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Summary
Hepatitis E virus (HEV) causes an important public health disease in many developing countries
and is also endemic in some industrialized countries. In addition to humans, strains of HEV have
been genetically identified from pig, chicken, rat, mongoose, deer, rabbit and fish. While the
genotypes 1 and 2 HEV are restricted to humans, the genotypes 3 and 4 HEV are zoonotic and
infect humans and other animal species. As a part of our ongoing efforts to search for potential
animal reservoirs for HEV, we tested goats from Virginia for evidence of HEV infection and
showed that 16% (13/80) of goat sera from Virginia herds were positive for IgG anti-HEV.
Importantly, we demonstrated that neutralizing antibodies to HEV were present in selected IgG
anti-HEV positive goat sera. Subsequently, in an attempt to genetically identify the HEV-related
agent from goats, we conducted a prospective study in a closed goat herd with known anti-HEV
seropositivity and monitored a total of 11 kids from the time of birth until 14 weeks of age for
evidence of HEV infection. Seroconversion to IgG anti-HEV was detected in 7 of the 11 kids,
although repeated attempts to detect HEV RNA by a broad-spectrum nested RT-PCR from the
fecal and serum samples of the goats that had seroconverted were unsuccessful. In addition, we
also attempted to experimentally infect laboratory goats with three well-characterized mammalian
strains of HEV but with no success. The results indicate that a HEV-related agent is circulating
and maintained in the goat population in Virginia and that the goat HEV is likely genetically very
divergent from the known HEV strains.
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INTRODUCTION
Hepatitis E virus (HEV) is an important cause of acute viral hepatitis throughout the world
(Emerson and Purcell, 2003). Once believed to cause diseases only in developing countries,
HEV is now recognized as the causative agent of sporadic cases of acute hepatitis E in many
industrialized countries such as the United States, Japan, and many European countries
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(Emerson and Purcell, 2003, Meng, 2010a, Meng, 2010b, Yazaki et al., 2003, Galiana et al.,
2008, Brost et al., 2010, Colson et al., 2010, Dalton et al., 2008, Dalton et al., 2007). HEV is
transmitted via the fecal-oral route, and causes large waterborne outbreaks and sporadic
disease but is not thought to transmit easily from human to human (Purdy and Khudyakov,
2011). HEV is a single-stranded, positive-sense, non-enveloped RNA virus that is classified
in the family Hepeviridae with at least 4 major genotypes (Emerson and Purcell, 2003,
Meng, 2011). Genotypes 1 and 2 are restricted to humans and are mainly associated with
epidemics in developing countries, whereas genotypes 3 and 4 HEV strains are zoonotic and
associated with sporadic cases of hepatitis E with a worldwide distribution in both humans
and other animal species.

The overall mortality of HEV infection is <1% and it is a leading cause of acute viral
hepatitis worldwide (Emerson and Purcell, 2003). The mortality rate associated with HEV
infection increases up to 28% in infected pregnant women (Emerson and Purcell, 2003).
Recently, neurological manifestations in some HEV-infected patients have been reported
(Kamar et al., 2011, Aggarwal, 2011, Despierres et al., 2011), although the mechanism of
action is unclear. The disease is usually acute and self-limiting, although chronic infections
have recently been reported in immunosuppressed individuals such as HIV/AIDS patients
(Dalton et al., 2009, Kenfak-Foguena et al., 2011, Kaba et al., 2011, Keane et al., 2012) and
organ transplant recipients (Aggarwal, 2008, Kamar et al., 2008, Pischke et al., 2010,
Legrand-Abravanel et al., 2011). Although only sporadic or cluster cases of hepatitis E have
been reported in individuals from industrialized countries, seroepidemiological studies
revealed a surprisingly high prevalence of IgG anti-HEV in individuals from industrialized
countries: approximately 20% in the United States (Kuniholm et al., 2009) and up to 52% in
Southern France, thus suggesting an unknown source of exposure (Mansuy et al., 2011).

In addition to humans, strains of HEV have also been genetically identified from a number
of other animal species including domestic and wild pigs (de Deus et al., 2008), deer (Tei et
al., 2003), rabbits (Cossaboom et al., 2011, Zhao et al., 2009), chickens (Payne et al., 1999),
rats (Johne et al., 2010a, Purcell et al., 2011), and even trout (Batts et al., 2011). To date, the
only definitive transmissions of HEV from animals to humans resulted from consumption of
infected animal meats (Colson et al., 2010, Yazaki et al., 2003, Takahashi et al., 2004, Tei et
al., 2003). Therefore, it seems reasonable to speculate that any other major zoonotic
reservoir for human hepatitis E might be an animal common in the human food chain such
as the ruminant animal species including goat, sheep and cattle. Because goat meat is
consumed in many countries and anti-HEV antibodies have been reported in goats
(Arankalle et al., 2001, Peralta et al., 2009), therefore the main objective of this study was to
explore the possibility that goats might be a reservoir for human HEV infections.

MATERIALS & METHODS
Goat serum samples

A total of 50 serum samples of mature goats including 49 female and 1 male were collected
in 2002 from Virginia (Table 1). In addition, we also collected serum samples of 30
additional goats from two separate goat herds in Southwest Virginia. Both herds are
predominantly closed with a very limited number of new animals entering each year. Herd A
is a purebred herd of Myotonic Goats, and herd B is genetically diverse with cross-bred
animals (Table 1).

Sources of viruses
Three well-characterized infectious stocks of genotype 1 human HEV (strain Sar-55)
(Tsarev et al., 1994), genotype 3 swine HEV (Meng strain) (Meng et al., 1997, Meng et al.,
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1998b), and genotype 4 human HEV (strain TW6196E) (Feagins et al., 2008) were used in
the experimental goat transmission study.

Experimental inoculation of laboratory goats with HEV
All animal experiments were conducted at Virginia Polytechnic Institute and State
University, Blacksburg, Virginia, in accordance with the regulation of the Institutional
Animal Care and Use Committee (approval no. 09-157-CVM) and the U.S. National
Institutes of Health. Twelve anti-HEV negative goats with diverse age and genetic
background were obtained from a commercial herd through the Virginia Tech Lab Animal
Resources. The animals were divided into 4 groups of 3 each, and were housed in separate
rooms in a BSL-2 animal facility at Virginia Polytechnic Institute and State University.
Goats in group 1 served as negative control and were intravenously (IV) administered with 1
ml PBS buffer. The three goats each in groups 2, 3 and 4 were inoculated IV with 2 × 104.5

50% monkey infectious dose (MID50) of a genotype 3 HEV, or with 2 × 103 MID50 of a
genotype 4 human HEV or a genotype 1 human HEV, respectively. Serum and fecal
samples were collected from each animal prior to inoculation and weekly thereafter for a
total of 9 weeks post-inoculation, and serum samples were tested by ELISA for
seroconversion to IgG anti-HEV. All animals were humanely euthanized at the end of the 9-
week study.

Prospective field study to identify HEV from goats
In an attempt to identify the HEV-related agent from goats, we performed a prospective field
study in a closed goat herd that is known to be seropositive for HEV antibodies. Briefly, a
total of 11 young goats were selected from IgG anti-HEV negative dams in the herd, tagged
and monitored for evidence of HEV infection from the time of birth until 14 weeks of age.
The 11 study goats from the herd were allowed to freely mingle with the other goats in the
same herd. Weekly serum and fecal samples were collected from each of the 11 goats and
tested for the presence of HEV RNA (see below), and the weekly serum samples were also
tested by an ELISA for seroconversion to IgG anti-HEV.

RT-PCR to detect HEV RNA in goat samples
Selected serum and fecal samples were tested by a broad-spectrum RT-PCR for the presence
of HEV RNA essentially as described by Johne et al (2010b). Degenerate nested-PCR
primer pairs were designed on the basis of a multiple sequence alignment of known HEV
strains. Following Trizol (Life Technologies) extraction, total RNAs were extracted from
150 μl of 10% fecal suspension or serum samples, and resuspended in 30 μl of sterile water.
Reverse transcription reactions were performed at 42°C for 1 hr with 1 μl ( 10 μM) of the
external reverse degenerate primer (5′-GCCATGTTCAGACDGTRTTCCA-3′), 1 μl (200
units/μl) of Superscript II reverse transcriptase (Life Technologies), 1 μl of 0.1M
dithiothreitol, 4 μl of 5x RT buffer, 0.5 μl (40 units/μl) of RNasin ribonuclease inhibitor
(Promega), and 1 μl of 10 mM deoxynucleoside triphosphates. For the first round PCR,
forward primer (5′-TCGCGCATCACMTTYTTCCARAA-3′) and reverse primer (5′-
GCCATGTTCAGACDGTRTTCCA-3′) were used to amplify a 470 bp product. For the
second round nested PCR, forward primer (5′-
TGTGCTCTGTTTGGCCCNTGGTTYMG-3′) and reverse primer (5′-
CCAGGCTCACCRGARTGYTTCTTCCA-3′) were used to amplify a 330 bp fragment
from 5 μl of the first round PCR product as the template with AmpliTaq Gold DNA
polymerase (Applied Biosystems). The cycling parameters included an initial denaturation/
polymerase activation step at 95°C for 9 min, followed by 39 cycles of denaturation for 1
min at 94°C, annealing for 1 min at 42–52°C, extension for 1 min at 72°C, and a final
extension step at 72°C for 7min. The resulting PCR products were analyzed via
electrophoresis on a 1% agarose gel with ethidium bromide.
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In addition, we also utilized another RT-PCR protocol for the first round PCR amplification
using a Qiagen one-step RT-PCR kit (Qiagen Inc.) combined with a second round PCR
amplification with a TaKaRa ExTaq kit (TaKaRa Bio. Inc.). The PCR parameters using the
Qiagen one-step kit were 42°C for 60 min of the reverse transcription reaction, 95°C for 15
min of denaturation/polymerase activation followed by 40 cycles of 94°C for 30 sec of
denaturation, 50 °C for 30 sec annealing, and 74°C for 45 sec of extension, with a final
extension at 74°C for 5 min. The PCR parameters for the second round TaKaRa PCR
included a denaturation/polymerase activation step at 95°C for 5 min followed by 35 cycles
of denaturing for 30 sec at 94°C, annealing for 30 sec at 50°C, extension for 45 sec at 72°C,
and a final extension step at 72°C for 5 min (Johne et al., 2010b).

Enzyme-linked immunosorbent assay (ELISA) to detect IgG anti-HEV in goats
The goat serum samples were tested for IgG anti-HEV by an ELISA with the genotype 1
human HEV recombinant capsid antigen essentially as described previously (Engle et al.,
2002). All sera were tested at a 1:100 dilution. A commercial goat serum sample (polyclonal
goat antiserum to Apolipoprotein B, purchased from Abcam, Cambridge, MA) that
contained a high titer of IgG anti-HEV was used as a positive control for the ELISA. The
ELISA cutoff value was set as 3 standard deviations above the mean OD value of the goat
serum samples collected from day 0 (Meng et al., 1997).

In vitro neutralization test
An in vitro neutralization test for HEV was performed essentially as described previously
(Emerson et al., 2006) on selected HEV antibody-positive goat sera to determine if anti-
HEV neutralizing antibodies might be present in goat serum samples (Table 2). All sera
were tested at 1:100 dilution. Briefly, triplicate samples of human HEV genotype 1 (strain
Sar55) were incubated with PBS or selected goat sera (Table 2), and plated under code on
human hepatocellular carcinoma cells HepG2/C3A. Six days later, cells were stained by an
immunofluoresence assay (IFA) with an antibody specific to HEV capsid protein (chimp
1313) and the stained cells were then counted for positive cells with IFA signals.

RESULTS
The prevalence of IgG anti-HEV in goats varied from herd to herd in Virginia

We serendipitously found that a commercial goat serum sample from one supplier, but not
from another, contained a high titer of IgG anti-HEV when tested by an ELISA with the
genotype 1 HEV recombinant capsid antigen. Therefore, this commercial goat serum was
used as a positive control in the ELISA. Among the 50 archived goat serum samples tested
in this study, we found that 4% (2/50) of them were seropositive (Table 1). Subsequently,
we sampled additional goats from two separate closed herds in Southwest Virginia. We
found that 9 of the 9 goats sampled in herd A, and 2 of the 21 goats sampled in herd B were
positive for IgG anti-HEV (Table 1).

Presence of anti-HEV neutralizing antibodies in selected goat sera
The in vitro neutralization test results showed that neutralizing antibodies were present in
selected goat sera, although it is not possible to make a definitive correlation between the
ELISA OD values and the neutralization activity due to small sample size and neutralization
assay limitation (Table 2). The percent decreases of HEV infectivity of the selected goat sera
on HepG2/C3A cells relative to PBS control were calculated. The PBS control had 208, 263,
and 202 stained ORF2 IFA-positive cells (Table 2). Insufficient amounts of sera were
available for further testing in some samples.
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Laboratory goats are not susceptible to experimental HEV infection
The presence of IgG anti-HEV and neutralizing antibodies in the goat sera prompted us to
conduct an experimental infection study to determine if goats could be experimentally
infected with three well-characterized strains of mammalian HEV. The results showed,
however, that none of the inoculated goats exhibited any clinical signs consistent with acute
hepatitis at any time during the study. Seroconversion to IgG anti-HEV was not detected in
any of the inoculated or control animals during the 9-week experiment, indicating that goats
are not susceptible to experimental infection by these three well-characterized genotypes of
HEV with known infectious titers.

Serological evidence of an HEV-related agent circulating in the goat herd
In an attempt to genetically identify the HEV-related agent and to characterize the course of
HEV infection in goats under field conditions, we conducted a prospective study in a goat
herd located in southwest Virginia. The results showed that, during this 14-week study, 7 of
the 11 young goats had seroconverted to IgG anti-HEV at some point during the course of
the study (Figure 1). The overall pattern of seroconversion to IgG anti-HEV appears to be
similar to natural HEV infection in young pigs where a large proportion of the animals are
infected within the first few months of life (Feng et al., 2011). However, the seroconversion
in the majority of the seropositive goats appears to be transient with a low level of IgG anti-
HEV. The kid #92 had a very high level of IgG anti-HEV starting at approximately 7 weeks
of age and lasting until the end of the study (Figure 1). At no time did any goats exhibit
clinical signs consistent with hepatitis. Liver pathology or serum levels of liver enzymes in
the seropositive goats were not monitored, as these are not the scope of this prospective field
study.

Failure to genetically identify HEV from the fecal or serum samples of the goats with
seroconversions

A broad-spectrum nested RT-PCR was used to test the goat serum and fecal samples
collected from the goats with seroconversions, especially for those samples collected 2–3
weeks before, the week of, and the week after seroconversion to IgG anti-HEV.
Unfortunately, no HEV-specific sequence could be amplified from these samples collected
from the prospective study despite repeated RT-PCR testing. In addition to using the broad-
spectrum RT-PCR assay, we also attempted to amplify HEV-specific sequence from the
samples with different RT-PCR protocols and reagents but the result was the same.

DISCUSSION
The first animal strain of HEV, swine hepatitis E virus (swine HEV), was identified and
characterized from pigs in the United States in 1997 (Meng et al., 1997). Since then, swine
HEV has been detected in pigs from essentially all swine-producing countries, and all swine
HEV strains identified to date belong to either genotype 3 or genotype 4. However, recently
a unique strain of HEV that may represent a new genotype was identified from wild boars in
Japan (Takahashi et al., 2011). Experimental cross-species infections have demonstrated that
genotypes 3 and 4 strains of swine HEV infect non-human primates, and conversely,
genotypes 3 and 4 human HEV strains infect pigs (Feagins et al., 2008, Meng et al., 1998b,
Arankalle et al., 2006, Meng, 2010a, Meng, 2010b). It has also been shown that pig handlers
such as swine veterinarians and pig farmers are at increased risk of zoonotic HEV infection
(Drobeniuc et al., 2001, Meng et al., 2002). Commercial pig livers sold in local grocery
stores in many countries such as the United States, the Netherlands, and Japan are
contaminated by HEV (Feagins et al., 2007, Yazaki et al., 2003), and most importantly, the
contaminating virus remains infectious in the pork product (Feagins et al., 2007). In fact,
food-borne HEV transmissions have been definitively linked to the consumption of
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undercooked or raw pork products (Matsuda et al., 2003, Colson et al., 2010). It is now
recognized that genotypes 3 and 4 of HEV are zoonotic viruses, and pigs are reservoirs for
HEV.

Strains of HEV have also been genetically identified from a number of other animal species
(Meng, 2010a, Meng, 2010b). Avian hepatitis E virus (avian HEV) isolated from chickens
also has the ability to cross species barriers and infect turkeys under experimental conditions
(Sun et al., 2004). However, the avian HEV is unlikely to infect humans since it failed to
infect rhesus monkeys, an HEV-susceptible surrogate of man (Huang et al., 2004). A
genotype 3 HEV was identified from sika deer in Japan, and cases of acute hepatitis E have
been linked to the consumption of HEV-contaminated deer meat (Tei et al., 2003). A novel
strain of HEV that is a distant member of genotype 3 was isolated from farm rabbits in
China (Zhao et al., 2009) and the United States (Cossaboom et al., 2011), and more recently
a novel rat strain of HEV was identified in Germany (Johne et al., 2010b) and the United
States (Purcell et al., 2011). Both the Chinese and U.S. rabbit HEV strains were recently
shown to have the ability to cross species barriers and infect pigs (Cossaboom, 2012).

In addition to pig, chicken, deer, rat, mongoose and rabbit (Meng et al., 1997, Haqshenas et
al., 2001, Tei et al., 2003, Johne et al., 2010b, Nakamura et al., 2006, Cossaboom et al.,
2011) from which HEV strains have been definitively identified and characterized, IgG anti-
HEV has been detected in numerous other animal species including dogs, cats, cattle, horses,
rodents, and goats (Liu et al., 2009, Okamoto et al., 2004, Zhang et al., 2008, Geng et al.,
2011, Hirano et al., 2003, Arankalle et al., 2001, Peralta et al., 2009). However, the sources
of seropositivity in these species remain largely unknown. It is important to determine if
these animal species harbor a virus closely-related to the known strains of HEV infecting
humans and thus serve as reservoir or if these species contain genetically very divergent
strains of HEV such as the avian HEV.

As a part of our ongoing efforts to search for potential animal reservoirs for HEV, in this
study we report that goats in the United States are infected with an HEV-related agent. For
the first time, we documented the presence of IgG anti-HEV in goats in the United States.
Most importantly, we demonstrated that, under field conditions, goats in a closed herd from
Virginia are naturally infected by an HEV-related agent as evidenced by seroconversion to
IgG anti-HEV in kids from the prospective study. This is consistent with serological studies
from India (Arankalle et al., 2001), China (Wang et al., 2002), and Spain (Peralta et al.,
2009) that also report the presence of IgG anti-HEV antibody in goats. The demonstration of
the presence of potential neutralizing antibodies in seropositive goats suggested that the
agent infecting goats is antigenically and genetically related to human HEV.

Usmanov et al. (1994) reportedly infected sheep with two human HEV isolates and the
infected sheep developed clinical signs consistent with viral hepatic infection (Usmanov et
al., 1994). However, in this study we were unable to experimentally infect goats with three
well-characterized strains of mammalian HEV, suggesting that goats are likely not
reservoirs for human HEV infection. However, the fact that newborn kids seroconverted to
IgG anti-HEV in the prospective study indicated that there indeed exists an HEV-related
agent that is circulating and maintained in the goat population in Virginia. Unfortunately our
attempts to genetically identify the HEV-related agent from goats with universal degenerate
HEV primers were unsuccessful, suggesting that the putative caprine HEV infecting goats
may be genetically very divergent from the known strains of HEV. This is not surprising,
since the avian HEV identified in chickens is genetically divergent from the known
mammalian HEV strains with only approximately 50% nucleotide sequence identity (Huang
et al., 2004), and chickens are not susceptible to experimental infections by genotypes 1, 3
or 4 strains of HEV under laboratory conditions (Sun and Meng, unpublished data).
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Similarly, the fish strain of HEV recently identified from cutthroat trout in the United States
shares less than 27% sequence identify with the human HEV (Batts et al., 2011). It is likely
that the goat strain of HEV has an extremely low percentage of sequence identity with the
known mammalian HEV, since the broad-spectrum PCR based on degenerate primers is
unable to amplify the virus.

In summary, we documented for the first time convincing serological evidence of HEV
infection in the goat population in the United States as evidenced by the presence of IgG
anti-HEV antibodies and neutralizing antibodies in goats, and by the detection of
seroconversion to IgG anti-HEV in young goats in a prospective study in Virginia. Our
failure to experimentally transmit human or swine HEV to goats under laboratory conditions
and our inability to genetically identify HEV from goats using the universal degenerate PCR
primers based on the sequences of known HEV strains suggested that the virus infecting
goats is genetically unique. Genetic characterization of the putative HEV-related agent in
goats will aid in our future understanding of the HEV ecology and natural history. Emerging
technologies such as metagenomics and deep sequencing may hold the key to eventually
identify the virus from the goats.
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Figure 1.
Seroconversion to IgG anti-HEV antibodies in goats from a prospective study in a closed
herd in Virginia. The kids born to seronegative dams from a known seropositive goat herd
were monitored for evidence of HEV infection for a total of 14 weeks from the time of birth.
The weekly serum samples were tested by an ELISA for IgG anti-HEV. The ELISA OD
values (Y-axis) are plotted along the X-axis which showed the ages of the animals (dates
when the samples were collected). The ELISA cutoff value that is indicated with a dotted
line was set as 3 standard deviations above the mean OD value of the day 0 serum samples.
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Table 1

Detection of IgG HEV antibodies in sera of goats from Southwest Virginia

Herd Year samples collected Number of goats sampled Number of goats positive for IgG anti-HEV (%)a

Mixed herds 2002 50 2 (4)

Herd A 2008 9 9 (100)

Herd B 2008 21 2 (9.5)

a
All sera were tested at a 1:100 dilution
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Table 2

Effect of selected goat sera on HEV infectivity in HepG2/C3A cells

Goat serum ID IgG anti-HEV ELISA OD Valuea % Decrease in HEV infectivity relative to PBS controlb

PBS 0.070 0

Commercial 1.165 NDc

G17 0.424 3%

G28 0.237 11%

G34 0.229 14%

G19 0.420 21%

G26 0.954 34%

G48 0.408 41%

a
All sera were tested at 1:100 dilution

b
The PBS control had 208, 263, and 202 stained cells.

c
nd: not done
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