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Abstract: The newest member of the Hepacivirus genus, bovine hepacivirus (BovHepV), was first
identified in cattle in 2015 and is a novel hepacivirus C virus (HCV)-like virus. This virus has been
detected in five countries so far and is classified into four subtypes. Bovine serum is commonly
used for cell cultures and is considered the major source of viral contamination of pharmaceutical
products. In this study, bovine serum samples were collected from seven countries located in Asia,
America, Oceania, and Europe and were tested for BovHepV RNA using nested PCR, in order to:
(i) obtain more knowledge on the geographical distribution and subtypes of BovHepV; and (ii) detect
the potential contamination of BovHepV in commercial bovine serum samples used for cell culture
propagation. The results demonstrated that bovine serum samples from individual donor cattle in
China contained BovHepV RNA. After PCR, sequencing, and assembly, the genomes of the Chinese
BovHepV strains were obtained. Genetic analysis of the polyprotein gene revealed a protein identity
of <77% and a nucleotide identity of <85% between the Chinese BovHepV strains and all other
previously reported BovHepV strains. Using cut-off values for determination of HCV genotypes and
subtypes, BovHepV strains worldwide were classified into one unique genotype and seven subtypes.
The BovHepV strains identified in the present study were classified into a novel subtype, which
was provisionally designated subtype G. The genetic relationships among the different BovHepV
subtypes were further confirmed through phylogenetic analysis. The present study provides critical
insights into BovHepV’s geographical distribution and genetic variability.
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1. Introduction

Hepatitis C virus (HCV) is one of the leading causes of hepatocellular carcinoma, cirrhosis, and
liver failure in humans. Chronic hepatitis C virus (HCV) infection is estimated to affect >185 million
persons worldwide [1]. Until recently, humans were considered the only established hosts for viruses
in the Hepacivirus genus. Since 2011, HCV-like homologs have been discovered in several animal hosts,
such as dogs [2], equines [3], bats [4], rodents [5], cattle [6,7], monkeys [8], shrews [9], sharks [10],
turtles [11], and fish [11]. As suggested by the International Committee on Taxonomy of Viruses (ICTV),
the Hepacivirus genus can be assigned to fourteen species (Hepacivirus A-N) and is classified within the
Flaviviridae family, together with the genera Flavivirus, Pegivirus, and Pestivirus [12].

The genomes of viruses in the Hepacivirus genus are linear, positive-sense single-stranded RNA
genomes ~10 kb in size with a single long open reading frame (ORF) flanked by a 5" untranslated
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region (UTR) and a 3" UTR. Each genome encodes a polyprotein that is further cleaved by host and
viral proteases into three structural proteins (Core, E1, and E2) and seven nonstructural proteins (p7,
NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [6,7].

Bovine hepacivirus (BovHepV), a newly described hepacivirus that was found in the cattle
population, is the only member of the Hepacivirus N species. This virus was identified for the first
time in Ghana and Germany by two independent research groups in 2015 [6,7]. Several studies have
indicated that BovHepV has a wide geographical distribution worldwide, including in Brazil [13,14],
China [15,16], the USA [17], and Turkey [18]. Viral RNA screening has demonstrated that the prevalence
of BovHepV in different countries ranges from 0.6% to 14.8%.

Similar to HCV, BovHepV is hepatotropic and can establish both acute and persistent infections in
individuals [19]. Until now, 8 genotypes and 67 subtypes of HCV have been identified in humans [20].
According to a study by da Silva et al. in 2018, BovHepV is classified into one genotype (genotype 1)
and four subtypes (subtypes A-D) based on the classification principle for HCV [14]. After this report,
several investigations on the BovHepV genome in China, Turkey and Germany have been published,
indicating that BovHepV is more genetically divergent than previously described [15,16,18,21].

In this study, we collected commercial bovine serum samples from seven countries in Asia,
America, Oceania, and Europe and identified the presence of BovHepV RNA in these samples. We
sequenced the near-complete genome sequences of three BovHepV strains, which were classified into a
novel subtype. A total of seven subtypes of BovHepV were identified worldwide. This study indicates
the importance of testing BovHepV in commercial bovine serum and increases our knowledge of the
genetic diversity of BovHepV.

2. Materials and Methods

2.1. Sample Collection

A total of fifteen commercial bovine serum samples (sample ID: A-]) for cell culture were
purchased from eleven serum manufacturers in seven countries located in Asia, America, Oceania, and
Europe (Table 1). Three batches of each of serum ] and K were used in this study, which were collected
from individual donor cattle. Whether the other serum samples were pools or were collected from
individual animals is unknown. Detailed information (i.e., age and gender) about these animals is
unknown. After collection, these samples were immediately stored at —80 °C until further use.

Table 1. The information on each bovine serum sample tested in the present study.

Serum Sample ID Batch Origin Country/Continent

A Uruguay/America

B France/Europe

C New Zealand/Oceania

D Brazil/America

E Brazil/America

F Uruguay/America

G Israel/Asia

H New Zealand/Oceania

I Australia/Oceania
batch 1

] batch 2 China/Asia
batch 3
batch 1

K batch 2 China/Asia

batch 3
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2.2. Virus Detection

To detect BovHepV RNA in the serum samples, a total of 200 uL of each bovine serum sample
was processed for RNA extraction using RNAiso Plus (Takara, China) according to the manufacturer’s
protocol. The extracted nucleic acid was finally eluted in 20 uL of RNase-free water and was then
used as the template for cDNA synthesis with random primers using a HiScript II 1st Strand cDNA
Synthesis Kit (Vazyme, Nanjing, China). BovHepV RNA was tested by semi-nested PCR with
primers targeting the conserved 5" UTR. In this first round of PCR, the forward primer BovHepV3F
(ATCRACACTCCAGGCTCAYG) and the reverse primer BovHepV264R (TGCGGCAGGACCCTATCA)
were used. The following PCR cycling conditions were used: 35 cycles at 98 °C for 10 s, 55 °C
for 15 s, and 72 °C for 30 s followed by 1 cycle at 72 °C for 5 min. In the second round of PCR,
1 pL of the first PCR product was used as the template, and another forward primer, BovHepV64F
(AGTAGGAGGCGCCTATCCC), and the same reverse primer (BovHepV264R) were used. A bovine
serum sample determined positive for BovHepV RNA in our previous study was used as a positive
control [15], and PCR-grade water was used as a negative control.

After 1% agarose gel electrophoresis, a PCR product with the expected band size of 201 bp was
considered BovHepV RNA positive, and the purified DNA was sent for direct Sanger sequencing from
both ends (BGI, Shenzhen, China). A BLAST analysis was finally performed on the NCBI website [22]
to determine whether the raw sequencing data contained BovHepV genomic information.

2.3. Viral Genome Sequencing and Analysis

All the BovHepV genomes available in the NCBI database were obtained and aligned by the
ClustalW method using BioEdit 5.0.7.0. A total of five primer pairs covering the near complete
genome of BovHepV were designed with Oligo 7.0 (Table 2). PCR was performed using Phanta Max
Super-Fidelity DNA polymerase (Vazyme, Nanjing, China). After agarose gel electrophoresis and DNA
purification, the amplified genome DNA fragments were cloned into a pCloneEZ-Blunt plasmid vector
(CloneSmarter, Houston, TX, USA) and then transformed into E. coli DH5x competent cells (Weidi,
Shanghai, China). The positive bacterial clones were sent for sequencing. The BovHepV genomes
were assembled with SeqMan 7.1.0 based on the raw sequencing data. The nucleotide and amino
acid identities of the polyprotein-coding sequences of the BovHepV strains were calculated using
MegAlign 7.1.0.

Table 2. The information on the PCR primers used for amplifying the BovHepV genomes in the present
study. 8§ Numbered according to BovHepV strain BovHepV_463/Ger/2014.

Primer Sequence (5’ —3’) Targeted Genomic Region § Product Length (bp)

In addition, a standard similarity plot analysis was performed using the polyprotein sequences of
the BovHepV strains of subtype 1 as queries for comparison with other subtypes with the SimPlot
v.3.5.1 software program under a window size of 200 bp and a step size of 20 bp (Figure 1).
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Figure 1. SimPlot analysis of BovHepV strains of subtypes A-G based on polyprotein. A schematic of
the genome organization of BovHepV is shown above. The results of pairwise polyprotein comparisons
of BovHepV subtype A against subtypes B-G are indicated. The cut-off value of 90% amino acid
identity is shown by the dotted line. The strain names and accession numbers of the BovHepV strains
of subtypes A-G are listed in Table 3.

To detect potential recombination events, BovHepV sequences were tested by seven methods
(RDP, GENECONYV, Chimaera, MaxChi, BootScan, SiScan and 3Seq) using Recombination Detection
Program (RDP) version 4.27; an event with a p value of 0.01 and a recombination score of >0.6 was
considered a possible recombination event.
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Table 3. The sequence identity within the BovHepV polyprotein gene at the nucleotide (upper right) and amino acid (lower left) levels. The strain names and accession

numbers of the BovHepV strains of subtypes A-G are shown in different colors. The sequence identity was calculated using MegAlign 7.1.0.

B F G

KP64 KP64 KP64 KP64 KP64 MHO02 KP26 KP26 KP26 MG78 MG78 MG25 MG25 MH02 MN26 MN26 MN26
1123 1125 1127 1124 1126 7953 5950 5943 5948 1018 1019 7793 7794 7948 6283 6284 6285
BOVESS%;ZOB 938 936 933 910 908 801 799 798 803 804 824 85 795 795 801 844 845 845
Bov§e1;6\§/l?}7295;201 , 982 936 931 914 910 802 800 798 803 805 825 828 795 795 801 843 841 840
B(>\z}11<el;%/1416237/201 , 90 979 935 917 909 800 802 799 803 80.6 825 89 796 796 803 844 845 845
B()VPII<eI[))6\§/l2102;/201 L 979 981 980 916 909 799 800 798 805 807 825 85 795 795 801 845 845 845
KP6al126 975 974 974 974 905 796 801 797 802 803 82 83 789 789 796 843 839 839

BovHepV/438/2014

1]3\/;1];81/719 > 973 972 976 973 971 795 798 797 798 801 83 85 795 795 796 840 839 838
]gzl(gﬁ? 929 933 930 931 927 930 909 904 87 828 807 805 80 80 8l6 802 800 799
ey 930 931 931 930 928 930 986 920 87 89 804 807 8.7 817 8.4 803 800 799
Kg ZH(’Zgig 931 934 932 933 928 931 987 990 824 827 8.2 805 817 817 8L1 80 798 798
923 925 923 924 923 920 955 956 955 984 809 809 815 84 813 798 799 799
930 932 931 931 929 927 92 93 93 988 8.1 8L1 8.6 816 8.5 8.0 801  80.1
BR?@Z%%;%W 938 944 939 941 939 943 935 931 933 928 934 939 802 802 800 822 81 821
BRI\_ARGIig;Zé%w 936 942 937 939 938 940 935 932 934 925 932 981 80.7 807 800 824 824 824
Boxfe;f\’;égg o1 S 22 921 921 917 920 954 953 952 944 948 927 926 998 810 798 793 793
MG257794 921 923 922 921 917 921 954 953 953 945 949 928 926 1000 8.0 798 792 792

BovHepV/GD/02
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Table 3. Cont.
B D F G
KP64 KP64 KP64 KP64 KP64 MHO02 KP26 KP26 KP26 MG78 MG78 MG25 MG25 MH02 MN26 MN26 MN26
1123 1125 1127 1124 1126 7953 5950 5943 5948 1018 1019 7793 7794 7948 6283 6284 6285
MHO27948 92.0 92.3 92.2 92.1 92.0 92.2 95.2 94.8 94.8 94.4 95.0 92.6 92.9 94.3 94.4 79.4 79.7 79.7
BH181/16-20
MN266283
BovHepV/JS/02 95.3 95.6 95.7 95.6 95.6 95.8 934 93.2 93.4 92.7 93.2 94.7 94.7 92.5 92.5 925 92.8 92.7
MN266284 95.4 95.6 95.6 95.6 95.4 95.6 929 92.8 93.1 924 92.9 94.5 94.4 92.3 92.3 922 98.0 99.9
BovHepV/JS/05
MN266285
BovHepV/IS/06 95.3 95.5 95.6 95.5 95.3 95.5 92.8 92.8 93.0 924 92.9 94.4 94.3 92.3 92.3 92.1 97.9 99.8
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2.4. Phylogenetic Analysis

To understand the genetic relationships between BovHepV strains, their polyprotein-coding
sequences were aligned and then used to conduct phylogenetic analysis (Figure 2). After genetic
distance was estimated with the “Find Best DNA Models” program, a maximum likelihood (ML)
phylogenetic tree was established with the Tamura-Nei (TN93) and Gamma distributed with Invariant
sites (G + I) substitution models using MEGA 5.05 with a bootstrap value of 1000 replicates.

@ \IN266283 BovHepV/JS/02 China

® VIN266284 BovHepV/JS/05 China Subtype G
100 100[ @ MIN266285 BovHepV/JS/06 China
MH027953 BH204/16-6 Germany
KP641126 BovHepV_438/Ger/2014 Germany
100 % KP641124BovHepV_209/Ger/2014 Germany
100 NC_038432 BovHepV_463/Ger/2014 Germany
88 KP641125 BovHepV_379/Ger/2014 Germany
96 KP641123 BovHepV_B1/Ger/2013 Germany
[—— MG781019 BR_RN034B019 Brazil
wol—— mge7s1018 BR_MA236B017 Brazil
1007 MG257793 BovHepV/GD/01 China
_| L' MG257794 BovHepV/GDI02 China
MH027948 BH181/16-20 Germany Subtype F

100

Subtype A

Subtype D

Subtype E

KP265950 GHC100 Ghana

100 |_I:Nc_azs797 GHC25 Ghana Subtype B
98 KP265948 GHCB5 Ghana

| ———— |
0.05

Figure 2. Phylogenetic analysis of BovHepV strains of subtypes A-G based on their polyprotein
genes. The BovHepV strains identified in the present study (BovHepV/JS/02, BovHepV/]JS/05, and
BovHepV/]S/06) are indicated with circles. The detailed information for each BovHepV strain is shown,
including the GenBank accession number, strain name, and country of origin.

3. Results

3.1. BovHepV Detection in Commercial Bovine Serum Samples

A total of fifteen commercial bovine serum samples from seven countries on four continents
were collected to test for the presence of BovHepV RNA. After semi-nested PCR, sequencing, and
BLAST analysis, three batches of serum K samples from one manufacturer in China were determined
to be BovHepV RNA positive. According to the manufacturer, the three batches of serum samples
were obtained from three independent donor cattle in Jiangsu Province, Central China (Table 1). All
the other samples were BovHepV RNA negative. The three field BovHepV strains in China were
designated BovHepV/]S/02, BovHepV/JS/05, and BovHepV/JS/06.

The PCR products targeted the 201 bp 5" UTR of BovHepV. The sequenced 201 bp 5" UTRs of
BovHepV/]S/02, BovHepV/]S/05, and BovHepV/JS/06 had 100% nucleotide identity with each other
and had 97.0-99.5% nucleotide identity with those of previously reported BovHepV strains.

3.2. Viral Genome Sequencing and Analysis

The nearly complete genomes of BovHepV/]S/02, BovHepV/JS/05, and BovHepV/]S/06 were
obtained using PCR based on five primer pairs, sequenced, and assembled, and have been submitted
to the GenBank database with the assigned numbers MN266283-MN266285.

The genomes of BovHepV/]S/02, BovHepV/JS/05, and BovHepV/]S/06 had the same
genome organization as determined for other HCV-like viruses: 5 UTR-core-E1-E2-
p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-3" UTR. The genomes of the three strains were 8679 nucleotides
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long, each including a 231-nucleotide-long partial 5" UTR, an 8337-nucleotide-long polyprotein gene,
and a 111-nucleotide-long partial 3’ UTR. No nucleotide inserts or deletions were observed among
these three strains. The G + C contents of the genomes of BovHepV/]JS/02, BovHepV/JS/05, and
BovHepV/]S/06 were 52.0%, 51.3%, and 51.7%, respectively, which were equal to those determined in
other strains available online (51.4-52.7%).

A novel genotype of HCV is classified if it has a sequence identity of <77% with other strains at
the amino acid level; a novel subtype of HCV is classified if it has a sequence identity of <85% with
other strains at the nucleotide level [12]. According to these criteria, BovHepV has previously been
classified into one genotype and four subtypes [14]. The nucleotide and amino acid identities of the
polyprotein-coding sequences of all the BovHepV strains available online, together with the three
sequenced strains in the present study, were all calculated in this study (Table 3).

The results demonstrated that the amino acid identities of the BovHepV strains ranged from
91.7-100%, representing a unique genotype of BovHepV. The nucleotide identity among BovHepV/JS/02,
BovHepV/JS/05, and BovHepV/JS/06 ranged from 92.7-99.9%. However, the three strains had a
nucleotide identity of 79.2-84.5% with other BovHepV strains. These results indicated that they should
be classified as a novel subtype, which was designated subtype G. In addition, the other BovHepV
strains should be classified into six subtypes, i.e., subtypes A-F. Subtypes A and F included six and
one German strain, respectively. Subtype D contained two Brazilian strains. Subtypes B and C
included two and three Ghanaian strains, respectively. Two previously reported BovHepV strains
(BovHepV/GD/01 and BovHepV/GD/02) in Guangdong Province in South China were classified into
subtype E. The three sequenced field strains in the present study had a nucleotide identity of 79.2-79.8%
with BovHepV/GD/01 and BovHepV/GD/02. The results clearly demonstrated that two subtypes of
BovHepV were cocirculating in the Chinese cattle population.

To understand the changing trend of amino acid similarity in different polyprotein regions among
the seven BovHepV subtypes, a SimPlot analysis was performed (Figure 1). When the polyprotein
sequence of BovHepV subtype G was used as the query strain, the sequence of subtype G had a high
amino acid similarity of >90% with the nearly complete polyprotein sequences of subtypes A-F, except
for the NS5A protein, which had a low amino acid similarity of 81-90% with that of subtypes B, C, E,
and F.

In addition, no potential recombination events within BovHepV strains were identified after
systematic analyses were performed.

3.3. Phylogenetic Analysis

Phylogenetic analysis clearly classified the BovHepV strains into two main groups (Figure 2).
One group included subtypes A, D, and G, and the other group included subtypes B, C, E, and F. The
Chinese BovHepV strains of subtypes G and E had the closest genetic relationships with the German
BovHepV strains of subtypes D and F, respectively. This finding was consistent with the results of the
analysis of nucleotide similarity among different BovHepV subtypes shown in Table 3.

4. Discussion

Bovine serum is one of the most widely used biological reagents of animal origin for cell cultures
and is considered the major source of viral contamination of pharmaceutical products. Bovine viral
diarrhea virus (BVDV) and bovine parvovirus contamination have been identified in commercial fetal
bovine serum [23]. Until now, investigations involving BovHepV isolation in vitro have not been
published, and the tropism of BovHepV in cells derived from different species has not been determined.
The present study confirmed the presence of BovHepV in commercial fetal bovine serum. Therefore,
considering the potential of BovHepV to bias experimental results, it is necessary to test for BovHepV
before using bovine serum for cell cultures.

With regard to newly discovered HCV-like viruses, genotyping and subtyping investigations have
been restricted to only two viruses: equine hepacivirus (Hepacivirus A) and BovHepV (Hepacivirus N).
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Using cut-off values for HCV as references to determine genotypes and subtypes, equine hepacivirus
has been classified into one genotype and three subtypes [24], and BovHepV has been classified into one
genotype and four subtypes [14]. In this study, based on the same references, three other subtypes of
BovHepV were identified, expanding the number of subtypes to seven. The genome sequences of only
nineteen BovHepV strains (including the three newly sequenced strains in the present study) from four
countries were available online and included in the subtyping investigations in this study (Figure 2).
Cattle are widely distributed on all continents worldwide in very large numbers. Conducting an
epidemiological survey on BovHepV worldwide and obtaining more BovHepV genomes may help us
fully understand the BovHepV subtypes.

Notably, only one BovHepV strain (BH181/16-20) was classified into subtype F. This strain was
reported by Schlottau et al. in an epidemiological investigation of BovHepV in Germany in 2018 [21].
The researchers sequenced the partial NS3 sequences of 31 German BovHepV strains. The sequences
formed two independent clusters in phylogenetic analysis that contained 7 and 24 strains. Among
the 31 strains, two BovHepV strains (BH204/16-6 and BH181/16-20) from each cluster were chosen for
further sequencing of the complete polyprotein nucleotide sequence. Therefore, it is possible that >1
BovHepV strain in subtype F is circulating in the cattle population in Germany.

The present study determined the conserved nucleic acid and protein regions among different
BovHepV subtypes. RNA-dependent RNA polymerase lacks a proofreading/repair function, and
hepacivirus is considered highly genetically variable. In accord with this information, genomic analysis
of the polyprotein gene indicated a nucleotide identity of 78.9-84.5% among different BovHepV
subtypes (Table 3). However, after sequencing and alignment, it was observed that the nucleotide
sequence of the 5" UTR was conserved among the different BovHepV strains; thus, this sequence can
be used as a potential target region in nucleic acid screening studies to detect all BovHepV subtypes.
The SimPlot analysis of polyprotein demonstrated that the partial/entire NS3, NS4A, NS54B, and NS5B
proteins had an amino acid identity of >95% among the different BovHepV subtypes (Figure 1).
Currently, a serological detection method for BovHepV has not been systematically developed. Further
study is still needed to understand the antigenicity and immunoreactivity of these conserved viral
proteins and to establish a serological method to detect antibodies against all BovHepV subtypes.

Previous studies have demonstrated that HCV NS5A is a multifunctional protein that plays
important roles in both viral genome replication and assembly [25]. NS5A is also a target for
direct-acting antivirals in the treatment of HCV. In the present study, NS5A of BovHepV strains of
subtypes B, C, E, and F was observed to be distant from NS5A of other subtypes at the amino acid
level. Whether NS5A variation in BovHepV influences its replication and pathogenicity requires
further investigation.

BovHepV RNA was only identified in three batches of serum K collected from one manufacturer
in China. According to the manufacturer, serum K was treated with heat inactivation. In contrast, most
of the samples from the other manufacturers were treated with a 0.1 uM filter. The different treatments
might ultimately determine whether BovHepV RNA is present in commercial bovine serum samples.

In conclusion, BovHepV RNA was detected in commercial bovine serum for the first time. As
bovine serum is commonly used for cell cultures, this study emphasizes the importance of testing for
BovHepV RNA in commercial bovine serum. In addition, BovHepV strains worldwide were classified
into seven subtypes, and a novel subtype of BovHepV was identified in the Chinese cattle population.
Our study enhances existing knowledge regarding the genetic diversity of BovHepV.
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