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Equine hepacivirus (EqQHV) was first reported in 2012 and is the closest known homolog of hepatitis C virus
(HCV). A number of studies have reported HCV recombination events. The aim of this study was to determine
whether recombination events occur in EQHV strains. Considering that no information on the Chinese EQHV
genome sequence is available, we first sequenced the near-complete genomes of three field EqQHV strains.
Through systemic analysis, we obtained strong evidence supporting a recombination event within the NS5A and

NS5B genes in the American EqHYV strains, but not in the strains from China or other countries. Finally, using cut-
off values for determination of HCV genotypes and subtypes, we classified the EQHV strains from around the
world into one unique genotype and three subtypes. The recombination event occurred in subtype 1 EqQHV
strains. This study provides critical insights into the genetic variability and evolution of EqHV.

1. Introduction

In 1989, the nearly complete genome of a new bloodborne flavi-like
virus, which is now known as hepatitis C virus (HCV), was determined
in humans (Choo et al., 1989). Recently, HCV-related viruses have been
discovered in several animal hosts, including dogs, equines, rodents,
bats, monkeys, cattle, sharks, and shrews (Guo et al., 2019; Pybus and
Theze, 2016). According to the International Committee on Taxonomy
of Viruses (ICTV), these newly identified viruses are proposed to be in
the Hepacivirus genus of the Flaviviridae family.

HCV is a major cause of liver disease in humans and can be trans-
mitted via blood. It has been estimated that HCV infection is present in
approximately 185 million people worldwide, conferring a substantial
threat to human health (Kohli et al., 2014). The pathology and trans-
mission routes of animal-derived HCV-related viruses have rarely been
investigated, except with regard to Norway rat hepacivirus, bovine
hepacivirus, and equine hepacivirus (EqQHV). All three viruses are he-
patotropic and can cause both acute and persistent infections in their
hosts (Billerbeck et al., 2017; Pfaender et al., 2015; Ramsay et al., 2015;
Trivedi et al., 2018). Norway rat hepacivirus and EqHV can be trans-
mitted via the blood and induce liver damage, but subclinical signs of
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hepatitis have also been observed in some horses with experimental
EqHV infection (Pfaender et al., 2015).

EqHV is the single type in the Hepacivirus A species and is the closest
known homolog of HCV. EqHV was first identified by Peter D. Burbelo
et al. in America in 2012 (Burbelo et al., 2012). Through the use of a
luciferase-based immunoprecipitation system, EQHV was determined to
be circulating in the American equine population with a high rate of
detection of 33.96%. Further investigation demonstrated that EQHV
was distributed worldwide, with no apparent geographical restrictions
(Lu et al., 2016; Pronost et al., 2017; Badenhorst et al., 2018).

Like the HCV genome, the EQHV genome contains a single long ORF
flanked by a 5" UTR and a 3’ UTR that encodes a polyprotein predicted to
be cleaved into 3 structural proteins (Core, E1, and E2) and 7 non-
structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B)(Burbelo
et al., 2012). HCV shows very high levels of genetic diversity based on
genetic distance and is classified into 8 genotypes and 67 subtypes (Smith
et al., 2014). For another HCV-like homolog found in cattle, bovine he-
pacivirus, one genotype and five subtypes have been determined (da Silva
et al., 2018; Lu et al., 2018). In contrast, EqHV is highly conserved and has
been classified into two subtypes based on genetic analysis of the partial
genome (5’ UTR, NS3, and NS5B)(Pronost et al., 2017).
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Genetic recombination can create novel genetic variations that
combine genomic fragments from two or more virus strains. As a con-
sequence, recombination plays a significant role in the genetic diversity
of RNA viruses. Recombination also plays an essential role in the evo-
lution of RNA viruses. A number of HCV recombination events have
been reported worldwide (Kalinina et al., 2002), and recombination is
considered to be a feature of HCV genetic diversity (Simmonds, 2004).
Recombination can be classified as inter-genotype (Bhattacharya et al.,
2011; Demetriou et al., 2009), intra-genotype (Moreno et al., 2009; Shi
et al., 2012), or intra-subtype recombination (Moreno et al., 2006;
Sentandreu et al., 2008). Until now, no recombination events within
EqHV strains have been reported.

The aim of this study was to determine whether recombination
events occur in EqQHV strains circulating in the equine population
worldwide. We first reported EQHV in China in 2016 (Lu et al., 2016).
However, only the partial genome (5’ UTR, NS3B, and NS5B) of EQHV
has been sequenced (< 500 bp). In the present study, to provide more
genetic information on Chinese strains for global recombination ana-
lysis, we sequenced the near-complete genomes of three field EQHV
strains in China. Through further genetic analysis, we found the first
evidence of recombination within American EqHV strains; similar evi-
dence was not present in EqQHV strains from China or other countries.

2. Results
2.1. Genome sequencing of EQHV

To sequence the genomes of EqHVs from China, 13 serum samples
were collected from racehorses at an equestrian club and further tested
for EQHV RNA (Table 1). After nested PCR targeting the NS3 gene,
sequencing, and subsequent BLAST analysis were performed, 6 serum
samples were confirmed to be EQHV RNA-positive, and the rate of de-
tection of EqHV in the studied animals was 46.2% (6/13). A high nu-
cleotide similarity of > 98% was observed among the NS3 genes of the
six field EqHV strains. However, it was noted that three of the six serum
samples (from equines S3, S8, and S13) tested negative for EQHV RNA
after gel electrophoresis following the first round of nested PCR, in-
dicating a low viral RNA content in the three samples.

The genomes of three EqHV strains (Guangdongl8, Guangdong21,
and Guangdong22) were sequenced in this study from equines S2, S5,
and S6, respectively. Using long-range PCR and a gap-filling PCR
strategy (Table S1), five fragments covering nearly the complete gen-
omes of Guangdongl8, Guangdong2l, and Guangdong22 were ob-
tained, sequenced and assembled. The near-complete genomes of
Guangdongl8, Guangdong21, and Guangdong22 were 9033 nt long,
9023 nt long, and 9023 nt long, respectively, with partial 5’ UTRs of
192 nt, 191 nt, and 191 nt and complete polyprotein genes of 8841 nt,

Table 1
Information on the equines tested for EqQHV in this study.

Equine ID Sex (F/G)* Age (years) Equine hepacivirus”
S1 G 12 -
S2 G 13 +
S3 G 11 +
S4 G 8 -
S5 G 8 +
S6 G 8 +
S7 G 11 -
S8 G 9 +
S9 F 8 -
S10 G 9 -
S11 G 12 -
S12 G 9 -
S13 G 10 +

2 F, female; G, gelding.
b« « EqHV RNA-positive; “-“, EQHV RNA-negative.
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8832 nt, and 8832 nt, respectively. The G + C content of the poly-
protein genes of these three strains varied between 50.23% and
50.46%, which was comparable to that of the polyprotein genes of
EqHV strains from other countries (49.72%-50.69%). Interestingly, a
unique base insert of six nucleotides, '”?ACCTCAGAA''®!, was found
in Guangdong18 but was not observed in Guangdong21, Guangdong22
or the EqHV strains from other countries.

Thus far, the complete 5* UTRs and 3’ UTRs of most of the published
EqHYV strains have not been sequenced. In addition, the 3’ terminal
regions of the complete polyprotein genes of some EqHV strains have
not been provided. The nearly complete polyprotein gene sequences
(lacking the 22 nt sequence at the 3’ terminal) of 20 EqHV strains from
other countries were obtained and processed, together with the se-
quences of Guangdong18, Guangdong21, and Guangdong22 obtained
in this study, for subsequent sequence recombination and similarity
analysis.

2.2. Recombination event detection

To screen for any possible recombination events in the EqHV strains,
standard similarity plots for the polyprotein genes of the EqHV strains
were generated using SimPlot software (Fig. 1). The cut-off value was
set as 94%, and a value of > 94% was considered to indicate high ge-
netic similarity. When the American EqHV strain WSU-2013 was used
as the inquiry strain, the sequence of WSU-2013 had a high genetic
similarity with that of the American EqQHV strain NPHV-H3-011; how-
ever, the partial 3’ terminal NS5A gene and the partial 5’ terminal NS5B
gene of WSU-2013 had high genetic similarities with the corresponding
genes of the American EqHV strain NPHV-F8-068. In contrast, WSU-
2013 did not have high genetic similarity with the reference EQHV
strain R09-250 in the entire polyprotein gene.

In the analysis of the three EQHV strains (WSU-2013, NPHV-H3-011,
and NPHV-F8-068) based on seven methods using RDP software, all p
values were < 0.001 (Table S2). Similar to the SimPlot analyses,
bootstrap analysis also demonstrated that the major parent-like strain
of WSU-2013 was NPHV-H3-011 and that the minor parent-like strain
of WSU-2013 was NPHV-F8-068 (Fig. 2). The break points were de-
termined to be at positions 6737 and 8281. This evidence indicated that
WSU-2013 is a recombinant EqHV strain.

When other EqHV strains (including Guangdongl18, Guangdong21,
and Guangdong22) were analyzed using the above strategy, no re-
combination events were detected.

2.3. EqHV sequence similarity and genotype analyses

Since EqHV was first reported, a systemic genotyping study on
EqHV has not been published. Considering this, EQHV sequence simi-
larity and genotype analyses were performed in this study to determine
the subtype of EQHV in which the recombination event occurred.

The nucleotide and amino acid similarities of the EQHV strains were
calculated, and those among Guangdongl8, Guangdong2l, and
Guangdong22 ranged from 95.2% to 99.11% and from 98.2% to 99.3%,
respectively. These three field strains had nucleotide and amino acid
similarities of 83.8%-95.5% and 94.6%-98.0%, respectively, with
other EqHV strains.

It has been reported that different HCV genotypes differ by a P-
distance of > 0.23 at the amino acid level and that different HCV sub-
types differ by a P-distance of > 0.15 at the nucleotide level (Smith
et al., 2016). Upon using these two cut-off values as references to in-
vestigate the published EqQHV strains (with the exception of the re-
combinant EqHV strain WSU-2013) and the field EqQHV strains in China
(Table S3), it was observed that all the EqHV strains differed from each
other with a low P-distance ranging from 0.001 to 0.066 at the amino
acid level, indicating that EQHV could be classified into a single geno-
type; this genotype was provisionally designated as genotype 1. In
contrast, it was found that EqHV could be classified into three subtypes,
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Fig. 1. SimPlot analysis of the EQHV strains based on the polyprotein gene.WSU-2013 and R09-250 were used as the inquiry and reference strains, respectively.

The cut-off value was set as 94% and is indicated by a dotted line.
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Fig. 2. Bootstrap analysis of the EQHV strains based on the polyprotein gene.

provisionally designated as subtype 1, subtype 2, and subtype 3, which
included 14, 3, and 5 strains, respectively. The different subtypes dif-
fered by a P-distance of 0.172-0.207 at the nucleotide level. All three
field strains in China, Guangdong18, Guangdong21, and Guangdong22,
belonged to subtype 1.

Phylogenetic analysis based on the entire polyprotein genes also
demonstrated that the EqHV strains could be divided into three groups
(Fig. 3): subtype 1, subtype 2, and subtype 3. Guangdongl8, Guang-
dong21, and Guangdong22 clustered with each other and had the clo-
sest relationship with the UK EqHV strain NPHV_EF369_11J among all
the analyzed strains.

2.4. Recombination events occurred within EqHV subtype 1

As suggested in Figs. 1-3, both the major parent-like (NPHV-H3-
011) and minor parent-like (NPHV-F8-068) strains of the recombinant
EqHV strain WSU-2013 were grouped in subtype 1, indicating that a
recombination event occurred in this subtype.

In addition, a nucleotide sequence P-distance analysis was per-
formed on WSU-2013 based on the recombinant portion of its poly-
protein gene (6738-8280 nt) and the portion free of recombination
(1-6737 nt + 8281-8804 nt) (Table S4). The results clearly demon-
strated that both portions of WSU-2013 had higher nucleotide
homology with EQHV subtype 1 strains than with subtype 2 or subtype
3 strains.

Two phylogenetic trees were constructed using either the 1-6737 nt
+ 8281-8804 nt or the 6738-8280 nt region (Fig. 4). When the
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Fig. 3. Phylogenetic analysis of the EQHV strains based on the polyprotein
gene. The strains of subtypes 1, 2, and 3 are indicated in green, red, and blue,
respectively. The three Chinese strains sequenced in this study are indicated by
a triangle.

1-6737 nt + 8281-8804 nt region was analyzed, WSU-2013 and
NPHV-H3-011 had the closest relationship with K-062, and NPHV-F8-
068 had the closest relationship with NPHV-G1-073. When the
6738-8280 nt region was analyzed, NPHV-H3-011 still had the closest
relationship with K-062, but WSU-2013 had the closest relationship
with NPHV-F8-068 and NPHV-G1-073. In addition, when both regions
(1-6737 nt + 8281-8804 nt and 6738-8280 nt) were analyzed, some
strains always clustered with each other (Guangdong18, Guangdong21,
Guangdong22, and NPHV_EF369_11J; R09-249, R09-250, and R09-
251; EQHV/B82/BGR/2015 and EqHV/B89/BGR/2015; JPN3/JAPAN/
2013, NPHVH-10-094, and NPHV-B10-022; and NPHV-G5-077, NPHV-
A6-006, K-061, NZP1, and NPHVNZP1). The phylogenetic analysis also
indicated that a recombination event occurred, which was determined
to have occurred in the EqHV subtype 1 strain WSU-2013.
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Fig. 4. Phylogenetic analysis of the EQHV
strains based on the 1-6737 nt +
8281-8804 nt region (A) and the
6738-8280 nt (B) region. The strains of
subtypes 1, 2, and 3 are indicated by green,
red, and blue, respectively. NPHV-H3-011,
NPHV-F8-068, and WSU-2013 are indicated
by an upright triangle, an upside-down tri-
angle, and a diamond, respectively.
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3. Discussion

Since its first discovery in 2012, EqHV infection has been found in
horses on all continents except Australia (Badenhorst et al., 2018).
However, all the tested racehorses in this study were imported from
Australia or New Zealand, and it is unclear whether the animals were
infected with EqQHV before or after coming to China. Whether EqHV is
circulating in the equine population on the Australian continent still
needs further investigation.

Previous studies have detected EQHV RNA in equines with a rate of
detection of 0.9%-34.1% (Badenhorst et al., 2018; Lu et al., 2016). In
2016, we first reported 6 serum samples determined to be EQHV RNA-
positive by nested PCR from 177 tested equines in China, with a rate of
detection of 3.4% (Lu et al., 2016). In the present study, EQHV was
found to be circulating in racehorses at an equestrian club with a rate of
detection of 46.2% (6/13), which was higher than the rate reported in
our previous study in China and higher than the rates in studies in other
countries. However, only a small number of racehorses at the eques-
trian club were tested for EqQHV in this study. Large-scale surveillance is
necessary to assess the rate of detection of EQHV in equines in China.
Thus far, no systematic studies on EQHV transmission routes have been
reported. However, it has been demonstrated that equines can be in-
fected with EqHV via inoculation with plasma containing this virus
(Ramsay et al., 2015). According to the equine owners, the equines in
this study were not treated with any equine plasma products; in addi-
tion, the syringes and needles used were disposable and were used only
one time. The cause for the high rate of detection of EQHV and the
possible transmission route of EQHV at this equestrian club require
further investigation.

Using cut-off values for classification of HCV genotypes and sub-
types (Smith et al., 2016), EQHV strains from around the world were
classified into one genotype and three subtypes based on their nearly
complete polyprotein gene sequences. Compared with a previously re-
ported classification of EQHV strains based on a 1455 bp partial genome
(Pronost et al., 2017), the classification based on the nearly complete
polyprotein gene used in our study can provide more genetic in-
formation for genotype and subtype classification. Previously, only
a < 500 bp partial genome of the Chinese EqHV strains had been se-
quenced. In the present study, the nearly complete genomes of three
field EqHV strains were obtained. All of the field EQHV strains in China
were of subtype 1. An epidemiological survey of EQHV in wider geo-
graphical regions and sequencing of more EQHV genomes may help us
fully understand the EqQHV subtypes in China.

In this study, the first recombination event was detected in the
subtype 1 EqHV strains, a finding that was strongly supported by the
results of SimPlot analysis, bootstrap analysis, and phylogenetic ana-
lysis. The recombination event occurred in the American strains but not
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in other strains. The nearly complete genome sequences of only 23
EqHV strains (including the three strains in this study) were used for
analysis. More EqQHV genome sequences from around the world are
needed to estimate the frequency of recombination and to determine
the genome regions in which recombination has occurred. Some re-
combination events in RNA viruses have been reported to influence
viral replication and pathogenicity (Stedman, 2018; Xiao et al., 2016).
The recombination determined in this study occurred within the NS5A
and NS5B genes. It has been demonstrated that HCV NS5B possesses
RNA-dependent RNA polymerase (RARP) activity and that HCV NS5A
can modulate RdRP activity by binding NS5B(Shirota et al., 2002).
Whether recombination within the NS5A and NS5B genes influences
EqHV replication and pathogenicity needs to be determined.

Until now, most of the recombination events in HCV strains have
been determined to be inter-genotypic or intra-genotypic (Raghwani
et al., 2012). There are only two reports on intra-subtype recombination
between HCV strains. In 2006, an intra-subtype recombination event in
NS5A was identified in a quasispecies from one of six HCV-infected
patients undergoing antiviral therapy (Moreno et al., 2006). In 2008,
intra-subtype recombination events within NS5A and/or E1-E2 regions
were detected in treated and treatment-naive HCV- or HCV/HIV-in-
fected patients (Sentandreu et al., 2008). The biological relevance and
clinical implications of intra-subtype HCV or EqHV recombination re-
main unclear.

Previous animal experiments indicated that equines previously in-
fected with EqQHV could be protected against rechallenge with homo-
logous or distinct strains (Pfaender et al., 2017). However, a lack of
sterilizing immunity was observed in the animals, as viral RNA of the
challenge strain was detected. This lack of sterilizing immunity may
provide an opportunity for co-infection of EqHV strains. The re-
combination event detected in EqHV in the present study indicated that
the equine host was simultaneously co-infected with multiple virus
strains. Mixed infection with different strains has been reported in
several studies on HCV patients (Laskus et al., 2001; Pham et al., 2010;
Schroter et al., 2003). Mixed infection could generate recombinants
efficiently, as determined in chimpanzees experimentally infected with
HCV of different genotypes (Gao et al., 2007). Although they have been
reported in a number of studies, recombination events for HCV are
considered to be rare. However, we successfully determined the ex-
istence of one intra-subtype recombination event among only 23 EQHV
strains. It is possible that recombination is an occasional event; alter-
natively, these results may suggest that EQHV is more readily able to
produce recombinants than HCV.

In conclusion, in this study, we sequenced the nearly complete
genomes of three EqQHV strains in China for the first time. We also
classified EQHV strains from around the world into one genotype and
three subtypes, and we identified the first recombination event in EQHV
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subtype 1 strains, which occurred within the NS5A and NS5B genes.
The results of this study will enable a better understanding of the ge-
netic variability and evolution of EqQHV.

4. Materials and methods
4.1. Serum collection and detection

In 2018, a total of 13 equine serum samples were collected from
racehorses in the province of Guangdong in southern China (Table 1).
These animals were imported from Australia or New Zealand, with ages
ranging from 8 to 13 years. The presence of EQHV RNA was detected
using a previously described method. Briefly, total RNA was extracted
from 200 pL of equine serum sample, diluted in 20 uL. of RNase-free
water, and then reverse transcribed into ¢cDNA using a HiScript II 1st
Strand cDNA Synthesis Kit (Vazyme, Nanjing, China) with random
primers. Next, nested PCR targeting the EQHV NS3 partial gene was
performed as described in our previous study (Lu et al., 2016). The PCR
products with the expected bands after 1% gel electrophoresis were sent
for sequencing from both ends (BGI, Guangzhou, China).

4.2. Genome sequencing

To sequence the genome of the field EqHV strains in China, the
published EqQHV genome sequence was obtained from the online
GenBank database (Table S5). After alignment with BioEdit 5.0.7.0, two
primer pairs targeting a 3506 bp and a 3908 bp EqHV partial genome
were designed using Oligo 7.0 (Table S1). After PCR, the DNA frag-
ments were purified using a universal DNA purification kit (Tiangen,
Beijing, China) and then cloned into a pCloneEZ-blunt plasmid vector
(CloneSmarter, Houston, TX, USA). After sequencing, three other
primer pairs were designed to obtain the genome of the field EqHV
strains, which were finally edited and assembled using BioEdit 5.0.7.0
and SeqMan 7.1.0. The nucleotide and amino acid similarity of the
polyprotein gene between the EqHV strains in this study and those from
other countries were calculated in MegAlign 7.1.0.

4.3. Phylogenetic analysis

To determine the evolutionary relationships between the Chinese
EqHV strains and the EqQHV strains from other countries, the genome
sequences were aligned using BioEdit 5.0.7.0., and then the nucleotide
sequences were used to conduct a phylogenetic analysis. After genetic
distance was estimated with the “Find Best DNA Models” program, a
maximum likelihood (ML) phylogenetic tree of polyprotein genes was
ultimately established using MEGA 5.05 under the Hasegawa-Kishino-
Yano model + Gamma distribution + invariant sites method based on
1000 bootstrap replicates (Fig. 3). In addition, two ML phylogenetic
trees for the putative recombination region (Kimura 2-parameter
model + Gamma distribution method) and the nonrecombination re-
gion (general time-reversible model + Gamma distribution method)
were constructed based on 1000 bootstrap replicates (Fig. 4).

4.4. Recombinant analysis

To detect potential recombination events, the genome similarity
between EqHV strains circulating during the same period was displayed
using SimPlot 3.5.1 software with a 1000-nucleotide sliding window
and a 100-nucleotide step. A schematic diagram of the EQHV genome
was generated to show the site of each viral protein (Fig. 1). Re-
combination Detection Program (RDP) 4.27 was used to further identify
the putative recombinant EqHV strains and the parent EqQHV strains. A
total of seven methods (RDP, GENECONV, Chimaera, MaxChi, Boot-
Scan, SiSican and 3Seq) were implemented to detect recombination
events, with the p value set to 0.001 (Table S2). A recombination score
of > 0.6 was considered to indicate a potential recombination event. A
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boot-scanning analysis between EqHV strains was performed using RDP
4.27 (Fig. 2). The break points of the recombination events were de-
termined.
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