inoculating EHV-9, SP21, 

SP21-14R or SP21-19R to FHK cells at 0.01 pfu per cell, cultivated supernatants 
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were collected at 0, 12, 24, 36, 48, 60 h post -inoculation. The extracellular viral 

titers were measured by plaques formation in MDBK cells. The results showed 

that SP21 and SP21-14R replications were similar to the wild type virus 

replication. In contrast, extracellular titer  of SP21-19R was approximately 

50-fold lower than those of wild type virus (Fig. 10). It was suggested that the 

point mutation in ORF14 was related to the virus growth efficiency in cell 

culture. 

  

Virulence of EHV-9 wild type, SP21 and revertants in hamsters 

 

      To compare the virulence of EHV-9, SP21, SP21-14R and SP21-19R, 

hamsters were inoculated with the viruses intranasally. The mean body weight of 

hamsters inoculated with SP21 or SP21-14R decreases on 5 and 6 days 

post-inoculation and increased again later. The hamsters inoculated with EHV-9 

and SP21-19R were losing their body weight and died (Fig. 11). Hamsters 

inoculated with 102 and 103 of EHV-9 and SP21-19R started to show 

hypersalivation, eye mucus, convulsion and hypersensitive reaction symptom 

and loss weight on 4 days post-inoculation (Table 1). On the other hand, 

hamsters inoculated with SP21 and SP21-14R started to show neurological 

symptoms and lost their body weight on 5 days post-inoculation and then they 

were recovered, although one hamster inoculated with 103 PFU of SP21 showed 

hypersalivation and eye mucus on 5 days post -inoculation and died on 13th day 

(Table 1).  
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Discussion 

 

In this Chapter, revertant viruses of SP21-14R and SP21-19R were 

constructed, and their biological characteristics in vitro and in vivo were 

investigated with EHV-9 and SP21.  

      Small plaque formation and lower virus growth rate of SP21-19R 

indicated the mutation in ORF14 affected the virus replication in cell culture 

(Fig. 9 and 10). However, pORF14 might not play any role in virulence of 

EHV-9 in hamster infection. On the other hand, VP11/12 enconded by HSV-1 

UL46, a homologue of EHV-9 ORF14, null mutation did not affect the viral 

replication (67), and the function of VP11/12 have not been clearly defined (48, 

61). Discrepancy of these results on pORF14 should be investigated furthermore.  

      SP21 and SP21-14R showed low virulence in hamster model,  and 

SP21-19R recovered the virulence equivalent to the wild type EHV-9. These 

results suggested that mutation in ORF19 is strongly as sociated with the 

attenuation of SP21. It was reported that VHS-null mutants of HSV-1 were 

attenuated in the corneas and central nervous system infection of mice (47). On 

the other hand, virions of SP21-14R had less pORF19 than those of the wild type 

and more pORF19 than those of SP21 (Fig. 8). The virulence might not be 

affected by the amount of pORF19 in virions. The most straigtforward 

explanation for this finding is that non-stop pORF19 could be expressed at some 

amount but lost the activity in infected cells of hamsters. Although the present 

data indicated that pORF19 might play a role in virulence expression of EHV-9 

in hamsters, the molecular mechanism of pORF19 in the virulence expression 

could not be clarified. 
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      In this chapter, the author identified the mutation in ORF14 association 

with virus replication in cell culture and demonstrated ORF19 related to virus 

pathogenicity. The results should be useful in future attempts to understand the 

pathogenicity of EHV-9 at the molecular level.        
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Figure. 6.  Construction of plasmids pUC19-14, pUC19-14GFP, pUC19-19,  

and pUC19-19GFP for recombination. (A) A fragment containing ORF13, 

ORF14 and ORF15 of EHV-9 was amplified by PCR and inserted into the 

linearized pUC19 plasmid. The plasmid pUC19-14 was linearized by PCR. A 

fragment of GFP and CMV promoter was amplified from pEGFP-C1 and inserted 

into the linearized pUC19-14. (B) pUC19-19 and pUC19-19GFP were 

constructed in the same manner to pUC19-14 and pUC19-14GFP. 
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Figure. 7. Construction of recombinant viruses SP21-14R and SP21-19R. 

Plasmids pUC19-14GFP or pUC19-19GFP was linearized by restriction enzyme 

Sph I, and transfected into SP21 infected FHK 3.1 cells. The viruses containing 

green fluorescence (SP21-14GFP, SP21-19GFP) were selected and 

plaque-purified. Then the linearized pUC19-14 or pUC19-19 was transfected in 

SP21-14GFP or SP21-19GFP infected FHK 3.1 cells. The viruses (SP21-14R, 

SP21-19R) without green fluorescence were selected and plaque-purified.  
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A 

 

B 

 

Figure. 8.  (A) SP21-19R (lane 1), SP21-14R (lane 2), SP21 (lane 3), EHV-9 

(lane 4), 80% EHV-9 (lane 5), 40% EHV-9 (lane 5), 20% EHV-9 (lane 6) virions 

were separated in 8% SDS-polyacrylamide gel and immunoblotting with 

anti-pORF19 mouse serum or anti-VP22 rabbit serum as reference. (B) The 

relative amount of pORF19 in SP21 infected cell (left), SP21, SP21 -14R, 

SP21-19R virions (right). EHV-9 value was defined as 1. The result is based on 

the analysis with Image J software.   
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Figure. 9. (A) Plaques formed by EHV-9, SP21, SP21-14R and SP21-19R in FHK 

3.1 cells. (B) The relative plaque sizes of EHV-9, SP21, SP21-14R and 

SP21-19R in FHK 3.1 cells. Two independent experiments showed the same 

result. 
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Figure. 10.  Multi-step growth curves of EHV-9, SP21, SP21-14R and 

SP21-19R in FHK cells. FHK culture media was collected at 0, 12, 24, 36, 48, 

60h post-inoculation. Virus titration was determined by plaque forming in 

MDBK cells.  
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Figure. 11. Relative body weight of hamsters infected with EHV-9, SP21, 

SP21-14R and SP21-19R. Hamsters were infected with 50 µl  of EHV-9, SP21, 

SP21-14R or SP21-19R containing 102 or 103 PFU or D-MEM as a control. Body 

weight was measured every day until 13 days post inoculation. The result is 

average weight of each day compared to the average weight at 0 day.  
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                             CHAPTER 3 

 

Zebra-borne Equine Herpesvirus Type1 isolated from Zebra(T-616), Onager 

(T-529) and Thomson’s Gazelle (94-137) 
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Introduction 

      Equine herpesvirus type 1 (EHV-1; genus Varicellovirus, subfamily 

alphaherpesvirinae) has been isolated from zebras and other zoo animals (1, 22, 

29, 36, 64). Especially the one isolated from zebras has been focused as an 

emerging agent in zoo animals. The EHV-1 associated with zebras has been 

called as zebra-borne EHV-1 (1). Zebra-borne EHV-1 has been isolated from 

wild equids kept in zoological gardens. EHV-1 T-529 was isolated from a 

Persian onager (Equus hemionus onager) fetus in February 1984 [16]. 

Associated with this case, a 9-month-old male plains zebra (Equus quagga 

burchelli), which was kept in a pen adjacent to the onagers, developed illness a 

week after the onager abortion. In October 1984, a Grevy’s zebra (Equus grevyi) 

at the Lincoln Park Zoo in Chicago aborted a fetus from which EHV-1 T-616 

was isolated (64). Systemic infection by EHV-1 in a Grevy’s zebra stallion was 

also reported in 1998 (6). EHV-1 has been isolated from non-equine species 

including camels, antelopes, cattle, fallow deer, alpacas, llamas, and Thomson’s 

gazelle (Eudorcas thomsoni) from which EHV-1 94-137 was isolated (29). A 

polar bear (Ursus maritimus), named Jerka, kept in a zoo in Berlin died from 

acute encephalitis (22) and a strain of zebra-borne EHV-1 was subsequently 

isolated from it. The nucleotide sequence analysis of the Pol gene (ORF30) in 

EHV-1 gene nomenclature (55), a homologue of herpes simplex virus 1 (HSV-1 

UL30) in this virus indicated that the virus was a recombinant virus between 

EHV-1 and equine herpesvirus type 9 (EHV-9), which was isolated from an 

epizootic encephalitis of Thomson's gazelles kept in a zoo in Japan (16, 17). A 

similar zebra-borne EHV-1 was detected in an Indian rhinoceros (Rhinoceros 

unicornis) affected by severe neurological disease (1). All of these cases were 
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reported to be associated with zebras (E. q. burchelli and E. gravyi) kept at 

places close to the affected animals.  

      In the present study, we determined the full genome sequences of three 

zebra-borne EHV-1s isolated from a zebra, an onager and a gazelle (strains 

T-616, T-529 and 94-137, respectively). We have reported the phylogenic 

relatedness among the three viruses based on the nucleotide sequences of the 

genes for glycoproteins B (ORF33, a homologue of HSV-1 UL31), G (ORF70, a 

homologue of HSV-1 US4), I (ORF73, a homologue of HSV-1 US7) and E 

(ORF74, a homologue of HSV-1 US8), and teguments including ORF8 (a 

homologue of HSV-1 UL51), ORF15 (a homologue of HSV-1 UL45), ORF68 (a 

homologue of HSV-1 US2) (18, 25). Our results in the present study indicate 

that the zebra-borne EHV-1 forms an independent group of viruses 

phylogenetically and that the zebra-borne EHV-1 suspected to have killed Jerka 

is not a recombinant virus. 

 

Materials and Methods 

 

Viruses and cells 

 

      T-529 and T-616 were kindly provided by Dr. G. P. Allen (University of 

Kentucky, USA) and 94-137 was kindly provided by Dr. Kennedy (University of 

Tennessee, USA). The three strains of zebra-borne EHV-1 were cultured in fetal 

equine kidney (FEK) cells. Cells were grown in minimum essential medium 

alpha (Wako, Japan) supplemented with 100 IU/ml penicillin,  100 µg/ml 

streptomycin and 10% fetal bovine serum (FBS).  
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Herpesvirus genome DNA extraction 

 

      The genome DNA of viruses isolated from zebra, onager and gazelle 

were extracted from infected FEK cells by a protocol reported by Volkening and 

Spatz as follows (59). Viruses were inoculated into FEK cells at MOI 0.1. When 

90% cells showed CPE, infected cells were harvested by scraper and washed 

with cold PBS by centrifuged at 2600 x g for 15 min. The supernatant was 

removed and the pellet was resuspended in cold permeabilization buffer (320 

mM sucrose, 5 mM MgCl2, 10 mM Tris-HCl, pH7.5, 1% Triton-X100) and 

placed on ice 10 min. Nuclei were pelleted by centrifugation at 2600 x g for 15 

min at 4°C。Washing the nuclei with the permeabilization  buffer twice, the pellet 

was resuspend in 50 µl nuclei buffer (10mM Tris-HCl/pH7.5, 2mM MgCl2 and 

10% sucrose) and mixed with an equal amount of 2x nuclease buffer (40mM 

PIPES, pH7.0, 7% sucrose, 20 mM NaCl, 2 mM CaCl2, 10mM 2-mercaptoethanol 

and 200 M PMSF), 3 l (300 units/µl) of micrococcal nuclease and 3 µl 

(100 mg/ml) of RNase A. The mixture was incubated at 37°C for 30  min to 

degrade cellular and unpackaged viral nucleic acids. The reaction was stopped 

by adding 2.4 µl of 0.5M EDTA, then added 400 µl of digestion buffer 

containing 2.5 µl of 20 mg/ml of protease K. The sample mixture was incubated 

at 50°C for 18 hours. DNA was extracted by phenol and chloroform followed by 

ethanol precipitation. DNA was finally dissolved in TE buffer. The small 

fragments of DNA were removed by 6.5% polyethylene glycol precipitation 

containing 10 mM MgCl2 twice.  
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DNA sequencing 

 

      Genome sequences of the three strains of zebra-borne EHV-1 (T-616, 

T-529 and 94-137) were read by the next generation sequencer GS Junior 

(Roche, USA) according to the manufacturer’s protocol. The complete genomes 

were assembled by reference sequence mapping with Bowtie 2 (33) and editing 

with Consed (19) and SnapGene (GSL Biotech LLC, USA).  

 

Titration and plaque purification of virus 

 

Virus titers were determined by plaque assay in MDBK cells as described 

previously (26). In brief, 10-fold dilutions of the viruses were adsorbed onto 

MDBK cells. After 60 min inoculation at 37°C and 5% CO2, the inoculum was 

removed and fresh medium containing 1.5% carboxymethylcellulose was added. 

After three days incubation at 37°C and 5% CO 2, cells were stained with 0.2% 

crystal violet solution to determine the plaques counts.  

 

Virus plaque clone and PCR amplification 

The methods for plaque purification and condition for PCR amplication 

were as follows: FEK cell culture in 90 mm dish was inoculated by 10 to 20 

viruses per plate, after 1 h incubation, removed virus solution and added MEM 

containing 1.5% methylcellulose. Two days later, the plaques were picked up 

and dissolved in MEM. The viruses were propagated in FEK cell for 3  to 4 days. 

Three µl of virus supernatant was used in PCR mixture for confirmation. Primers 

used were as follows: Zebra_71-F 5'-ccaacgtaccatcaagtgcggta-3', Zebra_71-R 
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5'-cgctggtactctcgtaggttgac-3'. PCR was performed by using PrimeSTAR Max 

Premix (TaKaRa Bio, Japan) with amplification program as follows: the primary 

hold at 95°C for 4 min, 30 cycles of 98°C 10 sec, 55°C 15 sec, 72°C 45 sec  and 

final extension at 72°C for 2min.  

 

Plaque size measure 

 

For the plaque size measurement, MDBK cells monolayer in 6-well plate 

were inoculated with viruses for plaque assay. At 3 days inoculation, the cells 

were fixed and stained by crystal violet solution (0.2% crystal violet, 10% 

methanol, 10% formalin and 2% sodium acetate). Diameters of approximately 

100 randomly selected plaques were measured by using ImageJ software  

(http://rsbweb.nih.gov/ij/).  

 

Viral growth kinetics 

 

      FHK cells in 24-well plate were infected with virus at a MOI of 0.01. 

After 60 min adsorption, the virus solution was removed, and cells were washed 

by D-MEM for once time and cultured with fresh D-MEM. Supernatant was 

collected at 0, 12, 24, 36, 48 and 60 h p.i.. Extracellular titers of each virus 

sample were determined by plaque assay.  

 

Results  

 

 Virus genome structure and Phylogenetic study 
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      The T-616 DNA sequencing indicated to include two viruses, designated 

T-616 substrains 1 and 2, with lengths of 150,562 bp and 148,847 bp, 

respectively (GenBank accession nos. KF644573 and KF644574, respectively). 

The lengths of the T-529 and 94-137 genomes were 147,963 bp and 149,457 bp, 

respectively (GenBank accession nos. KF644580 and KF644575, respectively). 

Multiple alignment was examined by MAFTT (28). T529, T616 and 94-137 viral 

genomes shared 99% identities with each other and shared 98% and 95% 

identities with the horse derived EHV-1 and EHV-9. Phylogenic analyses based 

on the whole genome sequences indicated that T-529 and 94-137 are closely 

related to each other and distantly related to T-616 substrain 1(Fig. 12). 

      Single nucleotide polymorphisms and insertions and deletions of 

nucleotides were detected in Consed with whole genome sequence comparison. 

The differences among the genome lengths are caused by large deletions, 

variation of tandem repeat sequences including repeats in ORF24 (a homologue 

of HSV-1 UL36) and ORF71 (a homologue of HSV-1 US5), ORF64 (a 

homologue of HSV-1 ICP4 gene) downstream and an intergenic region between 

ORF62 (a homologue of HSV-1 UL1) and ORF63 (a homologue of HSV-1 ICP0 

gene).  

      Two large deletions were observed in T-616 substrain 2 and T-529. A 

1,714 bps deletion was found in T-616 substrain 2, corresponding to nucleotides 

128,715 to 130,428 in T-616 substrain 1 (Fig. 13A). This deletion caused amino 

acid sequence mutation with truncation of ORF70 and the lack of ORF71 in 

T-616 substrain 2 (Fig. 13 A and B). The two substrains of T-616 were cloned by 

plaque purification and the difference was confirmed by PCR (Fig. 13C). 

Multi-step virus growth never show the significant difference between T-616 
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two substrains (Fig. 14A). Also there is not significant difference in plaques size 

formed by T-616 two substrains (Fig. 14B). On the other hand, the genome of 

T-529 lacks 1,611 bp region that contains ORF1 and ORF2. Therefore T-529 

does not possess proteins encoded by ORF1 and ORF2. 

       

Comparison of ORFs between T-592, T-616, 94-137 and Ab4p strains 

 

      The protein sequence variations were identified by BSR (the homology 

bit score ratio), which was obtained by the blast tool (62). The homology of each 

protein of EHV-1 against each other strains was calculated as the bit score (BS). 

BSR was the ratio between the average BS of each strain against Ab4p and the 

BS of Ab4p against Ab4p. The BSR is lower than 1 if there were variations 

between Ab4p and the other strains, if there were no difference, the BSR is 1.  

      pORF68 and pORF71 were found to contain a relatively large amount of 

variations (BSR<0.85) (Table 2). The gene ORF68 of Ab4p is 1257 bp in length, 

but that of T-616, 94-137 and T-529 are 945 bp, 942 bp and 942 bp, respectively. 

This difference was caused by one base deletion of the sequence. The lengths of 

gene ORF71 in these four viruses are 2394bp, 2625bp, 2520bp, and 2535bp, 

respectively (Table 2). Even 53 of 75 (70.6%) protein BSRs were higher than 

0.98, only protein ORF10 BSR reaches 1 (Table 2). The envelope proteins of 

virus isolated from onager, zebra and gazelle showed higher conservation than 

the other essential genes including ORF30 (DNA polymerase) and ORF64 

(transcriptional regulator) (Tables 3). Except 94-137 lost a small fragment of 5 

amino acid in pORF71, all other envelope proteins are 100% conserved between 

the T-592, and 94-137 (data not show).  



 

 
54 

 

Zebra-borne EHV-1 isolated from Jerka, a polar bear 

 

      Greenwood et al. (22) reported nucleotide sequences of ORF10 (a 

homologue of HSV-1 UL49.5), ORF15 (a homologue of HSV-1 UL45), ORF16 

(a homologue of HSV-1 UL44), ORF30, ORF33 (a homologue of HSV-1 UL27) 

and ORF67 (also called IR6) of the zebra borne EHV-1 isolated from Jerka. The 

corresponding amino acid sequences of ORF10, ORF30 and ORF67 in the 

present three zebra-borne EHV-1s are identical to those of the zebra-borne 

EHV-1 isolated from Jerka(22), although one to four base differences were 

found among them (Table 4). Amino acid sequence differences were found one 

in ORF15, two in ORF16 and one in ORF33 between the zebra-borne EHV-1 

isoalted from Jerka and the present three zebra-borne EHV-1s. Phylogenic tree 

prepared by SplitsTree based on a fragment of ORF30 nucleotide sequences is 

shown in Fig. 15. These data indicated that the zebra borne-EHV-1 isolated from 

Jerka should be regarded as an almost identical virus to the present three 

zebra-borne  

 

 Discussion  

T-529 and 94-137, which are phylogenetically related, were isolated from 

zoo animals (an onager and a gazelle, respectively) that were kept close to plains 

zebras (E. q. burchelli), while T-616 was isolated from a Grevy's zebra (E. 

grevyi). The phylogenic relatedness among these zebra-borne viruses seems to 

reflect the phylogenetic relatedness among the host zebra species (8). Two 

substrains were found in T-616 virus. Although DNA fingerprints were shown in 
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the report by Wolff et al. (64), it is unclear that the original isolate from the 

T-616 consisted of two substrains or not.  

Cross-species transmission sometime cause fatal disease and the genetic 

recombination also can induce new pathogen break out. Greenwood et al. (22) 

discussed that ORF30 of the virus isolated from Jerka was a recombinant gene 

between those of EHV-1 and EHV-9, with the 5’-portion of the amplicon being 

EHV1-like, the middle being EHV9-like, and the last 110 bp again being 

EHV1-like based on computer analysis of amplicon. Although the recombination 

possibility of this area was evaluated using the same data set in the reference 22, 

there was not any evidences of recombination in this area, where they insisted 

that the recombination occurred, by using two programs of SplitsTree (24) and 

TOPALi (35). If the recombination was scientifically supported, the 

recombination should be detected using any algorithms for finding 

recombination. Therefore it is unable to conclude that the zebra-borne EHV-1 

isolated from Jerka was a recombinant virus. The three zebra-borne EHV-1 

viruses analyzed in the present study and the virus isolated from Jerka might be 

a subtype of EHV-1 that was derived from the same ancestor virus of EHV-1 

(Fig.15). The three viruses investigated this time never show any genetic 

recombination, in contrast, the virus genomes are kept well except some genes 

deletion.  

Nugent et al. (39)  indicated the EHV-1 causing equine herpesvirus 

myeloencephalopathy should have the neuropathogenic marker of D752 in 

ORF30. The present three zebra-borne EHV-1 strains have the neuropathogenic 

marker D752 in ORF30, Other researchers reported that the present three 
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zebra-borne EHV-1s showed higher pathogenicity than horse strains in hamster, 

caused severe neurological disease (25).  

In recent years, fatal encephalitis induced by the zebra borne equine 

herpesvirus has been reported frequently (1, 22). The risk of zebra-borne EHV-1 

infection in the zoos cannot be ignored. 
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 Figure. 12. Neighbor-joining phylogenic tree based on the genome sequences of 

three zebra-borne EHV-1 (T-616: KF644573; T-529: KF644580; 94-137: 

KF644575), two horse strains of EHV-1 (Ab4p:AY665713; V592:AY464052), 

EHV-8 (JQ343919), EHV-9 (AP010838) and EHV-4 (AF030027). All node has 

100% bootstrap value. The tree was constructed by SplitsTree . The scale bar is 

given by average number of mutations per site.  
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Figure. 13. (A) Nucleotide deletion from the tail part of ORF70 to the head part of 

ORF71. The arrow in black indicates the original ORF70. The other arrow in dark 

grey indicates the truncated tail part of ORF70 caused by deletion. (B) Amino 

acid sequence alignments of the tail part of ORF70 in Substrains 1 and 2. The 

amino acid sequences with underline indicate the corresponding sequences shown 

in the panel A. The amino acid sequence in italic grey indicates the truncated tail 

of ORF70 caused by the deletion.  (C) PCR results to confirm the presence of 

two viruses in T-616. PCR primers used were as follows: Zebra_71-F  

5'-ccaacgtaccatcaagtgcggta-3', Zebra_71-R  5'-cgctggtactctcgtaggttgac-3'. PCR 

was examined by using PrimeSTAR Max Premix (TaKaRa Bio, Japan) with 

amplification program as follows: the primary hold at 95°C for 4 min, 30 cycles 

of 98°C 10 sec, 55°C 15 sec, 72°C 45 sec. Lanes were 100 bp ladder marker (1), 

T-616 substrain 2 (2), T-616 substrain 1 (3), the original seed stock of T-616 (4), 1 

kbp ladder marker (5). Expected sizes are 344 bps for T-616 substrain 2 and 2058 

bps for T-616 substrain 1. 
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Figure. 14. Growth kinetic and relative plaque size of T-616 two substrains. (A)  

Multi-step growth of T-616 two substrains in FHK cells. Cell culture solution was 

harvested at 0, 12, 24, 36, 48, 60 h post inoculation and determined by the 

titration in MDBK cells. (B) plaque size analysis of T-616 two substrains in 

MDBK cells. 

  



 

 
61 

Figure.15. Neighbor-joining phylogenic tree based on nucleotide sequences 

corresponding to 2023 to 2484 of ORF30. Labels in the tree are accession 

numbers. All sequences were obtained from GenBank. Numbers are bootstrap 

values greater than 70%. The tree was constructed by SplitsTree. The scale bar is 

given by average number of mutations per site.  
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 Table 2. Sequence features and ORFs variations 

  
EHV-1 

Ab4p 
T-616 94-137 T-529 BSR 

genome length 150224 150561 149457 147757  

G+Ccontents 56.66 56.66 56.60 56.60  

gene DNA sequence length  

1 609 621 621 0 0.963  

2 618 618 618 0 0.975  

3 774 774 774 774 0.970  

4 603 603 603 603 0.988  

5 1413 1413 1413 1413 0.976  

6 1032 1032 1032 1032 0.996  

7 3246 3240 3246 3246 0.978  

8 738 738 738 738 0.990  

9 981 981 981 981 0.975  

10 303 303 303 303 1.000  

11 915 915 915 915 0.975  

12 1350 1350 1350 1350 0.986  

13 2616 2607 2607 2607 0.967  

14 2244 2253 2253 2253 0.983  

15 684 660 660 660 0.911  

16 1407 1407 1407 1407 0.985  

17 1206 1206 1206 1206 0.996  

18 1218 1218 1218 1218 0.989  
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19 1494 1494 1494 1494 0.986  

20 966 966 966 966 0.997  

21 2373 2373 2373 2373 0.992  

22 1398 1398 1398 1398 0.991  

23 3063 3063 3063 3063 0.998  

24 10266 10392 10320 10398 0.940  

25 360 360 360 360 0.997  

26 828 828 828 828 0.989  

27 423 489 489 489 0.990  

28 1863 1863 1863 1863 0.999  

29 981 981 981 981 0.997  

30 3663 3663 3663 3663 0.984  

31 3630 3630 3630 3630 0.997  

32 2328 2328 2328 2328 0.995  

33 2943 2943 2943 2943 0.999  

34 483 483 483 483 0.986  

35 1941 1941 1941 1941 0.996  

35.5 990 990 990 990 0.995  

36 1764 1764 1764 1764 0.994  

37 819 819 819 819 0.966  

38 1059 1059 1059 1059 0.993  

39 2547 2547 2547 2547 0.992  

40 1593 1593 1593 1593 0.988  

41 720 720 720 720 0.993  

42 4131 4131 4131 4131 0.999  
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43 945 945 945 945 0.999  

44 (47) 1173 1173 1173 1173 0.997  

45 2121 2121 2121 2121 0.989  

46 1113 1110 1110 1110 0.984  

48 954 954 954 954 0.969  

49 1785 1785 1785 1785 0.991  

50 1698 1698 1698 1698 0.994  

51 225 225 225 225 0.989  

52 1353 1353 1353 1353 0.995  

53 2664 2664 2664 2664 0.995  

54 2256 2151 2151 2151 0.936  

55 912 912 912 912 0.993  

56 2262 2262 2262 2262 0.994  

57 2646 2646 2646 2646 0.995  

58 678 678 678 678 0.998  

59 540 540 540 540 0.976  

60 639 639 639 639 0.986  

61 939 939 939 939 0.969  

62 558 657 657 657 0.996  

63 1599 1596 1596 1596 0.950  

64 4464 4461 4434 4446 0.949  

65 882 825 870 825 0.934  

66 711 711 711 711 0.950  

67 819 825 825 825 0.987  

68 1257 945 942 942 0.773  
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69 1149 1152 1152 1152 0.991  

70 1236 1236 1236 1236 0.987  

71 2394 2625 2520 2535 0.657  

72 1209 1359 1359 1359 0.995  

73 1275 1278 1278 1278 0.954  

74 1653 1653 1653 1653 0.988  

75 393 393 393 393 0.992  

76 660 660 660 660 0.956  

Each BS mean of zebra, gazelle and onager viruses was divided by the BS of 

EHV-1. The BS was generated by blast search against EHV-1 protein sequence 

using each relevant sequence of zebra, gazelle, onager  virus and EHV-1 itself. The 

proteins of ORF1 and ORF2 were not available from onager virus.  
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Table 3. Genetic identities of ORF30, ORF64 and ORF72 among EHV-1(Ab4p), 

T-616, 94-137 and T-529 

 

  EHV-1 T-616 94-137 T-529 

ORF30 (DNA polymerase) 

EHV-1(Ab4p)  0.984  0.985  0.985  

T-616 0.969   0.997  0.997  

94-137 0.969  0.993   1.000  

T-529 0.970  0.994  0.999   

ORF64 (transcriptional regulator) 

EHV-1(Ab4p)  0.969  0.954  0.956  

T-616 0.957   0.981  0.983  

94-137 0.938  0.972   0.997  

T-529 0.940  0.974  0.997   

ORF72 (glycoprotein D) 

EHV-1(Ab4p)  0.987  0.986  0.986  

T-616 0.981   0.999  0.999  

94-137 0.980  0.999   1.000  

T-529 0.980  0.999  1.000    

Upper right of diagonal square is amino acid sequence identity, and lower left of 

diagonal space is nucleotide identity.  
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                   GENERAL CONCLUSIONS 

 

      EHV-9 was isolated from a Thomson’s gazelle suffering neurological 

disease in Japan, and is most closely to neurological EHV-1 (16). EHV-9 

inducing deaths of encephalitis in various animals have been reported all over 

the world (7, 11, 27). Elucidation of the neuropathogenesis of EHV-9 is very 

important, and it also contributes to analysis of neuropathogenesis of EHV-1. 

However, EHV-9 pathogenesis is pooly understood.EHV-1 is a major pathogen in 

horses and causes abortion, respiratory infection, and neurological disorders (4, 

55). In recent years, equine herpesviruses have been isolated from non -equine 

species including gazelle, giraffe, and polar bears (18, 22, 27). The cross-species 

infection may induce severe disease in non-host species. 

      The main objective of this study was to investigate the attenuated mutant 

EHV-9 viruses to identify the gene associated with the attenuation. And , the 

author also studied the phylogenic relatedness of three zebra-borne EHV-1s to 

evaluate the possibility of genetic recombination of EHV-1 and EHV-9. 

      In chapter 1, the alteration of non-stop ORF19 mRNA of SP21 was 

investigated. SP21 is a mutant of EHV-9 and showed low virulence in hamster. 

SP21 full-genome was analyzed and two point mutants in ORF14 and ORF19 

have been identified. The point mutant in ORF19 causes mutation from a stop 

codon to a sense codon. The non-stop mRNA in mammalian cells is degraded 

fast by non-stop decay. On the other hand, some researcher found no degradation 

of the non-stop mRNA. The studies of non-stop ORF19 mRNA of SP21 showed 

the non-stop mRNA had the same poly-A tail to the wild type ORF19 mRNA. 

There was no significant difference on the quantity of both of the non-stop and 
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wild type ORF19 mRNAs. pORF19 could be detected in the EHV-9 infected cells. 

On the other hand, the non-stop pORF19 of SP21 was not detected. It was 

suggested that the non-stop pORF19 in infected cells was smaller in amount than 

the wild type pORF19. It was unclear that the expression of the non-stop protein 

was repressed or degraded by proteasome.   

      In chapter 2, the author repaired the mutations in ORF14 or ORF19 in 

SP21, named SP21-14R and SP21-19R. EHV-9, SP21, SP21-14R and SP21-19R 

were investigated their virulence, and confirmed the mutation related to the 

virulence in vitro and in vivo. SP21-14R formed the larger plaques than wild 

type EHV-9, although the plaques formed by SP21 is similar to EHV-9. On the 

other hand, SP21-19R formed the plaques smaller than those of other three 

viruses. It was suggested that pORF14 enhances virus expansion, and pORF19 

down-regulate this activity. The multi-step virus growth experiment showed that 

SP21 and SP21-14R replicated similar to the wild type EHV-9, and SP21-19R 

extracellular titer was approximately 50-fold lower than that of the wild type 

EHV-9. The mutation of pORF19 did not affect the virus growth in culture cells. 

The pathogenicity analysis of these four viruses by using hamster showed that 

EHV-9 and SP21-19R caused neurological symptoms and died. On the other 

hand, hamster inoculated with SP21 and SP21-14R recovered after a short period 

of neurological disorders. The results suggested that pORF19 might be related to 

the pathogenicities of EHV-9. 

      In chapter 3, the full genome sequences of three zebra-borne EHV-1s 

isolated from onager, zebra and gazelle (T-529, T-616 and 94-137, respectively) 

were determined. The genome structure and phylogenic study showed three 

viruses are close to horse EHV-1. Phylogenic analyses based on the whole 
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genome sequences indicated that T-529 and 94-137 are closely related to each 

other and distantly related to T-616. Zoo animals from which T-529 or 94-137 

was isolated were kept close to plains zebras, and T-616 was isolated from 

Grevy’s zebra. The phylogenic relatedness among these zebra-borne viruses 

seems to reflect the phylogenetic relatedness among the host zebra species (8). 

The comparison of ORFs between T-592, T-616, 94-137 and Ab4p strains 

suggested that genes encode envelope proteins are high conservation. 

Greenwood et al. (22) reported an equine herpesvirus infected to a polar bear in 

Berlin was a EHV-1 and EHV-9 recombinant virus. However, the present data 

indicated that the zebra borne-EHV-1 isolated from Jerka should be regarded as 

an almost identical virus to the present three zebra-borne EHV-1s. 

 

 The main finding of this study can be summarized in the following points.  

1.   Non-stop gene ORF19 of EHV-9 mutant strain SP21 never show any 

difference by comparing with the wild-type EHV-9 on mRNA level. The 

expression of non-stop gene ORF19 of SP21 is lower than that of wild type in 

infected cells. The amount of non-stop pORF19 in SP21 virion is about 20% 

of wild type EHV-9 and increases after ORF14 mutantation repaired. 

2.   The mutantation of ORF14 related to the virus growth in cell culture, on 

the other hand, that gene ORF19 did not affect virus replication in vitro. Gene 

ORF14 enhances the virus expansion, and gene ORF19 down regulates the 

virus spread. EHV-9 mutant strain SP21 and ORF14 repaired SP21-14R 

showed low virulence in hamster infection model, in contrast, ORF19 repaired 

SP21-19R showed high virulence in hamster like wild type EHV-9. It 

suggested that mutation of ORF19 related to the pathogenicity attenuation.  



 

 
71 

3.   The phylogenic relatedness among zebra-borne EHV-1s, T-529, T-616 and 

94-137 isolated from onager, zebra and gazelle, respectively, reflected the 

phylogenic relatedness among the host zebra species. T-529 and 94-137 

isolated from onager and gazelle which kept near plains zebras showed close 

relatedness, and T-616 was isolated from Grevy’s zebra. The Protein variant 

studies showed that EHV-1 was different from HSV-1 in genes reservation 

(data not show).   

4.   The virus isolated from polar bear in Berlin was not a EHV-1 and EHV-9 

recombinant virus. The zebra-borne EHV-1s investigated never showed any 

genetic recombination, in contrast, virus genomes were well conserved, 

specially the genes encoding glycoproteins.  

      The findings of this study provide a phenomenon observation of a virus 

gene without stop codon in mammalian cells. The findings explain a gene related 

to the pathogenicity of EHV-9. The studies of 3 zebra-borne EHV-1s may 

provide a important information about a EHV-1 infection occurred on zoo 

animals. 
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