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Hepatitis E virus (HEV) is an important human pathogen. In addition to humans, HEV has also

been identified in pig, chicken, mongoose, deer, rat, rabbit and fish. There are four recognized

and two putative genotypes of mammalian HEV. Genotypes 1 and 2 are restricted to humans,

while genotypes 3 and 4 are zoonotic. The recently identified rabbit HEV is a distant member of

genotype 3. Here, we first expressed and purified the recombinant capsid protein of rabbit HEV

and showed that the capsid protein of rabbit HEV cross-reacted with antibodies raised against

avian, rat, swine and human HEV. Conversely, we showed that antibodies against rabbit HEV

cross-reacted with capsid proteins derived from chicken, rat, swine and human HEV. Since

pigs are the natural host of genotype 3 HEV, we then determined if rabbit HEV infects pigs.

Twenty pigs were divided into five groups of four each and intravenously inoculated with PBS,

US rabbit HEV, Chinese rabbit HEV, US rat HEV and swine HEV, respectively. Results showed

that only half of the pigs inoculated with rabbit HEV had low levels of viraemia and faecal virus

shedding, indicative of active but not robust HEV infection. Infection of pigs by rabbit HEV was

further verified by transmission of the virus recovered from pig faeces to naı̈ve rabbits. Pigs

inoculated with rat HEV showed no evidence of infection. Preliminary results suggest that rabbit

HEV is antigenically related to other HEV strains and infects pigs and that rat HEV failed to

infect pigs.

INTRODUCTION

Hepatitis E virus (HEV), the causative agent of hepatitis E,
is an important human pathogen (Emerson & Purcell,
2007). Sporadic cases of acute hepatitis E have also been
reported in many industrialized countries including the
United States (Meng, 2010b; Yazaki et al., 2003). HEV is
transmitted primarily by the faecal–oral route and causes
self-limiting acute hepatitis with a high morbidity in young
adults (Emerson & Purcell, 2003, 2007; Ma et al., 2010;
Meng, 2010a, b). At least four major genotypes of HEV
have been recognized thus far (Ahmad et al., 2011; Meng,
2011; Meng et al., 2012; Purdy & Khudyakov, 2010):
genotypes 1 and 2 are restricted to humans, whereas
genotypes 3 and 4 have an expanded host range and are
zoonotic (Arankalle et al., 2006; Bouquet et al., 2011;
Hakze-van der Honing et al., 2011; Meng, 2010a; 2011;
Okamoto, 2007). Recently, two potential new genotypes of
HEV were identified from rats in Germany and the USA

(Johne et al., 2010; Purcell et al., 2011) and from wild boars
in Japan (Sato et al., 2011; Takahashi et al., 2011). Avian
HEV from chickens is likely to represent a new genus
within the family Hepeviridae (Bilic et al., 2009; Meng,
2010a, b). The strain of HEV recently identified from
cutthroat trout appears to belong to a new genus as well
(Batts et al., 2011).

HEV is a small, non-enveloped virus with a positive-sense
RNA genome of approximately 7.2 kb (Aggarwal & Jameel,
2011; Okamoto, 2007). The virus contains three ORFs:
ORF1 encodes non-structural proteins, ORF2 encodes the
viral capsid protein and ORF3 encodes a cytoskeleton-
associated phosphoprotein with multiple functions (Huang
et al., 2007; Meng, 2010a; Surjit et al., 2004; Wang et al.,
2000; Zafrullah et al., 1997). The recent availability of cell
culture systems for HEV will aid future studies of HEV
biology (Okamoto, 2011a, b). The first isolation of a non-
human animal strain of HEV was from a pig in the USA in
1997, designated swine HEV (Meng et al., 1997), and since
then swine HEV has been genetically identified from pigsA supplementary table is available with the online version of this paper.
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worldwide (Meng, 2011). Thus far, all strains of HEV
identified from pigs belong to either genotypes 3 or 4,
although a putative new genotype was recently identified
from a wild boar (Takahashi et al., 2011). Genotypes 3 and 4
strains of HEV can infect across species barriers and are
zoonotic (Meng, 2010a; 2011; Pavio et al., 2010; Shukla et al.,
2011). In addition to pigs and humans, genetically divergent
strains of HEV have also been isolated from several other
animal species including chicken, rat, mongoose, horse, deer
and rabbit (Haqshenas et al., 2001; Johne et al., 2010; Ma
et al., 2010; Meng et al., 1998b; Nakamura et al., 2006; Saad
et al., 2007; Sonoda et al., 2004; Takahashi et al., 2004; Zhao
et al., 2009).

The novel rabbit strain of HEV identified from farmed
rabbits in China is distantly related to the strains from
genotype 3 (Geng et al., 2011; Zhao et al., 2009). More
recently, we genetically identified a novel strain of HEV
from rabbits in the USA (Cossaboom et al., 2011) that is
also distantly related to strains from genotype 3. We
showed that infection of rabbits by genotype 3 HEV is
potentially widespread in the USA (Cossaboom et al.,
2011). It appears that the rabbit strains of HEV from both
China and the USA belong to genotype 3 (Cossaboom
et al., 2011; Purdy & Khudyakov, 2010).

A genetically distinct strain of HEV, designated rat HEV,
was identified from Norway rats in Germany and shares
approximately 60 and 50 % nucleotide sequence identity
with human and avian strains of HEV, respectively (Johne
et al., 2010). More recently, a rat HEV similar to that from
Germany was identified from urban rats in Los Angeles,
California (Purcell et al., 2011). Transmission of the US rat
HEV to naı̈ve laboratory rats was successful, although the
transmission was spotty and did not result in a robust
infection. An attempt to transmit the US rat HEV to rhesus
monkeys was unsuccessful, suggesting that rat HEV is

probably not a source of HEV infection in humans (Purcell
et al., 2011).

Since pigs are the natural host of genotype 3 HEV, it is
possible that, like swine HEV (Meng et al., 1998b), the
rabbit strain of HEV may also have the ability to infect
across species. Therefore, the objectives of this study were
to determine whether the rabbit and rat strains of HEV can
cross species barriers and infect pigs, and whether there is
an antigenic cross-reactivity in the capsid protein between
the rabbit strain of HEV and other known animal strains of
HEV.

RESULTS

Generation of infectious stocks of the Chinese
and US strains of rabbit HEV

The two rabbits (#560 and #562) inoculated with the PCR-
positive serum sample containing a Chinese strain of rabbit
HEV became infected. Faecal shedding of the virus was
detected at 10 days post-infection (p.i.). At 22 days p.i.,
rabbit #560, which had shed virus in its faeces for two
consecutive weeks (Table 1), was euthanized. An infectious
stock of Chinese rabbit HEV (strain RC39) was then pre-
pared as a 10 % suspension (w/v in PBS) of the intestinal
content and bile collected during the necropsy of rabbit
#560, and this infectious virus stock has a titre of appro-
ximately 26106 genome equivalent (GE) ml21. The US
strain of rabbit HEV (USRab-14) infectious virus stock was
prepared as a 10 % suspension of faeces (w/v in PBS)
collected from PCR-positive farmed rabbits in Virginia
with an approximate titre of 26105 GE g21 of faeces. The
semi-quantification of virus GE titres was essentially done
as described previously (Kasorndorkbua et al., 2002; Tsarev
et al., 1993, 1994).

Table 1. Faecal virus shedding in rabbits experimentally inoculated with Chinese rabbit HEV (RC-39) and US rabbit HEV (USRab-
14) collected from rabbit and pig faeces

Rabbit HEV

inocula

Rabbit ID Positive (+) or negative (”) of HEV RNA detected in faecal samples at indicated weeks p.i.*

0 1 2 3 4 5 6 7 8 9

RC-39 from

rabbit serum

560 2 2 + + XD

562 2 2 + + + + + + + XD

USRab-14 from

pig faeces

1 2 2 + 2 2 + + 2 2 2

3 2 2 2 + + + 2 2 2 2

USRab-14 from

rabbit faeces

7 2 + + + + + + + + +

8 2 + + + + XD

*The faecal samples were collected every other day and the results are considered positive for that indicated week if at least one of the samples

collected during the week tested positive.

DX, Indicates that the animal was euthanized during that week.
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Cross-species infections of specific-pathogen-
free (SPF) pigs by US and Chinese strains of
rabbit HEV but not by the US strain of rat HEV

Groups of four pigs were each inoculated with the US
rabbit HEV, Chinese rabbit HEV, US rat HEV, genotype 3
swine HEV (positive control) and PBS buffer (negative
control). Two pigs, one in the negative control group and
one in the rat HEV-inoculated group, died prior to the
termination of the project from causes unrelated to the
infection. There was no detectable faecal virus shedding in
the negative control group. In pigs inoculated with the US
rabbit HEV, faecal virus shedding was sporadic and began
at 5 week p.i. in only 1/4 inoculated pigs, even though
transient viraemia was detected in 2/4 pigs. In pigs ino-
culated with the Chinese rabbit HEV, faecal virus shedding
was apparent in 2/4 pigs beginning at 6 weeks p.i. (Table
2). In pigs inoculated with a genotype 3 swine HEV, faecal
virus shedding began as early as 1 week p.i., and 4/4 positive
control pigs shed virus in faeces, and 3/4 pigs were viraemic
starting at 2 weeks p.i. (Table 2). In pigs inoculated with the
US rat HEV, there was no detectable faecal virus shedding or
viraemia (Table 2). Seroconversion to IgG anti-HEV was
detected in pigs inoculated with swine HEV, but not in pigs
from any other group using genotype 1 human HEV, rat
HEV or rabbit HEV antigens (data not shown).

All liver and bile samples collected during necropsies at
10 weeks p.i. from pigs in the negative control group and
in groups inoculated with US rabbit HEV and rat HEV
tested negative for HEV RNA. In the group inoculated with
Chinese rabbit HEV, two pigs were positive for HEV RNA
in the bile, and one was also positive for HEV RNA in the
liver. All four pigs in the positive control group were
positive for HEV RNA in the liver, but none in the bile
(Table 2).

A semi-quantitative nested RT-PCR was performed on the
positive faecal samples from pigs that had been inoculated
with US rabbit HEV and Chinese rabbit HEV. The
approximate GE titre of the positive faecal samples from
pigs infected by the US rabbit HEV ranged from 103 to 105

GE g21 of faeces, while the approximate GE titre of the
faecal samples from pigs infected by the Chinese rabbit
HEV ranged from 102 to 106 GE g21 of faeces, indicating a
low level of replication of the rabbit HEV in pigs.

The virus recovered from faeces of pigs
experimentally infected with rabbit HEV can infect
naı̈ve rabbits under laboratory conditions

To further confirm if pigs are indeed infected by rabbit
HEV and excrete infectious virus in faeces, two rabbits

Table 2. Faecal virus shedding and viraemia in pigs experimentally inoculated with a US strain of rabbit HEV, a Chinese strain of
rabbit HEV, a US strain of rat HEV and a genotype 3 swine HEV

Virus inocula Pig ID Positive (+) or negative (”) of HEV RNA detected in faecal/serum samples at indicated weeks p.i.*

0 1 2 3 4 5 6 7 8 9 10 L B

PBS buffer 1 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 XD

2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

3 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

4 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

US rabbit HEV 15 2/2 2/2 2/+ 2/2 2/2 2/+ 2/2 2/+ 2/2 2/2 2/2 2 2

16 2/2 2/2 2/2 2/2 2/2 +/2 2/2 2/2 2/2 +/+ 2/2 2 2

17 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

18 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

Chinese rabbit

HEV

19 2/2 2/2 2/2 2/2 2/2 2/2 +/2 +/2 +/2 +/2 +/2 + +

20 2/2 2/2 2/2 2/2 2/2 2/2 +/2 2/2 +/2 +/2 +/2 2 +

21 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

22 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

US rat HEV 23 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

24 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

25 2/2 2/2 2/2 2/2 2/2 XD

26 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2/2 2 2

Genotype 3

swine HEV

27 2/2 2/2 2/2 +/2 +/2 +/2 +/+ 2/2 2/2 2/2 2/2 + 2

28 2/2 2/2 -/+ 2/2 2/2 2/2 2/2 +/2 +/+ +/2 +/2 + 2

29 2/2 +/2 +/2 +/+ +/+ +/2 +/2 2/2 2/2 +/2 +/2 + 2

30 2/2 +/2 2/2 +/2 +/2 +/2 +/2 2/2 2/2 +/2 +/2 + 2

*L, Liver; B, bile collected during necropsies.

DX, Pigs #1 and #25 died prior to the termination of the project due to circumstances unrelated to the study.

Cross-species infection of pigs by rabbit HEV

http://vir.sgmjournals.org 1689



(ID#1 and #3) were intravenously inoculated with a 10 %
suspension (w/v in PBS) of faeces collected from pigs
inoculated with the rabbit HEV USRab-14 that tested
positive for HEV RNA by RT-PCR. The two inoculated
rabbits began to shed virus sporadically in faeces at 12 days
p.i. and the faecal virus shedding continued until week 6
p.i. (Table 1). In addition, as a positive control, we also
inoculated two other rabbits (ID#7 and #8) with a 10 %
suspension of faeces prepared from farmed rabbits in
Virginia that tested positive by RT-PCR for rabbit HEV
RNA. These two inoculated rabbits began to shed virus in
the faeces at 6 days p.i. and continued to be positive until
euthanasia (Table 1). One of these two rabbits, ID#8, was
euthanized during the acute stage of infection (third week
of the study) in order to prepare a higher titre virus stock
of USRab-14 for future studies.

Rabbits ID#7 and #8 also seroconverted to IgG anti-HEV
(Fig. 1), although rabbit #8 was euthanized at week 3 p.i.
However, the two other rabbits (ID#1 and #3) had no
detectable seroconversion (Fig. 1). The bile, intestinal
content and liver collected during necropsies from rabbits
#7 and #8 tested positive for rabbit HEV RNA. Similarly,
the liver and intestinal content from rabbit #1, but not #3,
also tested positive for rabbit HEV RNA.

Rabbit HEV is antigenically related to avian, rat,
swine and human HEVs

To determine antigenic cross-reactivity, we performed Western
blot analyses. The results showed that the rabbit HEV anti-
serum cross-reacted with truncated recombinant capsid
antigens derived from avian, rat, swine and human HEV
strains (Fig. 2a). A very strong reactivity was demonstrated

between the purified truncated capsid protein of rabbit
HEV and rabbit HEV antiserum (Fig. 2a). The truncated
genotype 1 human HEV capsid protein (GenWay Biotech)
and the truncated genotype 3 swine HEV capsid protein
also reacted strongly with the rabbit HEV antiserum,
whereas the cross-reactivity between the truncated avian
HEV (Haqshenas et al., 2002) and rat HEV capsid proteins
with the rabbit HEV antiserum was much weaker. The
rabbit HEV recombinant capsid protein did not react with
pre-immune serum from rabbits (Fig. 2a). The rabbit
HEV capsid protein did not react with pre-immune serum
from rabbits (Fig. 2a). The purity of the respective HEV
antigens was demonstrated in the Coommassie-staining
gel (Fig. 2b). The extraneous bands, especially the lower
molecular mass bands that appear in some lanes (Fig. 2a),
may be due to protein degradation, which is not un-
common in Western blots.

Similarly, a truncated purified recombinant capsid pro-
tein of rabbit HEV demonstrated some degree of cross-
reactivity with the antisera raised against all of the different
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Fig. 1. Seroconversion to IgG anti-HEV in rabbits experimentally
inoculated with the rabbit HEV (USRab-14 strain) recovered from
farmed rabbits in Virginia (ID#7 and #8) and with a 10 %
suspension of RT-PCR-positive faeces from a pig experimentally
infected with the same strain. The ELISA OD values are plotted
over weeks post-infection. The rabbits were necropsied at
10 weeks p.i.
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Fig. 2. Antigenic cross-reactivity between rabbit HEV antiserum
and recombinant capsid antigens from other animal HEV strains by
Western blot analysis. (a) Each lane was loaded with an equal
amount (1 mg) of truncated recombinant capsid proteins derived
from different strains of HEV: (1) US rabbit HEV (34 kDa), (2)
genotype 1 human HEV (43 kDa), (3) genotype 3 swine HEV
(60 kDa), (4) avian HEV (32 kDa) or (5) rat HEV (60 kDa). The
membrane containing each of the recombinant antigens was
incubated with a rabbit HEV antiserum. Lanes 6 and M, negative
control and molecular marker, respectively. Arrowheads indicate
the expected bands of antigen–antibody reaction in the Western
blot analysis. (b) Coomassie-staining gel of truncated recombinant
capsid proteins derived from different strains of HEV. Each lane
was loaded with an equal amount (1 mg) of either (1) US rabbit
HEV (34 kDa), (2) genotype 1 human HEV (43 kDa), (3) genotype
3 swine HEV (60 kDa), (4) avian HEV (32 kDa) or (5) rat HEV
(60 kDa). Arrowheads indicate the expected sizes of each
truncated HEV capsid protein.
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strains of HEV that were tested in this study (Fig. 3).
However, quantification of the degree of antigenic cross-
reactivity in this experiment was not possible since the
antibody titre of each antiserum was unknown. To estimate
the anti-HEV antibody level of these different HEV antisera
used in the Western blot analysis, we performed an ELISA
on 10-fold serial dilutions of each antiserum. The genotype
3 HEV pig antiserum had the highest level of anti-HEV
antibodies compared with the other HEV antisera (data
not shown), thus explaining the observed high level of
cross-reactivity between the genotype 3 HEV pig antiserum
and the rabbit HEV antigen (Fig. 3).

DISCUSSION

Hepatitis E is a recognized zoonotic disease: pigs and
probably other animal species are reservoirs for HEV (Meng,
2010a, b; 2011). Recently, a novel genotype 3 strain of HEV
was identified in rabbits, first from China (Zhao et al., 2009)
and subsequently in the USA (Cossaboom et al., 2011).
More recently, another unique strain of HEV was identified
in rats in Germany (Johne et al., 2010) and in the USA
(Purcell et al., 2011). Although the rat HEV could not be
transmitted to rhesus macaques (Purcell et al., 2011), the
biological significance of the rabbit HEV remains unclear. In
this study, we aimed to characterize the antigenic relatedness
between the rabbit HEV and other known animal strains of
HEV and to determine if the rabbit HEV and the US rat
HEV have the ability to infect across species.

As expected, the rabbit HEV (strain USRab-14) capsid
antigen reacted with the rabbit HEV antiserum as well as

with antisera against genotype 1 human HEV and genotype
3 swine HEV, suggesting that the rabbit HEV shares
conserved antigenic epitopes with genotypes 1 and 3 HEV.
Interestingly, the rabbit HEV capsid antigen also reacted
with antisera raised against the distantly related avian HEV
and rat HEV, further indicating that there exists only one
serotype among mammalian HEV (Emerson & Purcell,
2007). The antigenic cross-reactivity was further verified in
a reverse Western blot analysis when the capsid antigens
derived from genotypes 1 and 3 HEV were shown to react
with rabbit HEV antiserum. Avian and rat HEV antigens
also reacted with rabbit HEV antiserum. The results revealed
that the rabbit HEV is antigenically related to the known
mammalian HEV strains as well as the avian HEV strain.

Since the rabbit HEV is a distant member of genotype 3
(Purdy & Khudyakov, 2010) and since pigs are the natural
host of the genotype 3 HEV, we assessed the ability of
rabbit HEV to cause cross-species infection in a pig model.
We demonstrated that, indeed, both the US strain and the
Chinese strain of rabbit HEV were able to infect SPF pigs
when inoculated intravenously, as approximately half of
the inoculated pigs developed transient viraemia and shed
the virus sporadically in faeces. It appears that, when
compared to the pigs infected with the genotype 3 swine
HEV, the pigs infected with the rabbit HEV have a delayed
onset and shorter duration of viraemia and faecal virus
shedding. There is no detectable seroconversion in the pigs
inoculated with rabbit HEV, even though seroconversion
was evident in pigs infected with swine HEV. The lack of
seroconversion suggested that infection of pigs by rabbit
HEV is not robust, and the replication level of the rabbit
HEV in pigs is low since the estimated GE titre of rabbit
HEV in the positive-pig faecal samples ranged from 103 to
105 GE g21 of faeces for the US rabbit HEV group, and 102

to 106 GE g21 of faeces for the Chinese rabbit HEV group.
The transient and spotty nature of viraemia and faecal virus
shedding detected in only half of the rabbit HEV-
inoculated pigs also indicated an inefficient and low level
of rabbit HEV replication in pigs. This is not surprising,
considering that this is a cross-species infection and the
rabbit HEV will need to adapt to the new host before it can
replicate more efficiently. In addition, the relatively low
titres of the rabbit HEV stocks used for the pig inoculation
(26105–106 GE ml21) may also play a role in the observed
low level of rabbit HEV replication in pigs since it is well
documented that hepatitis E is a dose-dependent disease
(Tsarev et al., 1993, 1994). It is possible that the rabbit
HEV replication level in pigs is not robust and therefore is
insufficient to elicit a detectable level of humoral immune
response.

To further verify that the pigs are indeed infected by rabbit
HEV and excrete infectious virus in the faeces, we sub-
sequently inoculated two naı̈ve rabbits with a 10 % suspen-
sion of PCR-positive pig faeces collected from rabbit HEV-
infected pigs. Viraemia and faecal virus shedding were
consistently detected in the two inoculated rabbits,
indicating that the faeces from the rabbit HEV-infected

M         1                  2                      3                     4                5              6

34 kDa �

Fig. 3. Antigenic cross-reactivity between recombinant rabbit HEV
capsid antigen and anti-HEV antisera raised against different
animal strains of HEV in a Western blot analysis. Each lane was
loaded with an equal amount (1 mg) of the truncated recombinant
capsid protein of rabbit HEV (34 kDa). The membrane containing
the rabbit HEV capsid antigen was incubated with antisera raised
against different strains of HEV: (1) rabbit antiserum against US
strain of rabbit HEV, (2) swine hyperimmune antiserum from a pig
immunized with the capsid antigen of the genotype 1 human HEV,
(3) swine antiserum from a pig experimentally infected with
genotype 3 swine HEV, (4) chicken antiserum from a chicken
experimentally infected with avian HEV or (5) swine antiserum from
a pig immunized with the recombinant rat HEV capsid protein.
Lanes 6 and M, negative control and molecular marker, respect-
ively. Arrowheads indicate the expected bands of antigen–
antibody reaction in the Western blot analysis.
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pig contain infectious virus. Again, seroconversion to
rabbit HEV antibody was not detected in the pig faeces-
infected rabbits, even though seroconversion was evident
in the rabbits experimentally infected with rabbit HEV
USRab-14. Nonetheless the successful transmission of
rabbit HEV recovered from faeces of inoculated pigs to
naı̈ve rabbits further confirmed that rabbit HEV has the
ability to infect pigs.

None of the pigs inoculated with a US rat HEV showed any
evidence of infection, as there was no viraemia, faecal virus
shedding or seroconversion. This is not unexpected as the
rat HEV appears to belong to a new genotype (Johne et al.,
2010; Purcell et al., 2011). In a recent study, an attempt to
infect rhesus monkeys with the rat HEV was also
unsuccessful (Purcell et al., 2011). Therefore, the prelim-
inary data from this study suggest that the rat HEV
identified from the USA and Germany has a limited host
range and is probably not zoonotic; however, future studies
are warranted to confirm this.

In conclusion, the results from this study demonstrated
that the newly identified rabbit HEV is antigenically related
to the other known animal strains of HEV, and that, like
other genotype 3 HEV strains, the rabbit HEV also has the
ability to infect across the species barrier. This raises potential
concern of zoonotic transmission of the rabbit strain of HEV
to humans through direct contact with infected rabbits or
through the consumption of undercooked rabbit meat.
Future studies are warranted to determine the zoonotic
potential of the rabbit HEV.

METHODS

Sources of viruses. The USA strain of rabbit HEV (USRab-14) was

a 10 % faecal suspension in PBS buffer (w/v) prepared from faeces of

farmed rabbits in Virginia that tested positive by RT-PCR for HEV
RNA (Cossaboom et al., 2011). The Chinese strain of rabbit HEV was

from a serum sample of a rabbit that was experimentally infected with
the RC-39 strain of rabbit HEV isolated in China (Ma et al., 2010;

Zhao et al., 2009). The US rat strain of HEV was a homogenate of

liver from a laboratory rat experimentally infected with the US rat
HEV with an infectious titre of 105.9 per 0.5 ml (Purcell et al., 2011).

The genotype 3 swine HEV used as the positive control was from an
experimentally infected pig with a titre of 104.5 50 % pig infectious

dose (PID50) (Feagins et al., 2008; Halbur et al., 2001; Meng et al.,

1998b; Sanford et al., 2011).

Animals. Twenty, 6-week-old, cross-bred SPF pigs were obtained

from the Virginia-Maryland Regional College of Veterinary
Medicine’s Swine Breeding Facility for the cross-species transmission

study. Prior to inoculation, all pigs were confirmed negative for IgG

anti-HEV by an ELISA. Six, 8-week-old, New Zealand white rabbits
were obtained from Harlan Laboratories for the rabbit infection

study. Prior to inoculation, each rabbit was confirmed negative for
IgG anti-HEV by an ELISA.

Generation of an infectious stock of the Chinese rabbit strain

of HEV. In order to generate an infectious virus stock of the Chinese
rabbit HEV, a serum sample shown to be positive by RT-PCR for a

Chinese rabbit HEV (RC-39) was used to inoculate two naı̈ve rabbits
(#560 and #562). Briefly, the rabbits were intravenously inoculated

with 0.5 ml of an RT-PCR-positive serum. Faeces were collected every

other day, and blood was collected once a week from each rabbit.
Rabbit #560 was necropsied during the acute stage of infection at

22 days p.i. Intestinal content and bile collected during the necropsy
were prepared in a 10 % suspension (w/v in PBS) and used as an

infectious stock of the Chinese rabbit HEV. Rabbit #562 was kept

until 56 days p.i. to determine seroconversion over time.

Experimental inoculation of pigs with rabbit and rat strains of

HEV. Twenty SPF pigs were divided into five groups of four pigs per

group. Each group of pigs was housed separately in a BSL-2 facility
and was inoculated intravenously with either PBS (negative control),

US rabbit HEV, Chinese rabbit HEV, a US strain of rat HEV and a
genotype 3 swine HEV (positive control), respectively. Serum and

faecal samples were collected weekly from each pig at 0, 7, 14, 21, 28,

35, 42, 49, 56, 63, 70 days p.i. Serum samples were tested for the
respective viral RNA (viraemia) by RT-PCR (Cooper et al., 2005;

Córdoba et al., 2011; Huang et al., 2002) and for IgG anti-HEV by

ELISA as described previously (Meng et al., 1997). Faecal samples
(10 % faecal suspension in PBS) were also tested for the presence of

the respective HEV RNA by RT-PCR. All pigs were necropsied at

10 weeks p.i. At necropsy, samples of serum, intestinal content, bile
and liver tissue were collected and stored at 280 uC until use.

Experimental inoculation of rabbits with rabbit HEV recovered

from experimentally infected pigs and from farmed rabbits. To

further confirm that pigs experimentally inoculated with the rabbit

HEV are indeed infected, we inoculated rabbits with a suspension of
an RT-PCR-positive faeces collected from a pig experimentally

inoculated with the rabbit HEV. Rabbits were housed in separate

cages. Two rabbits (ID #1 and #3) were each inoculated with a 10 %
suspension of an RT-PCR-positive faeces collected from pigs

experimentally inoculated with the US rabbit strain of HEV

(USRab-14). Two other rabbits (ID #7 and #8) were each inoculated
with a 10 % faecal suspension containing the USRab-14 prepared

from faeces directly collected from farmed rabbits in Virginia

(Cossaboom et al., 2011). Faecal samples were collected every other
day from each rabbit following inoculation. Serum samples were

collected at 0, 14, 21, 28, 35, 42, 49, 56, 63 days p.i. Serum samples
were tested for rabbit HEV RNA by RT-PCR essentially as described

previously (Cooper et al., 2005; Córdoba et al., 2011; Huang et al.,

2002) and for anti-HEV IgG by ELISA as described previously (Meng
et al., 1997). Faecal samples (10 % faecal suspension in PBS) were also

tested for rabbit HEV RNA by RT-PCR. At each necropsy, samples of

serum, intestinal content, bile and liver tissue were collected and
stored at 280 uC until use.

Detection and semi-quantitative titration of HEV RNA in

samples by nested RT-PCR. RNA extraction was performed using

a standard Trizol Reagent protocol on all pig and rabbit serum and

faecal samples. Briefly, 200 ml of serum and 200 ml of a 10 % faecal
suspension were used for RNA extraction. Additionally, total RNAs

were also extracted from 200 ml of bile, 10 % (w/v) intestinal content in

PBS and 10 % suspension of liver homogenates. Reverse transcription
was performed on 12.25 ml of each RNA sample for 60 min at 42 uC
using 1 ml of the virus strain-specific reverse primer (Table S1, available

in JGV Online), 0.25 ml (20 U ml21) Superscript II reverse transcriptase
(Invitrogen), 4 ml of 56 RT buffer, 1 ml of 0.1 M dithiothreitol, 0.50 ml

(40U ml21) RNase inhibitor (Promega) and 1 ml of 10 mM deoxynu-

cleoside triphosphates. Five microlitres of the resulting cDNA was then
amplified in a 50 ml PCR with AmpliTaq Gold DNA polymerase

(Applied Biosystems). The PCR parameters used in this study are
essentially the same as described previously (Huang et al., 2002) using

virus strain-specific primers that amplify a capsid gene region.

The strain-specific PCR primers for the RT-PCR assays to detect the
respective HEV RNA in pigs experimentally inoculated with US rabbit
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strain, Chinese rabbit strain, rat strain and the genotype 3 swine HEV

are listed in Table S1. The strain-specific primers were designed based

on the published sequences of US rabbit HEV (Cossaboom et al.,

2011), Chinese rabbit HEV (Zhao et al., 2009), US rat HEV (Purcell et

al., 2011) and genotype 3 swine HEV (Meng et al., 1997). In addition,

degenerate primers that can amplify known genotype 3 strains of

HEV were also designed based on a multiple sequence alignment of

the two known Chinese rabbit strains of HEV (Geng et al., 2011; Zhao

et al., 2009) as well as 75 other genotype 3 HEV strains.

To further confirm the RT-PCR results, all serum and faecal samples

that tested positive in pigs experimentally inoculated with US rabbit

HEV were subsequently retested with a different nested RT-PCR assay

using primers that amplify a different genomic region in ORF1. The

rabbit serum and faecal samples were similarly tested with USRabF1,

USRabF2, USRabR1 and USRabR2 primers (Table S1).

Additionally, the amount of HEV RNA present in the faecal samples

that had tested positive by the nested RT-PCR was estimated using a

semi-quantitative nested RT-PCR assay and calculated as GE ml21 of

the sample (Kasorndorkbua et al., 2002; Meng et al., 1998a, b). One

GE is defined as the number of viral genomes present in the highest

10-fold dilution that tested positive by RT-PCR. The same species-

specific primers described above were used for the semi-quantitative

nested RT-PCR assay (Table S1).

ELISA to detect IgG anti-HEV in pigs and rabbits. Serum samples

from experimentally inoculated pigs were tested for IgG anti-HEV

using an ELISA essentially as described previously (Meng et al., 1997).

A truncated recombinant genotype 1 HEV capsid protein containing

the immunodominant 452–617 aa region (GenWay Biotech) was

used as the antigen. HRP-conjugated goat anti-swine IgG (KPL) was

used as the secondary antibody. Pre-immune and convalescent-phase

sera from pigs that were experimentally infected with genotype 3

swine HEV (Córdoba et al., 2011), and a hyperimmune pig antiserum

from a pig that was immunized with a recombinant capsid protein of

the rat HEV (B. J. Sanford and others, unpublished data) were

included as negative and positive controls for pigs inoculated with

rabbit HEV and rat HEV, respectively.

To further confirm the serology results in pig sera obtained with the

ELISA using the genotype 1 HEV antigen described above, we

subsequently performed a separate ELISA using species-specific rat

HEV and rabbit HEV antigens on all sera from pigs inoculated with

rat HEV and rabbit HEV, respectively. A truncated recombinant rat

HEV capsid protein (100–660 aa region) and a truncated recombin-

ant rabbit HEV capsid protein (390–660 aa region) were used as the

species-specific HEV antigens, and the ELISA protocol was essentially

the same as described previously (Meng et al., 1997).

Sera collected from rabbits were also tested for the presence of IgG

anti-HEV by ELISA using HRP-conjugated goat anti-rabbit IgG as the

secondary antibody. Pre-immune and convalescent-phase serum

samples obtained from a rabbit experimentally infected with rabbit

HEV were included as negative and positive controls, respectively.

The ELISA cut-off for both assays was calculated as the mean negative

control OD value plus three SD.

Expression and purification of the truncated capsid protein of

a US strain of rabbit HEV. The truncated ORF2 gene (765 bp) of

the rabbit HEV USRab-14 strain was amplified from a 10 % positive

faecal suspension (Cossaboom et al., 2011) by a nested RT-PCR using

the following primers: first round forward and reverse: degF2 : 59-

GCTGAYACRCTTCTYGGY-39, ORF2R: 59-AAACTCCCGGGTTT-

TACCCA-39; second round forward and reverse, ORF2F: 59-GTC-

AGGTATTCTACTCC-39, ORF2R. The amplified PCR product was

cloned into the pRSET-A bacterial expression vector (Invitrogen). Escheri-

chia coli cells strain BL21(DE3)pLysS (Novagen) were transformed with

the recombinant plasmids. The pRSET-A vector uses a T7 promoter

sequence to tag the protein with six histidine residues at the N

terminus. The transformed cells were grown in Overnight Express
Instant TB Medium (Novagen) containing 30 mg ampicillin ml21. This

medium uses auto-induction as a more efficient means of protein

expression (Studier, 2005). The cells were then harvested and the

protein was extracted using BugBuster Protein Extraction Reagent

(Novagen) and purified using HisPur Ni-NTA spin column kit
(Qiagen) following standard protocol.

Western blot analyses to determine antigenic cross-reactivity

between the rabbit HEV and other known strains of HEV. To

determine if rabbit HEV is antigenically related to other known
animal strains of HEV, Western blot analyses were performed with

recombinant capsid antigens derived from different HEV strains and

anti-HEV antibodies raised against different strains of HEV. First, to

determine if the recombinant capsid proteins derived from different

strains of HEV cross-react with rabbit HEV antiserum (Fig. 2a), each
lane of a 8–16 % SDS-PAGE gel was loaded with the same amount

(1 mg) of recombinant capsid proteins derived from different HEV

strains including the US rabbit HEV (34 kDa), the genotype 1 human

HEV (43 kDa), the genotype 3 swine HEV (60 kDa), avian HEV

(32 kDa) (Haqshenas et al., 2002) and rat HEV (60 kDa) (B. J. Sanford

and others, unpublished data). The size variation of these recombinant
capsid proteins reflects the size difference of the capsid gene from

different HEV strains as well as different sizes of truncation. After

separation of the proteins in the gel, the proteins were stained with Bio-

Safe Coomassie Stain (Bio-Rad) for Coomassie-staining analysis. The

separated protein was transferred to a PVDF membrane, which was
subsequently blocked for 1 h at room temperature with Odyssey

blocking buffer (LI-COR). The membrane was then cut into two

separate pieces, the first membrane containing truncated capsid

proteins from rabbit HEV, genotype 1 HEV, genotype 3 HEV, avian

HEV and rat HEV was incubated overnight with 1 : 100 dilution of a
rabbit HEV antiserum (3 ml Odyssey blocking buffer, 30 ml antiserum,

3 ml Tween-20). The second membrane, containing the truncated

capsid protein derived from the rabbit HEV was incubated with 1 : 100

dilution of a rabbit serum known to be negative for HEV antibodies as

a negative control. Following incubation with the primary antibodies,

the membrane pieces were washed in washing buffer (0.2 % Tween-20
PBS solution) and then incubated with 1 : 5000 dilution of Infrared

IRDye 680LT goat anti-rabbit secondary antibody (LI-COR) for 1 h.

After washing three times with the washing buffer, the membrane

pieces were scanned and analysed using the Odyssey Infrared Imaging

System (LI-COR) in the 700 nm channel.

Secondly, to determine if the recombinant rabbit HEV capsid antigen

cross-reacts with antibodies raised against different HEV strains (Fig.

2c), each lane of an SDS-PAGE gel was loaded with the same amount
(1 mg) of the recombinant truncated capsid protein derived from the

US rabbit HEV (USRab-14). After transferring the separated protein

to a PVDF membrane, the membrane was subsequently blocked for

1 h in Odyssey blocking buffer. The membrane was then cut into

separate pieces with each containing one lane, and each membrane

piece was separately incubated with 1 : 100 dilution of the respective
primary anti-HEV antiserum against different strains of HEV

including a rabbit HEV antiserum from a rabbit experimentally

infected with US rabbit HEV as the positive control, a genotype 1

human HEV hyperimmune antiserum from a pig immunized with the

capsid protein of genotype 1 human HEV (Meng et al., 1997), a
genotype 3 HEV antiserum from a pig experimentally infected with a

genotype 3 swine HEV (Córdoba et al., 2011), an avian HEV

antiserum from a chicken experimentally infected with avian HEV

(Pudupakam et al., 2009), a rat HEV antiserum from a pig

immunized with a recombinant truncated capsid protein of rat

HEV (B. J. Sanford and others unpublished data), and a pre-immune
rabbit serum as the negative control. Following incubation with each

Cross-species infection of pigs by rabbit HEV
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of the primary antibodies, the membrane pieces were washed and
then incubated for 1 h with 1 : 5000 dilution of the respective infrared
secondary antibody. The secondary antibodies were infrared IRDye
680LT goat anti-rabbit, goat anti-swine and goat anti-chicken (LI-
COR) depending on the host species of the primary antiserum used.
The membrane pieces were subsequently washed three times, and
then scanned and analysed using the Odyssey Infrared Imaging
System (LI-COR) in the 700 nm channel.

An ELISA was used to estimate the antibody titres of the different HEV
antisera used for the Western blot analyses essentially as described
previously (Meng et al., 1997) using the truncated recombinant
genotype 1 HEV capsid protein (GenWay Biotech) as the antigen since
it has been shown to cross-react with all of the strains of HEV tested in
the study. Ten-fold serial dilutions (1 : 10, 1 : 102, 1 : 103, 1 : 104 and
1 : 105) of each antiserum were performed. Species-specific HRP-
conjugated goat anti-swine IgG, goat anti-rabbit IgG or goat anti-
chicken IgG were used as the secondary antibody depending on the
source of the antiserum. Pre-immune swine and rabbit sera were
included as a negative control (data not shown).
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