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Abstract

An epizootic hemorrhagic disease virus (EHDV) strain designated YN09-04 was isolated from sentinel cattle in China.
The length of its complete genome was 19,344 bp in total, consisting of 10 segments ranging in size from 810 bp (S10)
to 3942 bp (S1). Based on phylogenetic analysis of the S2 sequence, YN09-04 clusters with EHDV serotype 7 (EHDV-7)
strains form a distinct, well-supported subgroup, indicating that YN09-04 belongs to EHDV-7. However, the origin of the
YNO09-04 genome is very complex. The S2 and S6 of YN09-04 cluster with those of Japanese EHDV-7 strains, whereas the
S1, S3, S4, S5 and S7 of YN09-04 share high nucleotide sequence identity and a close relationship with those of Japanese
Ibaraki viruses, and the S8, S9 and S10 nucleotide sequences of YN09-04 are more similar to those of some Australian
EHDV strains than to those of other isolates. These results suggest that the genome of YN09-04 likely originated from a
reassortment event between EHDV strains that were similar to the current Japanese and Australian strains and that YN09-04
and some EHDVs from Japan and Australia share the same ancestors. This is the first report of the isolation, identification
and complete-genome phylogenetic analysis of an EHDV-7 strain from China.

Epizootic hemorrhagic disease virus (EHDV) belongs to
the genus Orbivirus, family Reoviridae. EHDV contains a
double-stranded RNA genome that consists of 10 segments
(S1 to S10) and encodes a total of seven structural proteins
(VP1-VP7) and four nonstructural proteins (NS1-NS4)
[9]. Based on antigenic and genetic analysis of the outer
capsid protein VP2, EHDYV isolates have been assigned to
seven serotypes [3]. Ibaraki virus (IBAV), which belongs to
EHDV-2, caused 43,793 infections and 4,298 deaths in cattle
in Japan during the period of 1959-1960, in addition, more
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than 1,000 cases of abortions and stillbirths were observed
among IBAV-infected pregnant cows in Japan from 1997
to 1998 [6, 7]. In Israel, EHDV-7 caused a widespread out-
break in cattle, resulting in significant economic losses with
5-80% morbidity, 1% mortality, a 10-20% decline in milk
production, and the involuntary culling of a large number
of cattle [4, 13]. Orbiviruses have the potential to undergo
reassortment between different serotypes of the same species
during coinfection under natural and experimental condi-
tions [10, 11]. KSB-14/E/97, which was initially identified
as a new IBAV strain and was isolated from cattle with the
clinical signs of Ibaraki disease during an IBAV epidemic
in Japan, has been reclassified as EHDV-7 based on phy-
logenetic analysis and neutralization tests [6, 7, 12]. The
presence of EHDV-7 and IBAV within the same geographic
region in Japan provides opportunities for these two different
serotypes to infect the same animal simultaneously, with the
potential to generate reassortment viruses.

To investigate the epidemiology and distribution of
bovine insect-borne viruses, sentinel herds of cattle were
established in Yunnan Province in China. Heparinized
whole-blood samples were collected from sentinel cattle
in 2013, and the separated blood cells were lysed for virus
isolation. A virus, designated YN09-04, was successfully
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isolated after one passage in C6/36 cells followed by three
passages in BHK-21 cells. YN09-04 was identified as EHDV
by reverse transcription PCR targeting S7 (data not shown)
and was then further analyzed by sequencing its genome.
Sequence-independent cDNA synthesis and complete
genome amplification were performed according to the
method of full-length amplification of cDNAs [5, 8]. The
genome of YN09-04 is 19,344 bp in size and consists of
ten segments ranging from 810 bp (S10) to 3942 bp (S1) in
length, and the nucleotide (nt) sequences of these segments
have been deposited in the GenBank database under acces-
sion numbers MK656453 to MK656462. The general char-
acteristics, including the length of each segment, noncoding
regions (NCRs), regions encoding amino acid (aa), and ter-
minal hexanucleotides, are shown in Table 1. Comparative
pairwise analysis (CLUSTAL W) of the full-length genome
of YN09-04 versus EHDV strains available in GenBank is
shown in Table 2. Phylogenetic trees (MEGA-X) based on
the full-length nt sequence of each segment were constructed
using the maximum-likelihood method, Jukes-Cantor model,
and 1,000 bootstrap replicates.

S2 and S6 encode the outer capsid proteins VP2 and
VPS5, respectively. Phylogenetic analysis of S2 revealed
four distinct clusters (A to D) [3], which are correlated with
the serological properties of the virus (Fig. 1a). YN09-04
grouped together with EHDV-2 and EHDV-7 isolates to
form cluster A, in which the YN09-04 and EHDV-7 strains
formed a distinct subclade that was completely separate from
the EHDV-2 strains. Additionally, YN09-04 was found to
be more closely related to Japanese EHDV-7 isolates than
to those from Australia and Israel. Similarly, an S6-based
phylogenetic tree also delineated four distinct groups (A
to D) that closely resembled the pattern of S2 (Fig. 1b).
Within cluster A, the YN09-04 S6 shares the highest nt and
amino acid (aa) sequence similarity and the closest rela-
tionship with Japanese EHDV-7 isolates. VP2 is the major

serotype-determining protein, while VP5 may influence the
conformation of VP2 and exhibits some correlation with
EHDV serotypes [3, 14]. The results indicate that YN09-04
belongs to EHDV serotype 7, and its S2 and S6 may share a
common ancestor with Japanese EHDV-7 isolates.

Segments 3 and 7 encode the inner capsid proteins VP3
and VP7, respectively. The YN09-04 S3 shares the highest
sequence similarity with the Japanese strain Ibaraki BK13 at
both the nt and aa level. A phylogenetic tree of S3 revealed
that YN09-04 belongs to the eastern group (EHDVs isolated
in Australia and Japan) and is closely related to the Austral-
ian strain CPR3961A and Japanese IBAVs, which, together
with YN09-04, form a subgroup that is separate from other
Australian EHDVs and Japanese EHDV-7 isolates (Fig. 1c).
The YN09-04 S7 shows higher nt and aa sequence similar-
ity to Japanese IBAVs than to other strains and therefore
clusters with these IBAVs in the phylogenetic tree (Fig. 1d).
These results demonstrate that the S3 and S7 of YN09-04
likely originated from EHDV strains similar to Japanese
IBAV isolates.

The replicase complex is composed of VP1, VP4 and
VP6, which are encoded by genome segments 1, 4 and 9,
respectively. YN09-04 belongs to the eastern group based
on phylogenetic analysis of S1, S4 and S9 (Fig. 2). YN09-04
S1 is closely related to Japanese IBAV isolates and shares
the highest nt and aa identity with them (Fig. 2a). YN09-04
S4 shows maximum nt sequence similarity to the Australian
strain CPR3961A, followed by Japanese IBAV isolates, with
slightly less similarity but shares the highest aa sequence
similarity with the Japanese strain Ibaraki. Thus, YN(09-04
clusters with three strains, forming a subclade within the
eastern group that is completely separate from other Aus-
tralian EHDV isolates (Fig. 2b). Phylogenetic analysis of
S9 showed that YN09-04 shares higher nt and aa sequence
similarity with EHDV isolates from Australia than that with
those from Japan. Furthermore, YN09-04 and Australian

Table 1 Characteristics of the genomic segments of the Chinese isolate YN09-04

Segment-protein  Segment  nt position of ORF  Protein size (aa) Protein molecu- 5’ NCR 5'-terminal 3'NCR 3'-terminal
length lar weight (kDa) length hexanucleo-  length hexanucleo-
(bp) (bp) tide (bp) tide
S1-VP1 3942 12-3920 1302 149.6 11 GTTAAA 22 ACTTAC
S2-VP2 3002 18-2966 982 114.9 17 GTTAAA 36 TCTTAC
S3-VP3 2768 18-2717 899 103.0 17 GTTAAA 51 ACTTAC
S4-VP4 1983 9-1943 644 76.2 8 GTTAAA 41 ACCTAC
S5-NS1 1769 32-1687 551 64.5 31 GTTAAA 82 ACTTAC
S6-VP5 1641 28-1611 527 59.0 27 GTTAAA 30 ACTTAC
S7-VP7 1162 18-1067 349 38.1 17 GTTAAA 95 ACTTAC
S8-NS2 1192 20-1147 375 43.7 19 GTTAAA 45 ACTTAC
S9-VP6 1074 15-1028 346 37.6 14 GTTAAA 46 ACTTAC
S10-NS3/NS3a 810 21-707/63-707 228/214 25.5/23.9 20 GTTAAA 103 ACTTAC
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Fig. 1 Phylogenetic trees of S2 (a), S6 (b), S3 (c) and S7 (d) from
YN09-04 and other EHDV strains with sequences available in the
GenBank database. Only bootstrap values >70% are shown at branch

EHDV isolates cluster together and form a distinct subclade
within the eastern group (Fig. 2¢). These results indicate that
the S1, S4 and S9 of YN09-04 apparently originated from
eastern EHDV strains, and likely shares common ancestors
with Australian EHDV and Japanese IBAV strains.

The nonstructural proteins NS1, NS2 and NS3/NS3a are
encoded by segments 5, 8 and 10, respectively. A phyloge-
netic tree of S5 shows that EHDV isolates can readily be
divided into clear eastern and western (isolated in the Mid-
dle-East, Africa and North America) groups and that YN09-
04 is included in eastern group and is most closely related
to Japanese IBAV isolates, with the highest nt sequence
similarity (Fig. 2d). YN09-04 and EHDV isolates from Aus-
tralia cluster together based on the analysis of S8 and form
a separate group from EHDV isolates from other countries
(Fig. 2e). The YN09-04 S10 shares much higher nt and aa
sequence similarity with the Australian strains CSIRO775
and CPR3961A than with other EHDV strains, and forms a
separate cluster with these two Australian strains (Fig. 2f).
These results demonstrate that the S5 of YN09-04 might

@ Springer

points. Chuzan virus was used as the outgroup to root the trees. The
black triangle symbol indicates the Chinese isolate YN09-04

share a common ancestor with those of Japanese IBAV
strains, while its S8 and S10 likely share a common ances-
tor with those of Australian EHDV strains.

The YNO09-04 S2 and S6 sequences are most similar to
those of Japanese EHDV-7 strain KSB-14/E/97. Although
YNO09-04 has been identified as EHDV-7, the S1, S5 and S7
of YN09-04 are most similar to those of Japanese IBAV iso-
lates, with which they cluster in the phylogenetic trees. Fur-
thermore, the YN09-04 S3 and S4 grouped with Japanese
IBAV isolates and Australian strain CPR3961A, forming a
subclade that is completely separated from other Australian
EHDVs within the eastern group. The EHDV S3 and S4
clustered strongly based on the origin of isolates (eastern/
western, and were further divided into subclades that appear
to reflect more local geographical groups [1]. Therefore, it is
presumed that the S1, S3, S4, S5 and S7 of YN09-04 origi-
nated from EHDV strains that were similar to the Japanese
isolates. In addition, the Chinese isolate YN09-04 and the
Japanese IBAV isolates probably share ancestors that pro-
vided these genome segments. In addition, the phylogenetic
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Fig.2 Phylogenetic trees of S1 (a), S4 (b), S9 (c), S5 (d), S8 (e)
and S10 (f) from YN09-04 and other EHDV strains with sequences
available in the GenBank database. Only bootstrap values >70% are

trees of S8 and S9 showed that the YN09-04 and Australian
EHDVs cluster together, reflecting their common origin. The
YNO09-04 S10 was most closely related to sequences from
Australian strains CSIRO 775 and CPR 3961A and formed
a distinct clade separated from other EHDVs. The EHDV
S8 is clearly characterised by geographic clustering; the S9
sequences divide primarily into eastern and western groups,
and their sub-clusters are based on more local geographic
relationships. The S10 has two forms, and both appear to
exist in the east and the west [1, 2]. Thus, the S8, S9 and
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ISR2006/02 (Israel/EHDV-7/KM391732)
318 (Bahrain/EHDV-6/AM745076)
M44/96 (South Africa/EHDV-6/HME36906)

A YN09-04
ﬁr_‘j CSIRO 775 (Australia/EHDV-7/AM745056)
98 L— CPR 3961A (Australia/EHDV-8/AM745066)
% 1bAr22619 (Nigeria/EHDV-1/AM745016)
—|:IbAr 33853 (Nigeria/EHDV-4/AM745026)
33 Ibaraki BK13 (Japan/EHDV-2/KM509059)
Ibaraki (Japan/EHDV-2/AM745086)
% 439 (Australia/EHDV-2/AM744996)
3~ CSIRO 157 (Australia/EHDV-5/AM745036)

93 - CSIRO 753 (Australia/EHDV-6/AM745046)
GX871 (China/Chuzan virus/KT887189)
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shown at branch points. Chuzan virus was used as the outgroup to
root the trees. The black triangle symbol indicates the Chinese isolate
YNO09-04

S10 of YN09-04 are obviously related to those of Australian
EHDV isolates and likely originated from the correspond-
ing segments of these Australian EHDV strains or similar
isolates. Based on the analysis described above, we presume
that the Chinese isolate YN09-04 is a reassortant, and its
genome segments probably share common ancestors with
EHDV strains from both Japan and Australia.

The current study describes the isolation, identification
and whole-genome phylogenetic analysis of the EHDV-7
strain YNO09-04, which was first isolated in China. Prior
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to this study, EHDV-7 and IBAV strains had never been
reported in China. Our data indicate that the genetic com-
position of Chinese EHDV-7 strain YN09-04 is complex,
and it likely originated from a reassortment event between
EHDV strains that are similar to Japanese and Australian
EHDV isolates. Unfortunately, due to the lack of continual
surveillance of EHDVs throughout China and complete
genome sequencing of more EHDV strains, we cannot pro-
vide detailed information regarding when and where the
EHDV isolate of a new serotype was involved or has under-
gone reassortment.
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