
SUMMARY
Equine herpesvirus 1 (EHV-1) is prevalent in China, and this has had negative consequences for horse breeding. However, this is no date about the genome sequence and genetic characterization of the strains from China. This study aimed to determine the character of the strain that was isolated in China and to serve as a key reference for the development of specific assays for diagnosis and epidemiological research. EHV-1 YM2019 was isolated from the lung tissue of an aborted horse foetus in Xinjiang, China, and the YM2019 genome was sequenced and analysed. The amino acid sequences of 76 EHV-1, EHV-3, EHV-4, EHV-8 and EHV-9 proteins were compared and analysed, and the amino acid sequences of the ORF30 and ORF42 proteins were analysed through bioinformatics. The genome sequence (GenBank accession number: MT063054) is 150, 267 bp in length. It shared the highest similarity with Ab4 strain (92.26% nucleotide identity), which was isolated in the United Kingdom and belonged to the same monophyletic group. Amino acid analysis showed that the YM2019 strain is of the ORF30 A2254/N752 genotype. Multiple sequence alignments of the 76 proteins indicated that the ORF42 protein had the highest sequence identity and the ORF68 protein had the lowest identity. This could facilitate the tracking of EHV-1 in the outbreak situation and allow for the differentiation of the outbreak virus from the other EHV strains.  In conclusions, this study provides the genome sequence for EHV-1 YM2019 in China and the strain shared high nucleotide homology with Ab4 strain. In addition, Analysis suggests that EHV-8 and EHV-9 are more closely related to EHV-1 than to EHV-3 and EHV-4, the prevalence of EHV-8 and EHV-9 in China and the potential threat to horse breeding deserve further investigation.
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1 | INTRODUCTION
Equine herpesvirus 1 (EHV-1) is widely known as a pathogen that is associated with respiratory infection in horses (Patel & Heldens, 2005; Allen & Bryans, 1986). It can cause abortion and equine herpesvirus myeloencephalopathy (EHM) (Carroll & Westbury, 1985; Baxi et al.,1995; Bloom, 2016). The differences in the clinical symptoms caused by infections with the various strains of EHV-1 are evident. An epidemiological investigation of EHV-1 showed that the outlook for 2018 to 2019 was very grim in China, especially in Xinjiang province (Zhao et al., 2019). The entire genomes of several EHV-1 strains have been determined (Telford et al.,1992); however, this is not the case for the strains from China. This study aimed to determine the character of a strain that was isolated in China and to provide a key reference for the development of assays for diagnosis and epidemiological research. EHV-1 YM2019 was isolated from the lung tissue of an aborted horse foetus in Xinjiang, China in June 2019, and its genome was sequenced and analysed.
EHV-1 is a member of the Varicellovirus genus in the Alphaherpesvirinae subfamily of the Herpesviridae family (Mayo, 1999; Davison et al.,2009). Equid herpesvirus 3 (EHV-3), Equid herpesvirus 4 (EHV-4), Equid herpesvirus 8 (EHV-8) and Equid herpesvirus 9 (EHV-9) also belong to the Varicellovirus genus (Bloom, 2016). EHV-3 is the pathogen of equine coital exanthema (ECE) (Barrandeguy & Thiry, 2012). EHV-4 causes respiratory disease; however, it rarely causes abortion (Ma et al., 2013). It is not associated with abortion storms or neurological syndromes. EHV-8 causes respiratory disease and abortion, and EHV-9 has been reported to have strong neurotropism and to cause lethal encephalitis (Garvey et al., 2018; Taniguchi et al., 2000). There are similarities in the clinical symptoms of these viruses, and the linear double-stranded genomes share a common structure (Henry et al., 1981). Therefore, a multiplex quantitative polymerase chain reaction (PCR) assay for the determination of EHV-1, EHV-3, EHV-4, EHV-8 and EHV-9 needs to be established. In this study, the amino acid sequences of 76 proteins of EHV-3 AR/2007/C3A (Sijmons et al., 2014), EHV-4 NS80567(Telford et al., 1998), EHV-8 Wh (Liu et al.,2012), EHV-9 P19 (Fukushi et al., 2012) and 31 EHV-1 strains (Table 1) were compared and analysed.

2 | MATERIALS AND METHODS 

2.1 | Isolation, identification and purification
EHV-1 YM2019 was isolated from the lung tissue of an aborted horse foetus in Xinjiang, China. Next, 10 g of the lung tissue was homogenized and filtered (0.22 μm). Homogenate was injected into the rabbit kidney (RK-13) cell monolayers supplemented with antibiotic-antimycotic solution and foetal bovine serum (BI). The cells were examined daily for the presence of CPEs. After 72 hours, DNA was extracted from the infected cells and tested by PCR. Conventional methods were used for the immuno-electron microscopy of EHV-1. Subsequently, the virus was propagated and subjected to plaque purification. The EHV-1 YM2019 was preserved in the China General Microbiological Culture Collection Center (CGMCC No. 18533).
2.2 | DNA extraction, polymerase chain reaction amplification and sequencing

DNA purification was performed with a viral DNA kit (Omega Bio-tek) in accordance with the manufacturer’s recommendations. A total of 70 pairs of primers were designed by using 30 published EHV-1 genome sequences obtained from the National Center for Biotechnical Information (NCBI) GenBank (Table 1) to amplify the genome. The full-length sequences were covered by the amplification of overlapping fragments and sequenced at the Institute of Biotechnology (Sangon Biotech, China). This was followed by assembly with BioEdit 7.2.5 software and alignment with Clustal W software (Hall, 1999; Larkin et al., 2007). The genome sequence was deposited in GenBank under Accession Number MT063054.
2.3 | Phylogenetic analysis

The NCBI ORF finder site (https://www.ncbi.nlm.nih.gov/orffinder) was used to search for potential ORFs in the genome sequence of YM2019. Protein sequence similarity searches were performed with the Protein Basic Local Alignment Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi). The amino acid sequence alignments of the putative proteins were obtained by multiple sequence alignments using DNAMAN version 6.0 (Lynnon Biosoft Company). Phylogenetic analysis was performed by the neighbour-joining method with 1,000 bootstrap replications by using MEGA version 7.0.20 (Kumar et al., 2016; Saitou & Nei, 1987; Felsenstein, 1985).
3 | RESULTS

3.1 | Isolation and identification of YM2019 strain
RK-13 cell (Figure 1A) cultures were infected with the YM2019 strain. A cytopathic effect (CPE) was indicated by the changed morphology of the cells, nuclei degeneration and disintegration of their nuclei, cytoplasm vacuolation and cell lysis, which led to plaque formation (Figure 1B). Under the transmission electron microscope, the virions were observed to be spherical, with a capsule structure and a diameter of approximately 120 nm, which conformed to the form of EHV-1 (Figure 1C). Based on the alignments of DNA polymerase and envelope glycoprotein B protein sequences from 36 representative strains isolates of equine herpesviruses. The isolated YM2019 strain is most closely related to the EHV-1 strains (Figure 2).

3.2 | Genome sequencing and annotation of Equine herpesvirus 1 YM2019

The final complete sequence is 150, 267 bp in length. The guanine-cytosine content of the overall nucleotide composition is 56.7%, which is similar to that of other EHV-1 strains genomes. The linear genome consists of a unique long (UL) sequence and a unique short (US) sequence. Each is flanked by terminal (TR) and internal inverted repeats (IR). The genome contains 76 open reading frames (ORFs) that are predicted to encode the functional proteins: 72 located in UL and US regions are unique, and 4 located in the internal repeat of unique short region (IRS) and inverted terminal repeat of unique short region (TRS) are duplicates. (Figure 3).

3.3 | Phylogenetic analysis of Equine herpesvirus 1
Phylogenetic analysis was conducted on the EHV-1 complete genome sequences. This involved data from 30 sequences from viruses isolated in Australia, New Zealand, Japan, the United Kingdom (UK) and the United States (Table 1) and strain YM2019. The phylogenetic tree showed the existence of nine clades supported by high bootstrap values (Figure 4), with the strains isolated from gazelles, zebras and giraffes forming a genetic group (Group Ⅸ) that was distinct from the strains isolated from horses. In addition, strain YM2019 and strain Ab4 (AY665713) belong to Group Ⅱ. This indicates that strain YM2019 is closely related to strain Ab4, which was isolated in the UK. Group Ⅶ consists of five EHV-1 strains: two isolated in the United States, two isolated in Australia and one isolated in New Zealand. Group Ⅵ consists of eight EHV-1 strains: two isolated in the UK, five isolated in Australia and one isolated in the United States. Group Ⅴ consists of five EHV-1 strains isolated in Japan. These results suggest the possible transmission of the virus between geographic areas.

3.4 | Conservation of protein-coding regions in Equine herpesvirus 1 strains
The predicted amino acid sequences of 60 of the 76 predicted protein coding regions in the 31 EHV-1 strains were >99% identical (Table 2). The exceptions were ORF1, ORF5, ORF12, ORF15, ORF24, ORF27, ORF34, ORF44, ORF47, ORF62, ORF64, ORF65, ORF68, ORF70, ORF71 and ORF72. Multiple sequence alignments indicated that the levels of amino acid sequence similarity in the 31 EHV-1 strains range from 63.11% (ORF71) to 99.95% (ORF42, ORF43; Table 2).

3.5 | Identities of Equine herpesvirus 3, 4, 8 and 9 protein-coding regions

The pairwise sequence alignments indicated that the level of amino acid sequence divergence between EHV-1 YM2019 and EHV-3 AR/2007/C3A ranges from 16.39% (ORF68) to 89.03% (ORF42), with 34, 28 and 14 proteins exhibiting >95, 90-94 and <90% identity, respectively. The levels of identity between YM2019 and EHV-4 NS80567 range from 45.39% (ORF68) to 96.37% (ORF42), with 46, 21 and 9 proteins sharing >95, 90-94 and <90% identity, respectively. The levels of similarity between EHV-1 YM2019 and EHV-8 Wh ranged from 53.04 (ORF68) to 98.98% (ORF42), with 46, 21 and 9 proteins sharing >95, 90-94 and <90% identity, respectively. The levels of similarity between YM2019 and EHV-9 P19 ranged from 54.09% (ORF44) to 99.16% (ORF25), with 46, 21 and 9 proteins sharing >95, 90-94 and <90% identity, respectively (Table 2).

In addition, YM2019 had a higher level of identity to EHV-9 P19 than to EHV-8 Wh in every gene when ORF1, ORF17, ORF51, ORF53, ORF55, ORF61, ORF65 and ORF69 were not included. Therefore, YM2019 is genetically closer to EHV-9 P19 than to EHV-8 Wh. 

3.6 | Genetic variability in ORF30, ORF42
The ORF30 gene from YM2019 was predicted to encode a protein with 1220 amino acids. Comparisons of the amino acid sequence of the YM2019 ORF30 gene with the sequences of EHV-3 AR/2007/C3A, EHV-4 NS80567, EHV-8 Wh, EHV-9 P19 and 30 EHV-1 strains revealed similarities of 77.70%, 87.80%, 95.82%, 96.39% and 99.72%, respectively (Table 2). A total of 28 variable sites were identified in the DNA polymerase catalytic subunit (Figure 5A). The mapping of the variable sites onto the three-dimensional structure of the EHV-1 DNA polymerase catalytic subunit showed that the variant residues were located in various domains of the protein. Interestingly, strains T616, 94-137 and T-529 had substitutions F25C, S30G, E37D, S89T, N95D, S98A, G100C, S139A, K244R, E246D, T317A, N400K, Y418C, F420S, S640G, M653L, A788S, I871T, G872A, L969S, A997S, V1120L, V1132I, P1178S and F1196S within the protein. This might be associated with viruses isolated from different organisms. Amino acid residue Q1099 was found in EHV-4 NS80567 and all the EHV-1 strains. The EHV-3, EHV-8 and EHV-9 strains had amino acid residue P1099. A phylogenetic tree was constructed on the basis of amino acid sequence of the ORF30 protein from the 35 strains of herpesviruses (Figure 5B). A majority of the viruses associated with the abortion outbreaks had the A2254/N752 genotype. The exceptions were T616 and T529. In addition, the EHV-3, EHV-4, EHV-8 and EHV-9 strains had the G2254/D752 genotype.

The ORF42 gene from YM2019 was predicted to encode a protein with 1376 amino acids. Comparisons of the amino acid sequence of the YM2019 ORF42 gene with the sequences of EHV-3 AR/2007/C3A, EHV-4 NS80567, EHV-8 Wh, EHV-9 P19 and 30 EHV-1 strains revealed similarities of 89.03%, 96.37%, 98.98%, 99.06% and 99.95%, respectively (Table 2). These results show that the ORF42 protein displayed the highest degree of sequence conservation in 77 proteins among EHV-1, EHV-3, EHV-4, EHV-8, EHV-9. A total of 22 variable sites were identified in the ORF42 protein (Figure 5D). The 90c16, 00C19, 85c105, 01c1, 89c25 and 89c105 strains isolated in Japan had the A850V substitution and resided in a monophyletic group (Figure 5C). Strains T616, 94-137 and T-529 had the S5P, E6D substitution within the protein, and this might be related to the viruses isolated from different organisms. 

The evolutionary comparisons generated by constructing phylogenetic trees (Figure 5B and 5E) indicated that EHV-8 and EHV-9 are more closely related to EHV-1 than to EHV-3 and EHV-4. 

4 | DISCUSSION

The complete genomic sequence of EHV-1 epidemic isolates was first reported in China. Phylogenetic analysis indicated that strain YM2019 and strain Ab4, which was isolated in the UK (AY665713), formed a single branch (Gibson et al., 1992). Sequence analysis revealed that strain YM2019 shared 92.26% sequence identity with strain Ab4. The infection of pregnant ponies and horses with strain Ab4 resulted in severe clinical disease, with high levels of viral shedding and pyrexia coupled with abortion, ataxia and quadriplegia (Wagner et al., 2011; Vandekerckhove et al., 2010). The infection of horses with strain YM2019 led to rhinopneumonitis, abortion and mild neurological symptoms, such as hind leg lameness, prostration and impaired locomotion. Interestingly, the infection of Syrian hamsters with strain YM2019 caused apparent neurologic symptoms, such as circling, shivering, vomiting, shortness of breath and tremors and muscle spasms in the head and forelegs. The histopathological results showed obvious pathological damage in the lung and brain tissues. The lung tissue injury was characterised mainly by destroyed alveoli, a thickened alveoli septum and collagen fibre deposition. The brain tissue was loose. The perivascular spaces could be observed, and some neurons exhibited slight degeneration. The amino acid analysis showed that strain YM2019 is the ORF30 A2254/N752 genotype and strain Ab4 is the ORF30 G2254/D752 genotype. The role of the ORF30 viral protein in the pathogenicity of myeloencephalopathy has recently been reported (Holz et al., 2017). A viral protein, ORF30 is responsible for modulating host immune response (Wilson, 1997). EHV-1 infects the lymphoid tissue in the upper respiratory tract and spreads to the monocytes that mediate viremia (Kydd et al., 1994). Viremia is a pre-condition for abortion and EHM because it facilitates the journey of the virus to the vasculature of the pregnant uterus or the central nervous system (Goehring et al., 2006). The ORF30 viral protein is responsible for modulating the host immune response. It has been posited that the D752 variant has greater neuropathogenic potential. The targeted mutation of the G2254/D752 genotype to the A2254/N752 genotype in a neurovirulent isolate resulted in the attenuation of virulence: specifically, lower levels of viremia, the reduced capacity to cause neurological disease and the reduced severity of other clinical signs (Ata et al., 2018; Smith & Borchers, 2001; Allen & Breathnach, 2006). The directed mutation of the A2254/N752 genotype into the G2254/D752 genotype of the YM2019 strain to observe the change in its pathogenicity warrants further study. 
Moreover, the analysis of the amino acid sequence identities of different equine herpes viruses suggests that EHV-8 and EHV-9 are more closely related to EHV-1 than to EHV-3 and EHV-4. the prevalence of EHV-8 and EHV-9 in China and the potential threat to horse breeding deserve further investigation. EHV-9 is highly neuropathogenic in some animals; however, it usually infects only horses. It is genetically close to EHV-1 but with different host ranges and types of pathogenicity (Taniguchi et al., 2000; Kasem et al., 2008; Fukushi et al., 1997; Donovan et al., 2009; Schrenzel et al., 2008). In this study, the amino acid sequence of the YM2019 ORF30 gene with EHV-9 P19 revealed an identity of 96.39%. EHV-9 P19 is thus the G2254/D752 genotype of ORF30. The amino acid sequence identity of the 57 EHV-1 YM2019 and EHV-9 proteins showed greater than 90% identity. In contrast, the identity between the ORF44 protein and the ORF68 protein was only 54.09% and 55.74%, respectively. Therefore, an in-depth comparison of the two genes could help to clarify the differences between EHV-1 and EHV-9 regarding host range and neuropathogenicity. EHV-8 is generally considered to be related to respiratory diseases in donkeys (Ficorilli et al., 1995). However, from 2003 to 2015, two EHV-8 strains isolated from the cases of abortions in horses in Ireland were initially misdiagnosed as EHV-1 (Ma et al., 2013). In 2010, an EHV-8 genome sequence was generated for strain Wh, which was isolated from cases of abortion in horses in China (Telford et al., 2007). These reports indicate that the virus has the ability to cross host species to cause equine abortion. In addition, EHV-8 and EHV-1 are genetically close. 

Currently, there are no reports of an EHV-8 or EHV-9 epidemic in Xinjiang, China; however, the possibility cannot be ruled out. This suggests that traditional epidemiological investigations might not be effective for distinguishing EHV-1 from EHV-8 and EHV-9. Therefore, a detection method to distinguish the equine herpes virus is urgently needed. Stasiak K suggested that the ORF68 gene would not be a reliable molecular marker for epidemiological studies on EHV-1. Its utility in local investigations of individual outbreaks remains to be established (Stasiak et al., 2017). The present study found that the ORF68 protein has the lowest identity in the 77 proteins among EHV-1, EHV-3, EHV-4, EHV-8 and EHV-9. It might facilitate the tracking of EHV-1 in outbreak situations. It might also allow for the differentiation of the outbreak virus from other EHV strains, especially EHV-8 and EHV-9, that might circulate locally. This can provide a basis for the development of specific diagnostic tests. 

In the present study, the amino acid sequence identity of the ORF71 protein of 31 strains was the lowest. However, the analysis found that 5586 strains were quite different, and the identity with the other 30 strains was only 65-67%. The amino acid sequence identity between YM2019 and 5586 was 64.3%, and the identity between YM2019 and the other EHV-1 strains was 92.5-97.8%. Therefore, the ORF68 protein in 31 EHV-1 strains has the lowest identity. 
In conclusion, An Equine herpesvirus 1 with ORF30 A2254/N752 genotype was isolated from the lung tissue of an aborted horse foetus in China and its genome sequence was provided in this study. Evolutionary analysis showed that the strain has a high homology with Ab4. The ORF42 protein displayed the highest degree of sequence conservation and the ORF68 protein exhibited the lowest among EHV-1, EHV-3, EHV-4, EHV-8 and EHV-9. These results will provide an important reference for the further development of analytical methods for diagnosis and epidemiological research.
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Table 1. Information of Equine herpesvirus (EHV)-1, EHV-3, EHV-4, EHV-8 and EHV-9 reference strains
	
	Strain ID
	Date
	Location
	Host
	Disease Type
	Virus Source  
	Reads aligned to reference
	Accession No.

	EHV-1
	438-77
	1977
	Australia
	Horse
	Abortion
	Fetus
	148 653
	KT324734.1

	
	NZA-77
	1977
	NEW Zealand
	Horse
	Abortion
	Unknown
	148 378
	KT324724.1

	
	717A-82
	1982
	Australia
	Horse
	Neurological/Abortion
	Brain/Fetus
	148 678
	KT324733.1

	
	970-90
	1990
	Australia
	Horse
	Abortion
	Fetus
	148 786
	KT324732.1

	
	1029-93
	1993
	Australia
	Horse
	Abortion
	Fetus
	148 620
	KT324731.1

	
	1074-94
	1994
	Australia
	Horse
	Abortion
	Fetus
	148 557
	KT324730.1

	
	1966-02
	2002
	Australia
	Horse
	Abortion
	Fetus
	148 433
	KT324729.1

	
	2019-02
	2002
	Australia
	Horse
	Abortion
	Fetus
	148 346
	KT324728.1

	
	2222-03
	2003
	Australia
	Horse
	Abortion
	Fetus
	148 776
	KT324727.1

	
	3038-07
	2007
	Australia
	Horse
	Neurological
	Nasal discharge
	148 509
	KT324726.1

	
	3045-07
	2007
	Australia
	Horse
	Abortion
	Unknown
	148 556
	KT324725.1

	
	HH1
	1970
	Japan
	Horse
	Abortion
	Embryo/Lung
	149 807
	AB992258.1

	
	T-529
	1984
	Japan
	Onager
	Abortion
	Fetus　
	147 963
	KF644580.1

	
	90c16
	2013
	Japan
	Horse
	Respiratory 
	Nasal discharge
	149 511
	KF644566.1

	
	FL06
	2013
	USA
	Horse
	Neurological
	Unknown
	149 095
	KF644567.1

	
	NMKT04
	2013
	UK
	Horse
	Unknown
	Unknown
	148 709
	KF644568.1

	
	NY03
	2013
	USA
	Horse
	Abortion
	Unknown
	147 608
	KF644569.1

	
	NY05
	2013
	USA
	Horse
	Neurological
	Unknown
	149 724
	KF644570.1

	
	OH03
	2003
	USA
	Horse
	Neurological
	Fetus
	148 241
	KF644571.1

	
	VA02
	2013
	USA
	Horse
	Neurological
	Unknown
	149 228
	KF644572.1

	
	00c19
	2013
	Japan
	Horse
	Respiratory 
	Nasal discharge
	149 688
	KF644576.1

	
	89c105
	2013
	Japan
	Horse
	Respiratory/Neurological
	Unknown
	149 181
	KF644577.1

	
	01c1
	2013
	Japan
	Horse
	Neurological
	Leukocyte
	149 352
	KF644578

	
	89C25
	2013
	Japan
	Horse
	Respiratory/Neurological
	Nasal discharge
	150 348
	KF644579

	
	5586
	2013
	Japan
	Horse
	Unknown
	Unknown
	148 777
	AP012321

	
	V592
	2006
	UK
	Horse
	Abortion/Respiratory 
	Unknown
	149 430
	AY464052

	
	Ab4
	2005
	UK
	Horse
	Neurological/Abortion
	Embryo
	150 224
	AY665713

	
	T953
	2014
	USA
	Horse
	Neurological
	Unknown
	149 281
	KM593996

	
	94-137
	　
	USA
	Gazelle
	Neurological
	Brain /Lung
	149 457
	KF644575

	
	T-616
	1984
	USA
	Zebra
	Abortion
	Embryo
	150 562
	KF644574

	EHV-3
	AR/2007/C3A
	2014
	Belgium
	Horse
	ECE
	Vaginal swab
	151 601
	KM051845

	EHV-4
	NS80567
	1992
	Irish
	Horse
	Respiratory 
	Nasopharyngeal swab
	145 597
	AF030027

	EHV-8
	Wh
	2010
	China
	Horse
	Fever and nasal discharge
	Nasal discharge
	149 332
	JQ343919

	EHV-9
	P19
	2008
	USA
	Giraffe
	Encephalitis
	Brain
	148 371
	AP010838


1. Abbreviation: EHV-1, Equid herpesvirus 1; EHV-3, Equid herpesvirus 3; EHV-4, Equid herpesvirus 4; EHV-8, Equid herpesvirus 8; EHV-9, Equid herpesvirus 9; ECE, Equine coital exanthema.

Table 2. Amino acid sequence identity of the genes of Equine herpesvirus (EHV)-1 strain YM2019 to their homologues in EHV-3, EHV-4, EHV-8 and EHV-9
	ORF
	Gene
	Protein
	Size
	EHV-1s1
	EHV-32
	% identity
	EHV-43
	% identity
	EHV-84
	% identity
	EHV-95
	% identity
	HSV-1 equivalent6

	
	
	
	
	% identity
	Size(aa)
	
	Size(aa)
	
	Size(aa)
	
	Size(aa)
	
	

	1
	UL1
	MHC-1 down regulation
	202
	97.72
	206
	30.19
	199
	70.44
	202
	91.09
	143
	68.81
	UL56

	2
	UL2
	Membrane
	205
	99.75
	230
	26.47
	208
	68.75
	204
	86.34
	204
	93.17
	-

	3
	UL3
	Tegument protein
	257
	99.26
	259
	42.26
	256
	74.32
	257
	90.66
	257
	92.61
	-

	4
	UL4
	Nuclear protein
	200
	99.73
	195
	64.00
	200
	87.00
	200
	92.50
	200
	93.00
	UL55

	5
	UL5
	multifunctional expression regulator
	470
	98.42
	459
	57.45
	467
	76.81
	470
	93.40
	470
	94.68
	UL54

	6
	UL6
	Envelope glycoprotein K
	343
	99.87
	345
	63.77
	343
	89.50
	343
	97.96
	343
	98.54
	UL53

	7
	UL7
	DNA helicase-primase
	1 081
	99.77
	1085
	58.29
	1080
	80.11
	1080
	92.97
	1079
	95.00
	UL52

	8
	UL8
	Tegument protein
	245
	99.70
	251
	66.67
	244
	82.93
	245
	96.33
	245
	96.33
	UL51

	9
	UL9
	Deoxyuridine triphosphatase
	326
	99.94
	325
	46.99
	326
	77.61
	326
	92.33
	326
	93.87
	UL50

	10
	UL10
	Envelope glycoprotein N
	100
	99.70
	102
	58.82
	100
	88.00
	100
	95.00
	100
	95.00
	UL49a

	11
	UL11
	Tegument protein VP22
	304
	99.50
	315
	46.56
	304
	77.96
	305
	91.80
	305
	93.11
	UL49

	12
	UL12
	VP16 transactivates tegument
	449
	93.55
	450
	67.54
	448
	86.41
	449
	92.43
	449
	97.33
	UL48

	13
	UL13
	tegument protein VP13/14
	871
	99.43
	885
	51.21
	864
	84.62
	863
	85.19
	868
	93.46
	UL47

	14
	UL14
	Tegument protein VP11/12
	747
	99.65
	742
	49.67
	743
	78.58
	744
	92.37
	744
	94.11
	UL46

	15
	UL15
	Membrane protein
	227
	94.54
	203
	33.04
	226
	68.72
	227
	85.53
	227
	85.96
	UL45

	16
	UL16
	Envelope glycoprotein C
	468
	99.76
	472
	49.38
	485
	78.35
	476
	88.87
	468
	96.37
	UL44

	17
	UL17
	Envelope protein
	401
	99.80
	410
	46.34
	403
	83.87
	401
	96.26
	401
	96.10
	UL43

	18
	UL18
	DNA polvmerase processivity subunit
	405
	99.83
	427
	45.33
	406
	83.25
	406
	96.31
	406
	96.55
	UL42

	19
	UL19
	Tegument host shutoff protein
	497
	99.69
	508
	59.77
	496
	84.31
	496
	94.16
	497
	95.98
	UL41

	20
	UL20
	ribonucleotide reductase subunit 2
	321
	99.94
	315
	79.75
	496
	89.41
	496
	96.26
	497
	98.13
	UL40

	21
	UL21
	ribonucleotide reductase subunit 1
	790
	99.78
	787
	77.22
	789
	88.23
	790
	96.20
	790
	96.58
	UL39

	22
	UL22
	Capsid triplex subunit ICP35
	465
	99.81
	465
	68.59
	462
	91.18
	465
	95.27
	465
	96.56
	UL38

	23
	UL23
	 Virion morphogenesis ICP32
	1 020
	99.93
	1023
	66.47
	1021
	89.03
	1021
	93.54
	1021
	98.04
	UL37

	24
	UL24
	large tegument protein ICP1/2
	3 468
	88.87
	3353
	50.50
	3534
	72.70
	3445
	90.02
	3439
	94.27
	UL36

	25
	UL25
	Small capsid protein
	119
	99.87
	122
	46.77
	119
	88.24
	119
	96.64
	119
	99.16
	UL35

	26
	UL26
	Nuslear egress membrane protein
	275
	99.76
	276
	69.68
	274
	90.55
	275
	94.91
	275
	94.55
	UL34

	27
	UL27
	DNA packaging protein
	162
	94.33
	126
	47.65
	139
	67.90
	130
	72.22
	130
	76.54
	UL33

	28
	UL28
	DNA packaging protein
	620
	99.79
	621
	65.63
	616
	79.52
	621
	89.37
	620
	92.74
	UL32

	29
	UL29
	Nuclear egress lamina protein
	326
	99.87
	331
	73.57
	326
	91.72
	326
	98.16
	326
	98.47
	UL31

	30
	UL30
	DNA polymerase catalytic protein
	1 220
	99.72
	1221
	77.70
	1220
	87.80
	1220
	95.82
	1220
	96.39
	UL30

	31
	UL31
	Single-stranded DNA-binding protein ICP8
	1 209
	99.90
	1214
	78.87
	1208
	90.57
	1208
	97.52
	1209
	98.26
	UL29

	32
	UL32
	DNA packaging terminase subunit 2
	775
	99.91
	764
	75.74
	773
	87.74
	775
	96.65
	775
	97.81
	UL28

	33
	UL33
	Envelope glycoprotein B
	980
	99.77
	993
	64.78
	975
	89.19
	880
	87.65
	881
	88.27
	UL27

	34
	UL34
	Protein V32
	160
	99.47
	166
	49.10
	160
	72.05
	159
	88.75
	159
	93.13
	-

	35
	UL35
	Capsid maturation protease
	646
	99.90
	661
	55.79
	647
	87.19
	646
	96.75
	646
	97.37
	UL26

	35.5
	UL35.5
	Capsid scaffold protein
	329
	99.94
	-
	-
	331
	87.24
	329
	96.83
	329
	97.45
	UL26.5

	36
	UL36
	DNA packaging tegument protein
	587
	99.81
	595
	71.81
	587
	90.26
	587
	96.08
	585
	97.27
	UL25

	37
	UL37
	Nuclear protein
	272
	99.71
	247
	66.30
	272
	83.09
	247
	83.88
	246
	86.40
	UL24

	38
	UL38
	Thymidine kinase
	352
	99.83
	350
	70.82
	352
	88.92
	352
	97.16
	352
	98.58
	UL23

	39
	UL39
	Envelope glycoprotein H
	848
	99.86
	878
	47.33
	885
	84.80
	851
	95.42
	852
	95.54
	UL22

	40
	UL40
	Tegument protein
	530
	99.76
	530
	67.42
	529
	86.42
	530
	97.17
	530
	97.36
	UL21

	41
	UL41
	Envelope protein/Virion
	239
	99.76
	241
	54.73
	237
	85.77
	239
	97.49
	234
	95.40
	UL20

	42
	UL42
	Capsid protein VP5
	1 376
	99.95
	1376
	89.03
	1375
	96.37
	1376
	98.98
	1376
	99.06
	UL19

	43
	UL43
	Capsid triplex subunit 2 VP23 
	314
	99.95
	316
	80.38
	314
	94.59
	314
	97.77
	314
	98.41
	UL18

	44
	UL44
	DNA packaging protein subunit 1
	454
	98.51
	736
	47.83
	734
	51.08
	316
	69.16
	734
	54.09
	-

	45
	UL45
	DNA packaging tegument protein
	706
	99.79
	706
	66.90
	706
	82.29
	706
	96.18
	706
	96.88
	UL17

	46
	UL46
	Tegument protein
	370
	99.70
	388
	63.08
	369
	85.68
	369
	95.41
	369
	96.49
	UL16

	47
	UL47
	DNA packaging protein
	367
	98.30
	-
	-
	-
	-
	356
	93.46
	-
	-
	UL15

	48
	UL48
	Tegument protein
	317
	99.61
	307
	49.53
	321
	71.96
	317
	90.22
	318
	91.82
	UL14

	49
	UL49
	Theronine protein kinase
	594
	99.81
	582
	63.13
	598
	84.97
	594
	94.61
	595
	95.63
	UL13

	50
	UL50
	Deoxyribonuclease
	565
	99.87
	561
	75.18
	565
	88.67
	565
	95.22
	565
	96.11
	UL12

	51
	UL51
	Myristylated tegument protein
	74
	99.83
	74
	56.76
	75
	79.22
	73
	90.54
	73
	74.32
	UL11

	52
	UL52
	Envelope glycoprotein M
	450
	99.81
	-
	-
	450
	86.44
	450
	96.67
	450
	97.56
	UL10

	53
	UL53
	DNA replication Origin-binding helicase
	887
	99.87
	886
	77.34
	887
	91.09
	887
	97.41
	860
	95.15
	UL9

	54
	UL54
	DNA helicase-primase subunit
	751
	99.24
	751
	63.08
	751
	79.23
	751
	92.54
	751
	95.34
	UL8

	55
	UL55
	Tegument protein
	303
	99.77
	311
	64.42
	302
	84.16
	303
	94.72
	235
	74.59
	UL7

	56
	UL56
	Capsid portal protein
	753
	99.88
	748
	73.29
	747
	88.71
	691
	87.92
	691
	89.24
	UL6

	57
	UL57
	DNA helicase-primase subunit
	881
	99.87
	881
	81.04
	880
	92.51
	881
	96.25
	881
	97.05
	UL5

	58
	UL58
	Nuclear protein/Virion
	225
	99.92
	238
	55.74
	227
	82.46
	222
	91.56
	224
	92.00
	UL4

	59
	UL59
	Protein V57
	179
	99.60
	168
	32.26
	186
	64.36
	182
	82.97
	182
	85.71
	-

	60
	UL60
	Nuclear protein ICP22
	212
	99.78
	209
	68.40
	211
	88.68
	212
	96.70
	212
	99.06
	UL3

	61
	UL61
	Uracil-DNA glycosylase
	312
	99.30
	315
	64.26
	314
	78.03
	313
	90.73
	206
	64.10
	UL2

	62
	UL62
	Envelope glycoprotein L
	218
	98.85
	212
	31.49
	187
	66.82
	187
	75.00
	185
	82.57
	UL1

	63
	UL63
	Ubiquitin E3 ligase ICP0
	532
	99.45
	539
	38.02
	536
	60.37
	540
	76.16
	533
	89.20
	IE 110

	64
	IR1
	Transcriptional regulator ICP4
	1 487
	98.70
	1382
	49.93
	1442
	77.23
	1340
	63.01
	1475
	92.32
	ICP4

	65
	IR2
	Regulatory protein EICP22
	349
	83.18
	355
	38.20
	284
	69.34
	288
	79.66
	291
	69.34
	US1

	66
	IR3
	Virion protein
	236
	99.71
	221
	62.45
	228
	77.54
	234
	93.64
	234
	94.92
	US10

	67
	IR4
	Virion protein
	272
	99.28
	264
	50.18
	286
	61.81
	274
	93.80
	269
	94.49
	V67

	68
	US1
	Virion protein
	418
	71.91
	406
	16.39
	324
	45.39
	288
	53.04
	296
	55.74
	US2

	69
	US2
	Serine-threonine protein kinasse
	382
	99.62
	393
	57.87
	384
	86.46
	382
	92.93
	383
	92.17
	US3

	70
	US3
	Envelope glycoprotein G
	411
	97.11
	448
	37.86
	435
	68.58
	411
	92.21
	441
	91.97
	US4

	71
	US4
	Envelope glycoprotein gp2
	817
	63.11
	433
	18.59
	750
	50.00
	544
	57.31
	830
	82.81
	-

	72
	US5
	Envelope glycoprotein D
	452
	94.53
	-
	-
	402
	68.14
	402
	80.97
	402
	85.84
	US6

	73
	US6
	Envelope glycoprotein I
	424
	99.43
	447
	42.79
	420
	73.18
	424
	90.57
	425
	94.59
	US7

	74
	US7
	Envelope glycoprotein E
	550
	99.86
	555
	52.51
	548
	84.75
	550
	96.00
	550
	97.82
	US8

	75
	US8
	Membrane protein
	130
	99.23
	141
	20.00
	110
	46.21
	130
	85.38
	130
	96.92
	-

	76
	US9
	Membrane protein
	219
	99.29
	118
	30.00
	220
	50.22
	219
	82.19
	219
	88.58
	US9


Abbreviations: ORF, open reading frame; UL, US and IR, genes located in UL , US , TRS /IRS , respectively (UL, unique long region; US, unique short region; TRL /IRL and TRS /IRS, terminal and internal inverted repeats flanking UL and US ); VP, viral protein; ICP, infected cell protein; RR, Ribonucleotide reductase subunit. Hyphens(-): Genes lacking positional counterparts; 1 31 Equid herpesvirus 1 strains; 2 Equid herpesvirus 3 strain AR/2007/C3A; 3 Equid herpesvirus 4 strain NS80567; 4 Equid herpesvirus 8 strain Wh; 5 Equid herpesvirus 9 strain P19; 6 Nomenclature of herpes simplex virus type 1 homologues or positional counterpart.

FIGURE LEGENDS
Figure 1. Isolation and identification of YM2019. (A) Subculture of RK-13 cell line. (B) Cytopathic effect of infection with YM2019. Microscope magnification: 10×. (C) The YM2019 virions were observed under a transmission electron microscope. Microscope magnification: 6000×.

Figure 2. Phylogenetic dendrograms analysing strain YM2019 and other equine herpesviruses. (A) Phylogenetic analysis based on the DNA polymerase genes (ORF30) of 33 strains of the equine herpesviruses. (B) Phylogenetic analysis based on the envelope glycoprotein B genes (ORF33) of 36 strains of the equine herpesviruses. Consensus bootstrap confidence values are indicated at the nodes of the branches. The YM2019 strain is indicated by a red circle. 
Figure 3. Schematic representation of the genome of Equine herpesvirus 1 (EHV-1). The EHV-1 open reading frames are in green and yellow; EHV-1 strain YM2019 gene nomenclature is used. The internal repeat and inverted terminal repeat of the unique long region are marked in red. The unique long genome region and unique short genome region are marked in grey. The internal repeat and inverted terminal repeat of the unique short region are marked in black.

Figure 4. Evolutionary relationships of complete genome of Equine herpesvirus 1. The phylogenetic tree of the complete genome was created through Molecular Evolutionary Genetics Analysis (MEGA) version 7 software. The analysis involved 31 nucleotide sequences. Strains isolated from the abortion outbreaks are marked with blue triangles. Strains isolated from neurological disease outbreaks are marked with red circles. Strains isolated from respiratory disease outbreaks are marked with black squares. Strains isolated from abortion and neurological disease outbreaks are marked with yellow diamonds. Strains of unknown origin are marked with an asterisk.
Figure 5. Mutations and evolutionary relationships of DNA polymerase catalytic subunit (ORF30) and capsid protein (ORF42). Variable amino acid residues for the (A) ORF30 and (B) ORF42 of EHV strains are shown in a sequence alignment and identified by the residue numbering at the top. Phylogenetic tree of the (D) ORF30 and (E) ORF42 amino acid sequences created with Molecular Evolutionary Genetics Analysis (MEGA) version 7 software. Each analysis involved 35 amino acid sequences. Strains isolated from abortion outbreaks are marked with blue triangles. Strains isolated from neurological disease outbreaks are marked with red circles. Strains isolated from respiratory disease outbreaks are marked with black squares. Strains isolated from abortion and neurological disease outbreaks are marked with yellow diamonds. Strains of unknown origin are marked with asterisks. Strains with the G2254/D752 genotype are identified by D. Strains with the A2254/N752 genotype are identified by N. (C). Ribbon diagram of the crystal structure of Equine herpesvirus 1 DNA polymerase catalytic subunit with mutations mapped on the surface.
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