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Abstract

Hepatitis E virus (HEV) is a viral pathogen transmitted by the fecal-oral route and is a major
cause of waterborne acute hepatitis in many developing countries. In addition to infecting
humans, HEV has been identified in swine, wild boars, rabbits and other mammals; with
swine and wild boars being main reservoirs for zoonotic transmission of HEV. There are four
major HEV genotypes known to infect humans; genotypes 1 (HEV-1) and 2 (HEV-2) are
restricted to humans, and genotypes 3 (HEV-3) and 4 (HEV-4) are zoonotic. Herein, three
human HEV strains originating in France were sequenced and near full-length genomes
were characterized. Phylogenetic analysis showed that two strains were genotype 3 and
closely grouped (a 100% bootstrap value) with subtype 3i reference strains. In percent
nucleotide identities, these two strains were 94% identical to each other, 90-93% identical
to subtype 3i strains, 82—86% identical to other HEV-3, and 77—79% identical to rabbit HEV
strains excluding the two divergent strains KJ013414 and KJ013415 (74%); these two
strains were less than 77% identical to strains of HEV genotypes 1, 2 and 4. The third strain
was found distinct from any known HEV strains in the database, and located between the
clusters of HEV-3 and rabbit HEV strains. This unique strain was 74-75% identical to HEV-
1, 73% to HEV-2, 81-82% to HEV-3, 77—79% to rabbit HEV again excluding the two diver-
gent strains KJ013414 and KJ013415 (74%), and 74—75% to HEV-4, suggesting a novel
unclassified strain associated with HEV-3 and rabbit HEV. SimPlot and BootScan analyses
revealed a putative recombination of HEV-3 and rabbit HEV sequences at four breakpoints.
Phylogenetic trees of the five fragments of the genome confirmed the presence of two HEV-
3 derived and three unclassified sequences. Analyses of the amino acid sequences of the
three open reading frames (ORF1-3) encoded proteins of these three novel strains showed
that some amino acid residues specific to rabbit HEV strains were found solely in this
unclassified strain but not in the two newly identified genotype 3i strains. The results
obtained by SimPlots, BootScans, phylogenetic analyses, and amino acid sequence com-
parisons in this study all together appear to suggest that this novel unclassified strain is likely
carrying a mosaic genome derived from HEV-3 and rabbit HEV sequences, and is thus des-
ignated as a putative genotype 3/rabbit HEV recombinant.
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Introduction

The global burden of hepatitis E virus (HEV) is estimated to be 20 million infections yearly
with 3 million people showing signs of symptomatic hepatitis [1]. HEV is a non-enveloped
virus with a single-stranded, positive-sense RNA genome of approximately 7.2 kb in length [2,
3]. The HEV genome contains a 5" untranslated region (UTR), three open reading frames
(ORFs), and a 3° UTR [4, 5]. ORF1 encodes a non-structural polyprotein containing several
functional domains, including methyltransferase (MT), a Y domain, papain-like cysteine pro-
tease (PCP), a hypervariable region (HVR), a proline-rich region (Pro), an X domain, helicase
(Hel), and RNA-dependent RNA polymerase (RdRp). ORF2 encodes the capsid protein, while
ORF3 encodes a phosphoprotein.

Although only a single serotype has been determined [6], HEV strains belonging to the
Hepeviridae family display extensive genetic diversity [7, 8]. A taxonomic scheme was recently
proposed [9] to classify this family into two genera: Orthohepevirus and Piscihepevirus. Ortho-
hepevirus contains all mammalian and avian HEV strains, and is divided into four species:
Orthohepevirus A-D. Orthohepevirus A includes four HEV major genotypes (1-4, or HEV-1 to
HEV-4). HEV-1 and HEV-2 are restricted to humans, and transmitted through the consump-
tion of contaminated water. HEV-3 and HEV-4 have a wide host range including humans,
swine, wild boars and other mammals, and are responsible for zoonotic transmission from ani-
mals to humans through the consumption of raw or undercooked meats in both developing
and industrialized countries [10-14]. Additional Orthohepevirus A genotypes have been found
in rabbits (HEV-3ra), wild boars in Japan (HEV-5 and HEV-6), and camels in the Middle East
(HEV-7) and China (HEV-8) [15-17]. Other HEV species in the Orthohepevirus genus infect
birds (Orthohepevirus B), rats, ferrets and minks (Orthohepevirus C), and bats (Orthohepevirus
D) [9, 18].

Rabbit HEV strains have been found in farmed, wild, pet and laboratory rabbits in China
[19, 20], the United States [21, 22], France [23, 24], Italy [25, 26], Germany [27, 28, 29], the
Netherlands [30], Korea [31], and Canada [32]. Phylogenetic analysis of full-length genomic
sequences indicates that all rabbit HEV strains together form a separated clade that is closely
related to HEV-3 (76-79% nucleotide identities, excluding the two highly divergent rabbit-
derived sequences KJ013414 and KJ013415 with only 72-73% identities), but distant from
other genotypes of HEV [33]. The genomes of all rabbit HEV strains harbor a signature inser-
tion of 93-nucleotides (nt) (31 amino acids) in the X domain of ORF1 that is absent in any
other known HEV strains [34]. The presence of this insertion in rabbit HEV strains may indi-
cate a significant difference between rabbit HEV and HEV-3. Recently, rabbit HEV infections
in humans have been confirmed in France, thus providing evidence of zoonotic transmission
of rabbit HEV to humans [35].

RNA-RNA recombination appears to be a common phenomenon in positive-sense RNA
viruses [36-38]. Although the exchange of genetic material frequently occurs within a viral
population, it can take place between two different viral strains or between two different
viruses [39, 40]. RNA recombination is one of the major factors responsible for the emergence
of new, often dangerous viral strains or species [41]. RNA recombination in RNA viruses is
mediated by a viral replicase, RdRp, via a template-switch [39, 42]. In the proposed life cycle of
HEV [43, 44], the viral RdRp generates an intermediate, replicative negative-sense RNA from
the positive-sense genomic RNA that in turn serves as the template for the synthesis of posi-
tive-sense, progeny viral genomes. It is assumed that when a single cell is co-infected with two
different strains of HEV, RdRp initiates nascent strand synthesis at the 3’ end of genomic RNA
of one strain, pauses, dissociates, and reassociates with RNA template of another strain to
resume strand synthesis to generate an HEV RNA recombinant [39, 42]. In fact,
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recombination in HEV has been documented [45, 46] between two different human strains, or
between human and swine strains.

The emergence of new HEV recombinant forms may have implications from the perspec-
tive of screening, diagnostic testing, therapeutics and patient monitoring. To better understand
the impact of genetic diversity on assay performance and to support the development of assays
capable of reliably detecting all HEV strains, we are engaged in monitoring diversification of
HEV and searching for newly emerging variants. HEV RNA positive samples were sourced
from France (n = 9) [Discovery Life Sciences (DLS), Los Osos, California, USA], but 3 samples
were not able to be genotyped by the vendor’s routine laboratory methods. In the present
study, we report the sequencing and characterization of the near full-length genome sequences
of these three HEV samples. Phylogenetic analysis showed that one strain was found distinct
from any known HEV strains in the GenBank database and standing alone in between the
clusters of HEV-3 and rabbit HEV strains. SimPlot and BootScan analyses revealed a pattern
of putative recombination events between HEV-3 and rabbit HEV strains. Another two strains
belonged to genotype 3 and were closely related to a wild boar HEV subtype 3i strain identified
in Germany, further supporting zoonotic transmission of HEV from wild boars to humans.

Materials and methods
Samples and RNA extraction

HEV RNA positive human plasma samples (DLS13-11677, DLS13-11681 and DLS13-11685)
were sourced from France [Discovery Life Sciences (DLS), Los Osos, California, USA]. Using
the Altona RealStar HEV RT-PCR Kit, the HEV viral loads (copies/ml) determined by the ven-
dor were 230,000 for DLS13-11677, 132,000 for DLS13-11681, and 10,900 for DLS13-11685,
but their genotypes were not known. A volume of 0.6 ml plasma for each of the three samples
was extracted for viral RNA on an automated m2000sp instrument using the m2000sp 0.6 ml
HIV-1 RNA protocol (Abbott Molecular, Des Plaines, IL).

The epidemiological data of these three patients was largely unavailable. As based on the
information provided by the vendor, all three plasma samples were collected on January 11,
2013 in France. No information on the gender, age, travel history, occupation, hobbies, eating
habits, living place, or any contacts with animals was available. As a result, we have not been
able to identify the routes by which these three patients became infected with HEV.

Preparation of cDNA libraries

First-strand cDNA synthesis was performed using a SuperScript III First-Strand Synthesis Sys-
tem (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. In brief, 8 pl
extracted viral RNA of each sample was mixed with 1 ul of 50 ng/ul of random hexamers and

1 pl of 10 mM dNTP, and preheated at 65°C for 5 min. 10 pl of cDNA synthesis master mix
containing reaction buffer and 200 units of SuperScript III polymerase was added to each 10 ul
of RNA/primer mixture. Each 20 pul reaction mixture was then incubated at 25°C for 10 min
which was followed by 50°C for 50 min. Second-strand cDNA synthesis was performed using
Sequenase (USB Corporation, Cleveland, OH) as previously described [47]. Each cDNA
library was purified, concentrated and eluted in 6 pl of DNA elution buffer using a DNA Clean
and Concentrator-5 Kit (Zymo Research, Irvine, CA) per the manufacturer’s instructions.

Next-generation sequencing (NGS) library preparation

5 ul of each purified cDNA library was added to Nextera XT reaction mixtures (Illumina, San
Diego, CA). Compatible barcodes were selected, and the manufacturer’s protocol was
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followed, except that 16 cycles of PCR were performed instead of 12. Libraries were purified
once more with AMP-Pure XP beads (Beckman Coulter, Beverly, MA) according to the manu-
facturer’s protocol, and eluted in 30 pl of Illumina resuspension buffer (RSB). Library concen-
trations were measured on a BioAnalyzer 2200 TapeStation using a D1K screen tape (Agilent
Technologies, Santa Clara, CA) based on integration of peaks from 150 to 700 nucleotides (nt)
and then adjusted to a 1 nM final concentration before multiplexing. Libraries were combined
in equal volumes, denatured with 0.1 N (final concentration) NaOH for 5 min, and diluted to
20 pM with HT1 buffer. The multiplex library was diluted once more with HT1 to 12 pM. The
multiplex library was denatured at 96°C for 2 min, chilled on ice, and then run on a MiSeq
instrument using a 300-cycle MiSeq reagent kit v2 (Illumina).

NGS analysis

Barcodes were parsed on the MiSeq instrument, and reads were filtered for Q-scores above 30.
Fastq files were imported into CLC Genomics Workbench 9.0 software (CLC bio/Qiagen, Aar-
hus, Denmark), and Illumina paired-end reads 1 and 2 were merged. Paired-end reads were
aligned repeatedly to one or more HEV complete genome sequences representing genotypes
1-4 from the GenBank database to obtain a final consensus sequence. Gaps in coverage were
observed for all three HEV consensus sequences in this study. Thus, PCR primers were
designed based on the known sequences obtained from the NGS to amplify and determine the
missing sequences.

PCR and dideoxy chain termination (Sanger) sequencing

PCR primers were listed in S1 Table. Synthesis of cDNA and one-round PCR amplification
were performed using a QIAGEN OneStep RT-PCR Kit (Qiagen Inc., Valencia, CA). Briefly,
reactions were carried out in a total volume of 50 l, containing 0.4 uM each of forward and
reverse primers, 1 x reaction buffer, 0.4 mM of each dNTP, 1x Q-Solution, 2 ul of enzyme mix,
and 10 pl of extracted viral RNA. Incubations were performed in a GeneAmp 9700 thermocy-
cler (Applied Biosystems, Foster City, CA) at 50°C for 30 min, 95°C for 15 min, followed by 50
cycles of 94°C for 30 sec, 50°C for 30 sec, 72°C for 1 min 30 sec, and a final extension of 72°C
for 10 min. PCR amplified products were purified using a QIAquick Purification Kit (Qiagen
Inc.) according to the manufacturer’s instructions. Dideoxy chain termination (Sanger)
sequencing reactions were prepared using the Big Dye Terminator Cycle Sequencing Ready
Reaction Kit v3.1 and electrophoresed on an ABI 3130x] Genetic Analyzer (Applied Biosys-
tems). Sequencing data was analyzed using Sequencher v5.4.6 (Gene Codes Corp., Ann Arbor,
MI). These Sanger sequences were then merged with the NGS data in Sequencher software to
generate final near full-length genomic sequences for the three HEV strains.

Phylogenetic analysis

To determine the genotypes, the three newly generated HEV sequences were aligned with a
panel of HEV full genome sequences representing different genotypes obtained from the Gen-
Bank database using the CLUSTAL W method in MegAlign (Lasergene version 14, DNASTAR
Inc., Madison, WI). Alignments were then converted into phylogenetic trees using the meth-
ods as described previously [48]. Viral sequences were individually analyzed for evidence of
recombination using SimPlot (version 3.5.1; S. Ray, Johns Hopkins University, Baltimore,
MD). The percent identity was calculated between the query sequence and a panel of represen-
tative sequences in a sliding window, which is moved across the alignment in steps, to identify
intergenotype mosaicism. If recombination was indicated, BOOTSCAN and FINDSITE were
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performed, and breakpoints were confirmed by constructing phylogenetic trees for each indi-
vidual fragment of the genome.

Nucleotide sequence accession numbers

The near full-length genome sequences of these three HEV strains have been deposited in the
GenBank database under the following accession numbers: MG783569 (DLS13-11677),
MG783570 (DLS13-11681), and MG783571 (DLS13-11685).

Results
Phylogenetic classifications of HEV sequences

The three HEV samples were first examined by NGS on cDNA libraries constructed with ran-
dom primers. Coverage gaps were then amplified and sequenced using PCR primers and
Sanger sequencing. Analyses of the overlapping NGS reads and sequences of PCR amplifica-
tion products resulted in near full-length genomic sequences of 7222, 7224, and 7191 nt,
excluding the 3’-end poly(A) tails, for samples DLS13-11677, DLS13-11681, and DLS13-
11685, respectively. The genomic organizations of these three HEV strains were similar to
those of HEVs from other Orthohepevirus A species, with a 5" UTR, followed by three open
reading frames (ORF1, ORF2, and ORF3), and a 3 UTR (Table 1).

Classifications of these three new HEV sequences were first carried out by sequence com-
parisons with known HEV complete genome sequences in GenBank using the BLAST search
tool. The top three sequences in the BLAST search revealed that both DLS13-11677 and
DLS13-11681 shared a 93% nucleotide identity with a French human HEV strain KJ701409
(genotype 3i), and a 90% nucleotide identity with two other subtype 3i strains, a wild boar
HEV strain identified in Germany (FJ705359) and another French human HEV strain
(KU176129). In contrast, the top three HEV strains closest to DLS13-11685 were human HEV
genotype 3 strains found in Japan (3e-AB248520, 3b-AB291962 and 3a-AB369689), with an
82% nucleotide sequence identity.

To better classify these three new strains, a phylogenetic analysis was performed. As based
on the HEV reference sequences proposed by Smith et al. [15] and used by others [28, 29, 33,
35], 81 complete genomes of Orthohepevirus A species were retrieved from the GenBank data-
base (S2 Table), including 11 HEV-1, 1 HEV-2, 22 HEV-3, 22 rabbit HEV, 17 HEV-4, 1 HEV-
5,2 HEV-6, 2 HEV-7, and 3 HEV-8 strains. A phylogenetic tree was constructed using the 81
reference sequences and the genomes of DLS13-11677, DLS13-11681, and DLS13-11685
(Fig 1). Strains DLS13-11677 and DLS13-11681 paired closely from the same branch along
with the French human HEV-3i strain (KJ701409) in agreement with the BLAST search result.
These three strains together with the other two genotype 3i strains (the German wild boar
strain 3i-FJ705359 and another French human strain 3i-KU176129) formed a group with a
high degree of confidence supported by a bootstrap value of 100% inside the cluster of

Table 1. Genomic organizations of three novel HEV strains in this study.

Strain 5 UTR

DLS13-11677
DLS13-11681
DLS13-11685

ORF1 ORF2 ORF3 3 UTR PolyA Site

(nt)” (nt)” (nt)” (nt)” (nt)*
26-5137 5172-7154 5134-5502 7155-7222 7223
28-5139 5174-7156 5136-5504 7157-7224 7225
4-5103 5138-7123 5100-5471 7124-7191 7192

*Nucleotide (nt) position refers to the sequence of DLS13-11677 (MG783569), DLS13-11681 (MG783570), or DLS13-11685 (MG783571).

https://doi.org/10.1371/journal.pone.0203618.t001
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Fig 1. Phylogenetic tree of strains DLS13-11677, DLS13-11681 and DLS13-11685. Phylogenetic tree was constructed by aligning complete genomes
of 81 HEV reference sequences (see S2 Table for subtype, GenBank accession number, and strain for each of the 81 sequences) with the genomes of
DLS13-11677, DLS13-11681 and DLS13-11685. The alignment was then gap-stripped to become 6,900 nucleotides long and converted to PHYLIP
format using BioEdit Sequence Alignment Editor (version 5.0.9). Phylogenetic analysis was performed with the PHYLIP software package (version
3.5¢). A phylogenetic tree was constructed using TreeExplorer software (version 2.12). Genotype designations, subtypes, and GenBank accession
numbers are shown above the appropriate branches. Only the relevant bootstrap values are indicated in the tree.

https://doi.org/10.1371/journal.pone.0203618.9001

genotype HEV-3. In percent nucleotide identities from the alignment (Fig 1), DLS13-11677
and DLS13-11681 were 94% identical to each other, 93% to 3i-KJ701409, 90% to 3i-FJ705359
and 3i-KU176129, 82-86% to other HEV-3, 77-79% to rabbit HEV excluding the two highly
divergent rabbit-derived sequences KJ013414 and KJ013415 (a 74% identity), and 74-76% to
other genotypes (HEV-1, 2, 4, 5, 6, 7 and 8).

On the contrary, the branch of DLS13-11685 in the phylogenetic tree of Fig 1 was found
standing alone in between the clusters of HEV-3 (a bootstrap value of 97%) and rabbit HEV (a
bootstrap value of 100%) strains, and appeared to be distinct from all known HEV strains. In
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percent nucleotide identities from the alignment, DLS13-11685 was 81-82% identical to HEV-
3, 77-79% to rabbit HEV excluding the two highly divergent sequences KJ013414 and
KJ013415 (74%), and 73-75% to other genotypes (HEV-1, 2, 4, 5, 6, 7 and 8), thus suggesting
that this newly obtained third sequence was novel and unclassified, but was likely associated
with both HEV-3 and rabbit HEV sequences. In contrast to the two newly identified subtype
3i strains (DLS13-11677 and DLS13-11681) which were at least 90% identical to the three ref-
erence 3i strains but only 82-86% identical to other HEV-3, this DLS13-11685 unclassified
strain only had a narrow range of 81-82% identities to all HEV-3 strains tested, including the
top three closest Japanese human strains with an 82% identity.

To further confirm the genotype classifications of these three strains, another phylogenetic
tree was constructed by using a total of 154 HEV complete genomes (16 HEV-1, 1 HEV-2, 80
HEV-3, 22 rabbit HEV, 22 HEV-4, 1 HEV-5, 2 HEV-6, 2 HEV-7, 3 HEV-8, 2 rat HEV, DLS13-
11677, DLS13-11681, and DLS13-11685), including the 81 HEV reference sequences described
in Fig 1 and S2 Table, and 70 additional HEV sequences listed in S3 Table. As displayed in S1
Fig, DLS13-11677 and DLS13-11681 still closely grouped together with the two genotype 3i
strains KJ701409 and FJ705359 (a bootstrap value of 100%) inside the cluster of HEV-3 strains.
On the other hand, DLS13-11685 was still found standing in between the clusters of rabbit HEV
(a bootstrap value of 100%) and HEV-3 (a bootstrap value of 92%) strains. These results are in
agreement with those in Fig 1 having only 81 HEV reference sequences, thus confirming the 3i
genotyping for DLS13-11677 and DLS13-11681, and the unclassified status for DLS13-11685.

Characterization of recombination events

The genome of this novel and unclassified strain DLS13-11685 was first analyzed for evidence
of recombination using a SimPlot software. The nucleotide percent identity was calculated
between the query sequence (DLS13-11685) and a panel of five HEV reference sequences (1
HEV-1,1 HEV-2,1 HEV-3, 1 HEV-4, and 1 rabbit HEV) in a sliding window, which was
moved across the 6,900 nt alignment of Fig 1 in steps (a segment of 400 nt with an increment
of 40 nt), to identify intergenotype mosaicism. After scanning a series of panels containing dif-
ferent combinations of five HEV reference sequences, a clear recombination pattern was
obtained in the following three panels of five sequences: (1) HEV-1 (1a-AF051830), HEV-2
(2a-M74506), HEV-3 (3e-AB248520), HEV-4 (4g-AB108537), and rabbit HEV (JQ013791),
(2) HEV-1 (1a-AF051830), HEV-2 (2a-M74506), HEV-3 (3e-AB248520), HEV-4 (4g-
AB108537) and rabbit HEV (KY436898), and (3) HEV-1 (1a-AF051830), HEV-2 (2a-
M74506), HEV-3 (3e-AB248520), HEV-4 (4g-AB108537) and rabbit HEV (MF480298).

BootScan was then performed using the same sliding window parameters as in SimPlot on
the query sequence of DLS13-11685 and the three panels of the five reference sequences men-
tioned above. As illustrated in Fig 2, BootScan plots of DLS13-11685 generated by the three
panels revealed a similar recombination pattern and mosaic genetic composition, consisting of
HEV-3 (3e-AB248520) and rabbit HEV (JQ013791, KY436898, or MF480298) sequences, with
four putative recombination breakpoints. Based on these four putative recombination break-
points, the DLS13-11685 genome could be divided into five potential fragments. Fragments 1,
3 and 5 were unclassified as they seemingly contained both rabbit HEV and HEV-3 sequences.
Fragments 2 and 4 were likely derived from HEV-3.

The four putative recombination breakpoints for the genome of DLS11685 were further
refined using the FindSites function of SimPlot. Informative sites indicated that the four puta-
tive breakpoints of the five fragments were located at the following nt positions in the sequence
of DLS13-11685 (MG783571): fragment 1 (unclassified; complete MT domain, and 5’ end of
the Y domain in ORF1) extended from nt 38 to 891 (854 nt long); fragment 2 (potentially

PLOS ONE | https://doi.org/10.1371/journal.pone.0203618 September 11,2018 7/19


https://doi.org/10.1371/journal.pone.0203618

o @
@ ’ PLOS | ONE A putative genotype 3/rabbit HEV recombinant

[
['»)
o
-—
w
N
L
23
[}
e
= =
° <
g 5
2 23
£ @
[ =]
o
Y
°
X
=
iy
F-y
=]
o
N
[L]
(=]
{
NAAAD :‘ P
T T T | [
2,000 3,000 4,000 ! 5,0 :
: Alignment Position (nucleotides) Lo i
I | |
Fragment 1 | 2 '3 4 5
| | | |
5" UTR ! ORF1 bt | ORF2 3'UTR

I I I |

1
1
MT | Y PCPHVRPro X Hel RdRp
1
1

B HEV-3 Bl Unclassified

Fig 2. BootScans and Genetic Organization of the DLS13-11685 genome. BootScan analyses were performed on the 6,900 nt sequence alignment of
Fig 1. DLS13-11685 genome was compared to five HEV reference sequences, including HEV-1 (1a-AF051830, green), HEV-2 (2a-M74506, brown),
HEV-3 (3e-AB248520, red), HEV-4 (4g-AB108537, orange), and rabbit HEV (JQ013791, KY436898, or MF480298, blue). The three open reading
frames (ORF1, ORF2 and ORF3) of the DLS13-11685 genome are shown below the three BootScan plots along with the approximate locations within
ORF1 coding for methyltransferase domain (MT), Y domain (Y), papain-like cysteine protease (PCP), hypervariable region (HVR), proline-rich
domain (Pro), X domain (X), helicase (Hel), and RNA-dependent RNA polymerase (RdRp). The vertical dashed lines denote the putative
recombination breakpoints that partition the viral genome of DLS13-11685 into five fragments (1-5). Fragments 1, 3 and 5 (in brown) are designated as
unclassified (containing a mixture of rabbit HEV and HEV-3 sequences), whereas fragments 2 and 4 (in red) have HEV-3 sequences.

https://doi.org/10.1371/journal.pone.0203618.g002
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HEV-3 derived; majority of 3’ region encoding for Y, complete domains of PCP, HVR, Pro, X,
and Hel, and 5’ part of RARp encoding sequence in ORF1) from nt 892 to 4794 (3903 nt); frag-
ment 3 (unclassified; 3’ part of RARp encoding sequence, 5’ ends of ORF2 and ORF3) from nt
4795 to 5157 (363 nt); fragment 4 (potentially HEV-3 derived; 5" small section of ORF2, and
majority of 3> ORF3) from nt 5158 to 5584 (427 nt); and fragment 5 (unclassified; majority of
3> ORF2) from nt 5585 to 7093 (1509 nt).

To further verify the genetic composition across the genome of strain DLS13-11685 as
described above, phylogenetic trees derived from the 6,900 nt sequence alignment of Fig 1
were constructed for the five individual fragments defined by BootScan and FindSites analyses
(Fig 3A-3E). In fragments 1, 3 and 5 (Fig 3A, 3C and 3E), DLS13-11685 was found located in
between the clusters of HEV-3 (bootstrap values of 84-90%) and rabbit HEV (bootstrap values
of 61-90%) strains, suggesting that each of these three fragments might have contained both
HEV-3 and rabbit HEV sequences. In nucleotide percent identities, fragment 1 was 80-81%
identical to HEV-3 and 78-80% to rabbit HEV (only 73% to the two divergent strains
KJ013414 and KJ013415), fragment 3 was 79-83% identical to HEV-3 and 79-81% to rabbit
HEV (only 72-73% to KJ013414 and KJ013415), and fragment 5 was also 79-83% identical to
HEV-3 and 78-81% to rabbit HEV (81% to KJ013414 and KJ013415). All three fragments had
similar identities to HEV-3 and similar identities to rabbit HEV, and the percent identities to
both HEV-3 and rabbit HEV were similar among all three fragments, thus suggesting that frag-
ments 1, 3 and 5 were likely derived from the sequences of HEV-3 and rabbit HEV strains, and
that they were unclassified. Within fragment 5 of BootScans (Fig 2), there was a potential
breakpoint at nucleotide 6,000 to separate rabbit HEV sequence from HEV-3. Individual phy-
logenetic trees of these two sub-fragments showed that they were also unclassified similar to
the unclassified status of the parental fragment 5 (data not shown). As a result, fragment 5
remained as one unclassified fragment in this study. In the phylogenetic tree of fragment 2
(Fig 3B), this fragment grouped with HEV-3 strains with a bootstrap value of 100% away from
rabbit HEV and other genotype strains. In nucleotide percent identities, fragment 2 was 79—
80% identical to HEV-3 and 75-77% to rabbit HEV (only 70% to KJ013414 and KJ013415).
The percent identities to HEV-3 in fragment 2 were similar to those in fragments 1, 3 and 5.
But the percent identities to rabbit HEV in fragment 2 were expectedly lower than those in the
three fragments, thus indicating that these three fragments likely obtained some rabbit HEV
sequences to raise the percent identities. Similar to fragment 2, fragment 4 (Fig 3D) also
grouped with HEV-3 strains with a bootstrap value of 56% away from the rabbit HEV cluster.
But the nucleotide percent identities to both HEV-3 (87-89%) and rabbit HEV (82-85%) (83%
to KJ013414 and KJ013415) were higher in fragment 4 than in fragment 2. As fragment 4 (427
nt) contained most of the ORF3 sequence (315 out of 372 nt; 84.7%) (Fig 2), it is likely that the
stronger selection pressure in the ORF2/ORF3 overlapping region within this fragment as
compared to other genomic regions without the overlapping reading frames might have kept
the sequence of the ORF2/ORF3 overlapping region largely unchanged as a native sequence of
HEV-3 with high nucleotide percent identities to both HEV-3 and rabbit HEV strains.

For comparison, the five individual fragments of the genomes of the two newly identified
genotype 3i strains DLS13-11677 and DLS13-11681, as in the case of the complete genomes
(Fig 1), were found always closely grouping next to each other, and to the three genotype 3i ref-
erence strains (KJ701409, FJ705359, and KU176129) inside the cluster of HEV-3 strains
(Fig 3A-3E), further demonstrating the genotype 3i classification for these two new genomes.

In addition to the complete genome nucleotide sequences, the phylogenetic trees were con-
structed using the nucleotide sequences of ORF1, ORF2, and ORF3 of the three newly identi-
fied strains with the same panel of 81 HEV reference strains as described in Fig 1 and S2 Table.
As shown in Fig 4A-4C, DLS13-11677 and DLS13-11681, as in the case of complete genome
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sequences, closely grouped together with the three genotype 3i reference strains (KJ701409,
FJ705359, and KU176129) inside the cluster of HEV-3 strains in all three ORF nucleotide
sequences, thus keeping their genotype 3i classifications. Similar to the results of the complete
genome analysis (Fig 1), DLS13-11685 remained as an unclassified strain as indicated by its
position outside the HEV-3 strain cluster as well as outside the rabbit HEV strain cluster in
both phylogenetic trees of ORF1 (Fig 4A) and ORF2 (Fig 4B). As illustrated in the BootScan
plots (Fig 2), both ORF1 and ORF2, like the complete genome, contained HEV-3 and unclassi-
fied nucleotide sequences, which might have contributed the unclassified status for these two
ORFs of DLS13-11685. Drastically different from ORF1 and ORF2, ORF3 nucleotide sequence
of DLS13-11685 (Fig 4C) closely grouped with HEV-3 strains with 91-94% identities, in agree-
ment with the HEV-3 classification of fragment 4 (Fig 3D) that contains most of the ORF3
nucleotide sequence (Fig 2).

To assess the amino acid compositions of this unclassified strain DLS13-11685, the amino
acid sequences of ORF1, ORF2 and ORF3 encoded proteins from 22 HEV-3 (S2 Table), 22
rabbit HEV (S2 Table), DLS13-11677, DLS13-11681, and DLS13-11685 were aligned respec-
tively. As shown in S4 Table and Table 2, ORF1-encoded polyprotein amino acid sequence of
DLS13-11685 had 23 amino acid residues (8 in fragment 1 and 15 in fragment 2) present either
exclusively or predominantly in rabbit HEV sequences but not or rarely in HEV-3. Particu-
larly, amino acids 154, 515, 609 and 1502 (Table 2) were observed specific to rabbit HEV
sequences for DLS13-11685 and to HEV-3 sequences for the two genotype 3i strains (DLS13-
11677 and DLS13-11681). Similarly, ORF2-encoded capsid protein amino acid sequence of
DLS13-11685 (S5 Table and Table 3) was found to have 6 amino acid residues (1 in fragment
4 and 5 in fragment 5) present either solely or mainly in rabbit HEV sequences but not or
rarely in HEV-3. Amino acid 241 (Table 3), in particular, was a rabbit HEV-specific amino
acid “L” for DLS13-11685, and an HEV-3 specific amino acid “I” for the two genotype 3i
strains. Both fragment 3 and HEV-3 derived ORF3-encoded phosphoprotein amino acid
sequence of DLS13-11685 (S6 Table) did not have any amino acids found only or predomi-
nantly in rabbit HEV sequences but not or sparsely in HEV-3. Overall, no any amino acid
stretches indicating the presence of HEV-3 and rabbit HEV recombination nucleotide
sequences were observed in the proteins encoded by the three ORFs of this unclassified strain.

The HEV viral loads (copies/ml) provided by the vendor (DLS) were 230,000 for DLS13-
11677, 132,000 for DLS13-11681, and 10,900 for DLS13-11685. To investigate if the low viral
load of DLS13-11685 was caused by the sequence variations between the strain and the prim-
ers/probe in the vendor’s quantitative assay, we have developed a real-time PCR HEV quanti-
tative assay (unpublished) with a set of primers and probe in the ORF3 region which was
conserved among the HEV strains including the three strains in this study. Using the WHO
HEV plasma standard as a calibrator, the HEV viral loads (IU/ml) were determined to be
33,115 for DLS13-11677, 14,899 for DLS13-11681, and 2,882 for DLS13-11685, verifying the
low viral titer of DLS13-11685 which was not caused by sequence variations.

Discussion

In this study, we have sequenced and characterized near full-length genomes of three human
HEV strains sourced from France. Our characterizations of the first two HEV strains DLS13-
11677 and DLS13-11681 demonstrated their close relationships with two other French human
HEYV strains (3i-KJ701409 and 3i-KU176129), and a wild boar HEV strain wbGER27 (3i-
FJ705359) identified in Germany [12]. The two new genomes obtained here shared a 93%
nucleotide identity to KJ701409, and a 90% identity to either KU176129 or F]J705359, which
are greater than the lower limit of identity at the level of subtype defined by Lu et al. for the
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Table 2. Rabbit HEV-specific amino acid residues in ORF1-encoded polyprotein of DLS13-11685.

Strain aa4l” aa 62 aa 152 aa 154 aa 184 aa 189
DLS13-11677 v L R S T A
(nonpolar/alkyl) (nonpolar/alkyl) (polar/basic) (polar/neutral) (polar/neutral) (nonpolar/alkyl)
DLS13-11681 Vv L R S T A
DLS13-11685 T F G T A \'
(polar/neutral) (nonpolar/aromatic) (nonpolar/alkyl) (polar/neutral) (nonpolar/alkyl) (nonpolar/alkyl)
HEV-3 (22) 17V/3T 20L/2F 21R/0G 18 A/4S/0T 22T/0 A 19A/3V
Rabbit HEV (22) 19T/1V 22F/0L 15G/1 R 12T/7 A0S 9A/9T 20V/2 A
aa 235 aa 248 aa 307 aa 515 aa 517 aa 576
DLS13-11677 1 D S F \' \'
(nonpolar/alkyl) (polar/acidic) (polar/neutral) (nonpolar/aromatic) (nonpolar/alkyl) (nonpolar/alkyl)
DLS13-11681 1 D S L \% \%
(nonpolar/alkyl)
DLS13-11685 T E C S I F
(polar/neutral) (polar/ acidic) (polar/neutral) (polar/neutral) (nonpolar/alkyl) (nonpolar/aromatic)
HEV-3 (22) 221/0T 22D/0E 225/0C 18 L/0S/2 F 21V/11 16 V/IOF
Rabbit HEV (22) 6T/151 5E/17D 4C/188S 13S/0F/0L 81/14V 4F/5V
aa 609 aa 622 aa 719 aa 892 aa 1011 aa 1157
DLS13-11677 T S A Q A I
(polar/neutral) (polar/neutral) (nonpolar/alkyl) (polar/neutral) (nonpolar/alkyl) (nonpolar/alkyl)
DLS13-11681 T S A Q A I
DLS13-11685 A T \' H S \'
(nonpolar/alkyl) (polar/neutral) (nonpolar/alkyl) (polar/basic) (polar/neutral) (nonpolar/alkyl)
HEV-3 (22) 19T/0 A 20S/1T 22 A0V 20Q/2H 15A/7 S 221/0V
Rabbit HEV (22) 8A/0T 6T/16 S 4V/18 A 21H/0Q 22S/0 A 3V/191
aa 1502 aa 1506 aa 1540 aa 1594 aa 1645
DLS13-11677 E A \' 1 I
(polar/acidic) (nonpolar/alkyl) (nonpolar/alkyl) (nonpolar/alkyl) (nonpolar/alkyl)
DLS13-11681 E A \% 1 I
DLS13-11685 D S 1 \% \%
(polar/acidic) (polar/neutral) (nonpolar/alkyl) (nonpolar/alkyl) (nonpolar/alkyl)
HEV-3 (22) 21 E/0D 15A/7 S 13V/91 221/0V 211/1V
Rabbit HEV (22) 22D/0E 22S5/0 A 211/0V 19V/31 15V/41
*Amino acid (aa) position refers to S4 Table.
https:/doi.org/10.1371/journal.pone.0203618.t002
Table 3. Rabbit HEV-specific amino acid residues in ORF2-encoded capsid protein of DLS13-11685.
Strain aa 147* aa 208 aa 241 aa 359 aa 396 aa 645
DLS13-11677 S I 1 T L 1
(polar/neutral) (nonpolar/alkyl) (nonpolar/alkyl) (polar/neutral) (nonpolar/alkyl) (nonpolar/alkyl)
DLS13-11681 S 1 I T L 1
DLS13-11685 T \% L M \% \%
(polar/neutral) (nonpolar/alkyl) (nonpolar/alkyl) (nonpolar/alkyl) (nonpolar/alkyl) (nonpolar/alkyl)
HEV-3 (22) 22S/0T 221/0V 211/0L 22 T/0M 22L/0V 181/4V
Rabbit HEV (22) 20T/2S 3V/191 22L/01 20 M/2T 18V/2L 21V/01

*Amino acid (aa) position refers to S5 Table.

https:/doi.org/10.1371/journal.pone.0203618.t003
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HEV-3 genomes (82.0-87.9%) [49]. As a result, these two new strains are classified as genotype
3i. It has been reported [50] that consumption of some pork products, such as raw liver, was a
major source of exposure for autochthonous HEV infection in France. Conceivably, it is likely
that these four French genotype 3i human strains might have originated from wild boars
through the route of zoonotic transmission.

In a phylogenetic tree of complete genome sequences, the third new HEV strain DLS13-
11685 was found standing alone in between the clusters of HEV-3 and rabbit HEV strains, sug-
gesting a novel unclassified strain potentially related to both HEV-3 and rabbit HEV strains.
In both SimPlot and BootScan analyses, the genome of DLS13-11685 showed a similar recom-
bination pattern at four breakpoints between a Japanese 3e strain AB248520 and one of the
three rabbit HEV strains (JQ013791, KY436898, or MF480298), apparently resulting from
high percent nucleotide identities between DLS13-11685 and these four strains. While 3e-
AB248520 shared an 82% identity with DLS13-11685 showing up on top in the BLAST search,
the three rabbit HEV strains had a range of 78-79% identities. Other genotypes (HEV-1, 2, 4,
5, 6, 7, and 8) shared a lower range of 73-75% identities. Although 3e-AB248520 was identified
in Japan, rabbit HEV strain JQ013791 was from France, and the other two rabbit HEV strains
KY436898 and MF480298 were found in Germany. Sample DLS13-11685 was collected in
France.

Phylogenetic trees of the five fragments of the DLS13-11685 genome from the recombina-
tion patterns confirmed the presence of three unclassified (fragments 1, 3 and 5, likely contain-
ing a mixture of HEV-3 and rabbit HEV sequences) and two HEV-3 derived (fragments 2 and
4) sequences. Similarly, phylogenetic trees of the nucleotide sequences of the three ORFs of
DLS13-11685 demonstrated that ORF1 and ORF2 were unclassified, while ORF3 was HEV-3
derived. Stronger selection pressure in the ORF2/ORF3 overlapping region of HEV likely
might have kept the nucleotide sequences of ORF3 and fragment 4 of DLS13-11685 largely
unchanged. Since both sequences have been proven belonging to HEV-3 with nucleotide iden-
tities of 87-94%, it is most likely that DLS13-11685 might have started out from an HEV-3
strain. As shown in Fig 3D, fragment 4 of DLS13-11685 paired with a swine HEV-3 strain
(AF455784) identified in Kyrgyzstan. In Fig 4C, the nucleotide sequence of ORF3 of DLS13-
11685 paired with another swine HEV-3 strain (AB290312) identified in Mongolia. Interest-
ingly, the swine HEV-3 strains identified in these two countries (AF455784 and AB290313)
grouped with AB248520 (Fig 4C), the Japanese genotype 3e human HEV strain which shares a
high nucleotide identity with DLS13-11685 as described above. Speculatively, the parental
strains of both AB248520 and DLS13-11685 are probably related to a swine HEV-3 strain iden-
tified in Central Asia. While AB248520 identified in Japan has strictly stayed as an HEV-3
strain, the HEV-3 genome of DLS13-11685 collected in France has recombined with a rabbit
HEV strain likely found in Western Europe to form a mosaic genome.

Rabbit HEV shares high amino acid sequence similarities with HEV-3: 88-91% in
ORF1-encoded protein, 89-95% in ORF2-encoded protein, and 82-88% in ORF3-encoded
protein. However, as examined the amino acid sequences of the three ORF-encoded proteins
(S4-S6 Tables, and Tables 2 and 3), strain DLS13-11685 in fact was observed to have five
amino acid residues which were present exclusively in rabbit HEV sequences but not in HEV-
3, while in the same positions the two newly identified genotype 3i strains (DLS13-11677 and
DLS13-11681) conversely carried the amino acid residues which were found solely in HEV-3
sequences but not in rabbit HEV, thus suggesting that DLS13-11685 may likely carry some
rabbit HEV sequences, and confirming that DLS13-11677 and DLS13-11681 are HEV-3
strains. In terms of the biochemical properties, the amino acid residues in three of the five
positions [aa 154 (“S”/”T”) and aa 1502 (“E”/”D”) in ORF1, and aa 241 (“I’/”L”) in ORF2] are
very similar, whereas the amino acids in the remaining two positions [aa 515 (“F”/”L”/”S”) and
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aa 609 (“I”/”A”) in ORF1] are different, indicating that the biochemical properties do not
appear to play a decisive role in selecting amino acids for the HEV strains to carry. In addition,
19 amino acid residues in ORF1-encoded protein (Table 2) and 5 in ORF2-encoded protein
(Table 3) of DLS13-11685 were found either exclusively or predominantly present in rabbit
HEV sequences but not or sparsely in HEV-3, whereas in the same positions the two genotype
3i strains reversely carried the amino acid residues which were either only or mainly observed
in HEV-3 sequences but not or seldom in rabbit HEV. In biochemical properties, 12 of the 19
amino acids in ORF1-encoded protein (Table 2) are similar [aa 62 (“L”/”F”), aa 189 (“A”/”V?),
aa 248 (“D”/”E”), aa 307 (“S”/”C”), aa 517 (“V’/’1”), aa 576 (“V”/’F”), aa 622 (“S”/”T”), aa 719
(“A”’V”), aa 1157 (“I”/”V”), aa 1540 (“V’/’T”), aa 1594 (“I”/”V”), and aa 1645 (“I”/”V”)], but
seven of them are different [aa 41 (“V”/”T”), aa 152 (“R”/’G’), aa 184 (“T”/”A”), aa 235 (“T”/
”T7), aa 892 (“Q”/”H”), aa 1011 (“A”/”S”), and aa 1506 (“A”/”S”)]. Similarly, 4 of the 5 amino
acids in ORF2-encoded protein (Table 3) are similar [aa 147 (“S”/”T”), aa 208 (“I”/”V”), aa 396
(“L”/”V”), and aa 645 (“I’/”V”)], but one of them is different [aa 359 (“T”/”M”)].

Of the total 29 rabbit HEV-specific amino acid residues found in DLS13-11685, 8 were in
fragment 1, 15 in fragment 2, 0 in fragment 3, 1 (outside of ORF3) in fragment 4, and 5 in frag-
ment 5. Both fragments 1 (854 nt) and 5 (1,509 nt) were designated as unclassified containing
a mixture of rabbit HEV and HEV-3 sequences, and expectedly have some rabbit HEV-specific
amino acid residues showing up. Fragment 3 (also unclassified, 363 nt) may have been too
short to have any rabbit HEV-specific amino acid residues standing out likely due to high
amino acid sequence similarities (82-95%) between rabbit HEV and HEV-3, whereas ORF3
(HEV-3, 372 nt) in fragment 4 (HEV-3, 427 nt) as expected does not have any rabbit HEV-spe-
cific amino acid residues. Fragment 2 (3,903 nt) was classified as HEV-3 derived, but harbors
15 rabbit HEV-specific amino acid residues. Taken together, it is quite possible that the paren-
tal HEV-3 sequence of DLS13-11685 has been in fact interspersed with segments of rabbit
HEV sequences along the genome other than the ORF2/ORF3 overlapping region. Some
regions such as fragments 1, 3 and 5 carry longer segments of rabbit HEV sequences which
showed up along with HEV-3 in BootScans (Fig 2). In phylogenetic trees, all three fragments
were then observed standing in between the clusters of rabbit HEV and HEV-3 (Fig 3A, 3C
and 3E), and hence were designated as unclassified. Some regions such as fragments 2 and 4
obtain shorter pieces of rabbit HEV sequences which only showed up as small peaks in Boot-
Scans (Fig 2) likely due to high nucleotide sequence identities (76-79%) between rabbit HEV
and HEV-3. As a result, these two fragments were found inside the cluster of HEV-3 strains in
the phylogenetic trees (Fig 3B and 3D), and hence were classified as HEV-3. In other words,
DLS13-11685 is a putative recombinant carrying some rabbit HEV sequences in its parental
HEV-3 genome.

Rabbit HEV strains have been found in farmed, wild, pet and laboratory rabbits [20, 33],
and rabbit HEV infections in humans have been confirmed recently in France [35], thus pro-
viding direct evidence of zoonotic transmission of rabbit HEV to humans. A dual infection of
a patient by HEV from two distinct genotypes (HEV-3 and HEV-4) has also been documented
[51]. As discussed earlier, the parental HEV-3 strain of DLS13-11685 is probably related to a
swine HEV-3 strain which is also zoonotic. This can be explained by a dual infection of a
swine-derived HEV-3 strain and a rabbit HEV-derived strain, resulting in the formation of an
HEV-3/rabbit HEV recombinant.

In conclusion, although we have not been able to locate a segment of the DLS13-11685
genome which directly groups with any of rabbit HEV strains to provide a direct evidence that
this strain is indeed a recombinant of HEV-3 and rabbit HEV strains, the results obtained by
SimPlots, BootScans, phylogenetic analyses, and amino acid sequence comparisons in this
study all together appear to suggest that DLS13-11685 is likely carrying some rabbit HEV-
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derived sequences in its parental HEV-3 genome. As a result, this newly identified strain
DLS13-11685 is designated as a putative genotype 3/rabbit HEV recombinant.

Supporting information

S1 Table. Primers used to amplify and sequence the gaps of the three novel HEV genomes.
(DOCX)

S2 Table. Subtypes, GenBank accession numbers, and strains of 81 HEV reference
sequences used in the construction of the phylogenetic trees of Figs 1, 3A-3E, 4A-4C, and
S1 Fig.

(DOCX)

$3 Table. GenBank accession numbers of 70 HEV reference sequences along with the 81
HEYV reference sequences listed in S2 Table used in the construction of the phylogenetic
tree of S1 Fig.

(DOCX)

S$4 Table. Alignment of the amino acid sequences of the ORF1-encoded proteins of 22
HEV-3 strains, 22 rabbit HEV strains, and three novel strains (DLS13-11677, DLS13-
11681 and DLS13-11685).

(DOCX)

§5 Table. Alignment of the amino acid sequences of the ORF2-encoded proteins of 22
HEV-3 strains, 22 rabbit HEV strains, and three novel strains (DLS13-11677, DLS13-
11681 and DLS13-11685).

(DOCX)

S6 Table. Alignment of the amino acid sequences of the ORF3-encoded proteins of 22
HEV-3 strains, 22 rabbit HEV strains, and three novel strains (DLS13-11677, DLS13-
11681 and DLS13-11685).

(DOCX)

S1 Fig. Phylogenetic tree of strains DLS13-11677, DLS13-11681 and DLS13-11685.
(DOCX)

Author Contributions

Conceptualization: Gavin A. Cloherty.

Data curation: Ka-Cheung Luk.

Formal analysis: Ka-Cheung Luk.

Investigation: Ka-Cheung Luk.

Methodology: Ka-Cheung Luk.

Project administration: George J. Dawson, Gavin A. Cloherty.

Supervision: George J. Dawson, Gavin A. Cloherty.

Writing - original draft: Ka-Cheung Luk.

Writing - review & editing: Kelly E. Coller, George J. Dawson, Gavin A. Cloherty.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203618 September 11,2018 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203618.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203618.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203618.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203618.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203618.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203618.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203618.s007
https://doi.org/10.1371/journal.pone.0203618

@° PLOS | ONE

A putative genotype 3/rabbit HEV recombinant

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Rein DB, Stevens GA, Theaker J, Wittenborn JS, Wiersma ST. The global burden of hepatitis E virus
genotypes 1 and 2 in 2005. Hepatology 2012; 55:988-997. https://doi.org/10.1002/hep.25505 PMID:
22121109

Reyes GR, Purdy MA, Kim JP, Luk KC, Young LM, Fry KE, et al. Isolation of a cDNA from the virus
responsible for enterically transmitted non-A, non-B hepatitis. Science 1990; 247:1335-1339. PMID:
2107574

Tam AW, Smith MM, Guerra ME, Huang CC, Bradley DW, Fry KE, et al. Hepatitis E virus (HEV): molec-
ular cloning and sequencing of the full-length viral genome. Virology 1991; 185:120-131. PMID:
1926770

Cao D, Meng XJ. Molecular biology and replication of hepatitis E virus. Emerg. Microbes Infect. 2012;
1:e17. https://doi.org/10.1038/emi.2012.7 PMID: 26038426

Nan'Y, Zhang YJ. Molecular biology and infection of hepatitis E virus. Front Microbiol. 2016; 7:1419.
https://doi.org/10.3389/fmicb.2016.01419 PMID: 27656178

Emerson SU, Purcell RH. Recombinant vaccines for hepatitis E. Trends Mol. Med. 2001; 7:462—466.
PMID: 11597521

Zhai LJ, Dai X, Meng JH. Hepatitis E virus genotyping based on full-length genome and partial genomic
regions. Virus Res. 2006; 120:57—-69. https://doi.org/10.1016/j.virusres.2006.01.013 PMID: 16472882

Lu L, Li CH, Hagedorn CH. Phylogenetic analysis of global hepatitis E virus sequences: genetic diver-
sity, subtypes and zoonosis. Rev. Med. Virol. 2006; 16:5-36. https://doi.org/10.1002/rmv.482 PMID:
16175650

Smith DB, Simmonds P, Jameel S, Emerson SU, Harrison TJ, Meng XJ, et al. Consensus proposals for
classification of the family Hepeviridae. J. Gen. Virol. 2014; 95:2223-2232. https://doi.org/10.1099/vir.
0.068429-0 PMID: 24989172

Kamar N, Bendall R, Legrand-Abravanel F, Xia NS, ljaz S, I1zopet J, Dalton HR. Hepatitis E. Lancet
2012; 379:2477-2488. https://doi.org/10.1016/S0140-6736(11)61849-7 PMID: 22549046

Hoofnagle JH, Nelson KE, Purcell RH. Hepatitis E. New Engl. J. Med. 2012; 367:1237-1244. https://
doi.org/10.1056/NEJMra1204512 PMID: 23013075

Schielke A, Sachs K, Lierz M, Appel B, Jansen A, Johne R. Detection of hepatitis E virus in wild boars of
rural and urban regions in Germany and whole genome characterization of an endemic strain. Virol. J.
2009; 6:58. https://doi.org/10.1186/1743-422X-6-58 PMID: 19442307

Wichmann O, Schimanski S, Koch J, Kohler M, Rothe C, Plentz A, et al. Phylogenetic and case-control
study on hepatitis E virus infection in Germany. J. Infect. Dis. 2008; 198:1732—-1741. https://doi.org/10.
1086/593211 PMID: 18983248

Slot E, Zaaijer HL, Molier M, Van den Hurk K, Prinsze F, Hogema BM. Meat consumption is a major risk
factor for hepatitis E virus infection. PLoS ONE 2017; 12:e0176414. https://doi.org/10.1371/journal.
pone.0176414 PMID: 28448527

Smith DB, Simmonds P, Izopet J, Oliveira-Filho EF, Ulrich RG, Johne R, et al. Proposed reference
sequences for hepatitis E virus subtypes. J. Gen. Virol. 2016; 97:537-542. https://doi.org/10.1099/jgv.
0.000393 PMID: 26743685

Woo PCY, Lau SKP, Teng JLL, Cao KY, Wernery U, Schountz T, et al. New hepatitis E virus genotype
in Bactrian camels, Xinjiang, China, 2013. Emerg. Infect. Dis. 2016; 22:2219-2221. https://doi.org/10.
3201/eid2212.160979 PMID: 27869607

Sridhar S, Teng JLL, Chiu TH, Lau SKP, Woo PCY. Hepatitis E virus genotypes and evolution: emer-
gence of camel hepatitis E variants. Int. J. Mol. Sci. 2017; 18:869.

Doceul V, Bagdassarian E, Demange A, Pavio N. Zoonotic hepatitis E virus: classification, animal reser-
voirs and transmission routes. Viruses 2016; 8:270.

Zhao C, Ma Z, Harrison TJ, Feng R, Zhang C, Qiao Z, et al. A novel genotype of hepatitis E virus preva-
lent among farmed rabbits in China. J. Med. Virol. 2009; 81:1371-1379. https://doi.org/10.1002/jmv.
21536 PMID: 19551838

Wang L, Zhang Y, Gong W, Song WT, Wang L. Hepatitis E virus in 3 types of laboratory animals,
China, 2012-2015. Emerg. Infect. Dis. 2016; 22:2157-2159. https://doi.org/10.3201/eid2212.160131
PMID: 27314902

Cossaboom CM, Cordoba L, Dryman BA, Meng XJ. Hepatitis E virus in rabbits, Virginia, USA. Emerg.
Infect. Dis. 2011; 17:2047-2049. https://doi.org/10.3201/eid1711.110428 PMID: 22099094

Cossaboom CM, Cordoba L, Cao D, Ni YY, Meng XJ. Complete genome sequence of hepatitis E virus
from rabbits in the United States. J. Virol. 2012; 86:13124-13125. https://doi.org/10.1128/JVI.02414-
12 PMID: 23118454

PLOS ONE | https://doi.org/10.1371/journal.pone.0203618 September 11,2018 17/19


https://doi.org/10.1002/hep.25505
http://www.ncbi.nlm.nih.gov/pubmed/22121109
http://www.ncbi.nlm.nih.gov/pubmed/2107574
http://www.ncbi.nlm.nih.gov/pubmed/1926770
https://doi.org/10.1038/emi.2012.7
http://www.ncbi.nlm.nih.gov/pubmed/26038426
https://doi.org/10.3389/fmicb.2016.01419
http://www.ncbi.nlm.nih.gov/pubmed/27656178
http://www.ncbi.nlm.nih.gov/pubmed/11597521
https://doi.org/10.1016/j.virusres.2006.01.013
http://www.ncbi.nlm.nih.gov/pubmed/16472882
https://doi.org/10.1002/rmv.482
http://www.ncbi.nlm.nih.gov/pubmed/16175650
https://doi.org/10.1099/vir.0.068429-0
https://doi.org/10.1099/vir.0.068429-0
http://www.ncbi.nlm.nih.gov/pubmed/24989172
https://doi.org/10.1016/S0140-6736(11)61849-7
http://www.ncbi.nlm.nih.gov/pubmed/22549046
https://doi.org/10.1056/NEJMra1204512
https://doi.org/10.1056/NEJMra1204512
http://www.ncbi.nlm.nih.gov/pubmed/23013075
https://doi.org/10.1186/1743-422X-6-58
http://www.ncbi.nlm.nih.gov/pubmed/19442307
https://doi.org/10.1086/593211
https://doi.org/10.1086/593211
http://www.ncbi.nlm.nih.gov/pubmed/18983248
https://doi.org/10.1371/journal.pone.0176414
https://doi.org/10.1371/journal.pone.0176414
http://www.ncbi.nlm.nih.gov/pubmed/28448527
https://doi.org/10.1099/jgv.0.000393
https://doi.org/10.1099/jgv.0.000393
http://www.ncbi.nlm.nih.gov/pubmed/26743685
https://doi.org/10.3201/eid2212.160979
https://doi.org/10.3201/eid2212.160979
http://www.ncbi.nlm.nih.gov/pubmed/27869607
https://doi.org/10.1002/jmv.21536
https://doi.org/10.1002/jmv.21536
http://www.ncbi.nlm.nih.gov/pubmed/19551838
https://doi.org/10.3201/eid2212.160131
http://www.ncbi.nlm.nih.gov/pubmed/27314902
https://doi.org/10.3201/eid1711.110428
http://www.ncbi.nlm.nih.gov/pubmed/22099094
https://doi.org/10.1128/JVI.02414-12
https://doi.org/10.1128/JVI.02414-12
http://www.ncbi.nlm.nih.gov/pubmed/23118454
https://doi.org/10.1371/journal.pone.0203618

@° PLOS | ONE

A putative genotype 3/rabbit HEV recombinant

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Izopet J, Dubois M, Bertagnoli S, Lhomme S, Marchandeau S, Boucher S, et al. Hepatitis E virus strains
in rabbits and evidence of a closely related strain in humans, France. Emerg. Infect. Dis. 2012;
18:1274—1281. https://doi.org/10.3201/eid1808.120057 PMID: 22840216

Kaiser M, Delaune D, Chazouilleres O, Blimel J, Roque-Afonso AM, Baylis SA. A world health organi-
zation human hepatitis E virus reference strain related to similar strains isolated from rabbits. Genome
Announc. 2018; 6:e00292—18. https://doi.org/10.1128/genomeA.00292-18 PMID: 29674549

Caruso C, Modesto P, Prato R, Scaglione FE, De Marco L, Bollo E, et al. Hepatitis E virus: first descrip-
tion in a pet house rabbit. A new transmission route for human? Transbound Emerg. Dis. 2015;
62:229-232. https://doi.org/10.1111/tbed.12348 PMID: 25773737

Di Bartolo I, De Sabato L, Marata A, Martineli N, Magistrali CF, Monini M, et al. Serological survey of
hepatitis E virus infection in farmed and pet rabbits in Italy. Arch. Virol. 2016; 161:1343—1346. https:/
doi.org/10.1007/s00705-016-2778-y PMID: 26873813

Eiden M, Vina-Rodriguez A, Schlosser J, Schirrmeier H, Groschup MH. Detection of hepatitis E virus in
archived rabbit serum samples, Germany 1989. Food Environ. Virol. 2016; 8:105—107. https://doi.org/
10.1007/s12560-015-9222-4 PMID: 26518295

Hammerschmidt F, Schwaiger K, Dahnert L, Vina-Rodriguez A, Hoper D, Gareis M, et al. Hepatitis E
virus in wild rabbits and European brown hares in Germany. Zoonoses Public Health 2017; 64:612—
622. https://doi.org/10.1111/zph.12355 PMID: 28371421

Ryll R, Eiden M, Heuser E, Weinhardt M, Ziege M, Héper D, et al. Hepatitis E virus in feral rabbits along
a rural-urban transect in Central Germany. Infect. Genet. Evol. 2018; 61:155-159. https://doi.org/10.
1016/j.meegid.2018.03.019 PMID: 29597055

Burt SA, Veltman J, Hakze-van der Honing R, Schmitt H, van der Poel WH. Hepatitis E virus in farmed
rabbits, wild rabbits and petting farm rabbits in The Netherlands. Food Environ. Virol. 2016; 8:227-229.
https://doi.org/10.1007/s12560-016-9239-3 PMID: 27147250

Ahn HS, Park BJ, Han SH, Kim YH, Kim DH, Kim BS, et al. Prevalence and genetic features of rabbit
hepatitis E virus in Korea. J. Med. Virol. 2017; 89:1995-2002. https://doi.org/10.1002/jmv.24875 PMID:
28617964

Xie X, Bil J, Shantz E, Hammermueller J, Nagy E, Turner PV. Prevalence of lapine rotavirus, astrovirus,
and hepatitis E virus in Canadian domestic rabbit populations. Vet. Microbiol. 2017; 208:146—149.
https://doi.org/10.1016/j.vetmic.2017.07.015 PMID: 28888629

Wang L, Liu L, Wang L. An overview: rabbit hepatitis E virus (HEV) and rabbit providing an animal
model for HEV study. Rev. Med. Virol. 2018; 28:€1961.

Lhomme S, Dubois M, Abravanel F, Top S, Bertagnoli S, Guerin JL, et al. Risk of zoonotic transmission
of HEV from rabbits. J. Clin. Virol. 2013; 58:357-362. https://doi.org/10.1016/j.jcv.2013.02.006 PMID:
23474012

Abravanel F, Lhomme S, El Costal H, Schvartz B, Peron JM, Kamar N, et al. Rabbit hepatitis E virus
infections in humans, France. Emerg. Infect. Dis. 2017; 23:1191-1193. https://doi.org/10.3201/
€id2307.170318 PMID: 28628452

Chare ER, Holmes EC. A phylogenetic survey of recombination frequencey in plant RNA viruses. Arch.
Virol. 2006; 151:933-946. https://doi.org/10.1007/s00705-005-0675-x PMID: 16292597

Pickett BE, Lefkowitz EJ. Recombination in West Nile Virus: minimal contribution to genomic diversity.
Virol. J. 2009; 6:165. https://doi.org/10.1186/1743-422X-6-165 PMID: 19821990

Moreno P, Alvarez M, Lopez L, Moratorio G, Casane D, Castells M, et al. Evidence of recombination in
Hepatitis C Virus populations infecting a hemophiliac patient. Virol. J. 2009; 6:203. https://doi.org/10.
1186/1743-422X-6-203 PMID: 19922637

Sztuba-Solinska J, Urbanowicz A, Figlerowicz M, Bujarski JJ. RNA-RNA recombination in plant virus
replication and evolution. Annu. Rev. Phytopathol. 2011; 49:415-443. https://doi.org/10.1146/annurev-
phyto-072910-095351 PMID: 21529157

Najera R, Delgado E, Perez-Alvarez L, Thomson MM. Genetic recombination and its role in the devel-
opment of the HIV-1 pandemic. AIDS 2002; 16:S3-S16.

Kelly AG, Netzler N, White PA. Ancient recombination events and the origins of hepatitis E virus. BMC
Evol. Biol. 2016; 16:210. https://doi.org/10.1186/s12862-016-0785-y PMID: 27733122

Worobey M, Holmes EC. Evolutionary aspects of recombination in RNA viruses. J. Gen. Virol. 1999;
80:2535-2543. https://doi.org/10.1099/0022-1317-80-10-2535 PMID: 10573145

Khuroo MS, Khuroo MS, Khuroo NS. Hepatitis E: Discovery, global impact, control and cure. World J.
Gastroenterol. 2016; 22:7030-7045. https://doi.org/10.3748/wjg.v22.i31.7030 PMID: 27610014

Kamar N, Izopet J, Pavio N, Aggarwal R, Labrique A, Wedemeyer H, et al. Hepatitis E virus infection.
Nat. Rev. Dis. Primers 2017; 3:17086. https://doi.org/10.1038/nrdp.2017.86 PMID: 29154369

PLOS ONE | https://doi.org/10.1371/journal.pone.0203618 September 11,2018 18/19


https://doi.org/10.3201/eid1808.120057
http://www.ncbi.nlm.nih.gov/pubmed/22840216
https://doi.org/10.1128/genomeA.00292-18
http://www.ncbi.nlm.nih.gov/pubmed/29674549
https://doi.org/10.1111/tbed.12348
http://www.ncbi.nlm.nih.gov/pubmed/25773737
https://doi.org/10.1007/s00705-016-2778-y
https://doi.org/10.1007/s00705-016-2778-y
http://www.ncbi.nlm.nih.gov/pubmed/26873813
https://doi.org/10.1007/s12560-015-9222-4
https://doi.org/10.1007/s12560-015-9222-4
http://www.ncbi.nlm.nih.gov/pubmed/26518295
https://doi.org/10.1111/zph.12355
http://www.ncbi.nlm.nih.gov/pubmed/28371421
https://doi.org/10.1016/j.meegid.2018.03.019
https://doi.org/10.1016/j.meegid.2018.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29597055
https://doi.org/10.1007/s12560-016-9239-3
http://www.ncbi.nlm.nih.gov/pubmed/27147250
https://doi.org/10.1002/jmv.24875
http://www.ncbi.nlm.nih.gov/pubmed/28617964
https://doi.org/10.1016/j.vetmic.2017.07.015
http://www.ncbi.nlm.nih.gov/pubmed/28888629
https://doi.org/10.1016/j.jcv.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23474012
https://doi.org/10.3201/eid2307.170318
https://doi.org/10.3201/eid2307.170318
http://www.ncbi.nlm.nih.gov/pubmed/28628452
https://doi.org/10.1007/s00705-005-0675-x
http://www.ncbi.nlm.nih.gov/pubmed/16292597
https://doi.org/10.1186/1743-422X-6-165
http://www.ncbi.nlm.nih.gov/pubmed/19821990
https://doi.org/10.1186/1743-422X-6-203
https://doi.org/10.1186/1743-422X-6-203
http://www.ncbi.nlm.nih.gov/pubmed/19922637
https://doi.org/10.1146/annurev-phyto-072910-095351
https://doi.org/10.1146/annurev-phyto-072910-095351
http://www.ncbi.nlm.nih.gov/pubmed/21529157
https://doi.org/10.1186/s12862-016-0785-y
http://www.ncbi.nlm.nih.gov/pubmed/27733122
https://doi.org/10.1099/0022-1317-80-10-2535
http://www.ncbi.nlm.nih.gov/pubmed/10573145
https://doi.org/10.3748/wjg.v22.i31.7030
http://www.ncbi.nlm.nih.gov/pubmed/27610014
https://doi.org/10.1038/nrdp.2017.86
http://www.ncbi.nlm.nih.gov/pubmed/29154369
https://doi.org/10.1371/journal.pone.0203618

@° PLOS | ONE

A putative genotype 3/rabbit HEV recombinant

45.

46.

47.

48.

49.

50.

51.

van Cuyck H, Fan J, Robertson DL, Roques P. Evidence of recombination between divergent hepatitis
E viruses. J. Virol. 2005; 79:9306-9314. https://doi.org/10.1128/JVI.79.14.9306-9314.2005 PMID:
15994825

Wang H, Zhang W, Ni B, Shen H, Song Y, Wang X, et al. Recombination analysis reveals a double
recombination event in hepatitis E virus. Virol. J. 2010; 7:129. https://doi.org/10.1186/1743-422X-7-129
PMID: 20546601

Chen EC, Miller SA, DeRisi JL, Chiu CY. Using a pan-viral microarray assay (virochip) to screen clinical
samples for viral pathogens. J. Vis. Exp. 2011; 50:2536.

Luk KC, Holzmayer V, Yamaguchi J, Swanson P, Brennan CA, Ngansop C, et al. Near full-length
genome characterization of three additional HIV type 1 CRF13_cpx strains from Cameroon. AIDS Res.
Hum. Retroviruses 2007; 23:297-302. https://doi.org/10.1089/aid.2006.0177 PMID: 17331036

Lu L, Li C, Hagedorn CH. Phylogenetic analysis of global hepatitis E virus sequences: genetic diversity,
subtypes and zoonosis. Rev. Med. Virol. 2006; 16:5-36. https://doi.org/10.1002/rmv.482 PMID:
16175650

Bouquet J, Tessé S, Lunazzi A, Eloit M, Rose N, Nicand E, et al. Close similarity between sequences of
hepatitis E virus recovered from humans and swine, France, 2008—-2009. Emerg. Infect. Dis. 2011;
17:2018-2025. https://doi.org/10.3201/eid1711.110616 PMID: 22099089

Takahashi M, Nishizawa T, Yoshikawa A, Sato S, Isoda N, Ido K, et al. Identification of two distinct
genotypes of hepatitis E virus in a Japanese patient with acute hepatitis who had not travelled abroad.
J. Gen. Virol. 2002; 83:1931-1940. https://doi.org/10.1099/0022-1317-83-8-1931 PMID: 12124457

PLOS ONE | https://doi.org/10.1371/journal.pone.0203618 September 11,2018 19/19


https://doi.org/10.1128/JVI.79.14.9306-9314.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994825
https://doi.org/10.1186/1743-422X-7-129
http://www.ncbi.nlm.nih.gov/pubmed/20546601
https://doi.org/10.1089/aid.2006.0177
http://www.ncbi.nlm.nih.gov/pubmed/17331036
https://doi.org/10.1002/rmv.482
http://www.ncbi.nlm.nih.gov/pubmed/16175650
https://doi.org/10.3201/eid1711.110616
http://www.ncbi.nlm.nih.gov/pubmed/22099089
https://doi.org/10.1099/0022-1317-83-8-1931
http://www.ncbi.nlm.nih.gov/pubmed/12124457
https://doi.org/10.1371/journal.pone.0203618

