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Abstract
Hepatitis E virus (HEV) is an important but extremely understudied pathogen. The mechanisms of
HEV replication and pathogenesis are poorly understood, and a vaccine against HEV is not yet
available. HEV is classified in the family Hepeviridae consisting of at least four recognized major
genotypes. Genotypes 1 and 2 HEV are restricted to humans and associated with epidemics in
developing countries, whereas genotypes 3 and 4 HEV are zoonotic and responsible for sporadic
cases worldwide. The identification and characterization of a number of animal strains of HEV
from pigs, chickens, rabbits, rats, mongoose, deer, and possibly cattle and sheep have significantly
broadened the host range and diversity of HEV. The demonstrated ability of cross-species
infection by some animal strains of HEV raises public health concerns for zoonotic HEV
infection. Pigs are a recognized reservoir for HEV, and pig handlers are at increased risk of
zoonotic HEV infection. Sporadic cases of hepatitis E have been definitively linked to the
consumption of raw or undercooked animal meats such as pig livers, sausages, and deer meats. In
addition, since large amounts of viruses excreted in feces, animal manure land application and
runoffs can contaminate irrigation and drinking water with concomitant contamination of produce
or shellfish. HEV RNA of swine origin has been detected in swine manure, sewage water and
oysters, and consumption of contaminated shellfish has also been implicated in sporadic cases of
hepatitis E. Therefore, the animal strains of HEV pose not only a zoonotic risk but also food and
environmental safety concerns.
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1. Introduction
Hepatitis E virus (HEV), the causative agent of hepatitis E, is an important but extremely
understudied pathogen (Aggarwal and Naik, 2009; Meng, 2010b; Purcell and Emerson,
2001). HEV is a small, non-enveloped, RNA virus that is transmitted primarily via the fecal-
oral route (Meng, 2008; Purcell and Emerson, 2001). The virus causes a public health
concern in many developing countries of Asia and Africa where sanitation conditions are
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poor (Arankalle et al., 1995; Chandra et al., 2008; Purcell and Emerson, 2001). However,
sporadic cases of acute hepatitis E have also been reported in individuals residing in many
industrialized countries (Okamoto, 2007). Among the known hepatitis viruses, the relatively
high mortality rate, up to 28%, in infected pregnant women is unique for HEV (Navaneethan
et al., 2008; Purcell and Emerson, 2008). A vaccine against HEV is not yet available,
although the experimental vaccines are promising (Krawczynski et al., 2007; Shrestha et al.,
2007; Zhu et al., 2010).

Recently, significant progresses have been made in understanding the natural history and
animal reservoirs of HEV (Meng, 2003, 2006, 2008; Meng and Halbur, 2006, Meng et al.,
2008: Pavio et al., 2010). The discoveries of animal strains of HEV from domestic pigs
(Meng et al., 1997) and wild boars (Sonoda et al., 2004), chickens (Payne et al., 1999;
Haqshenas et al., 2001), rabbits (Zhao et al., 2009), rats (Johne et al., 2010), deer (Tei et al.,
2003), mongoose (Nakamura et al., 2006), and possibly cattle (Hu and Ma, 2010) and sheep
(Wang and Ma, 2010), and the existence of other animal species that are seropositive for
HEV antibodies (Meng, 2010a, 2010b), have significantly broadened the host range and
diversity of HEV. Hepatitis E is now a recognized zoonotic disease, and domestic pigs, wild
boars and likely other animal species are reservoirs for HEV (Meng, 2010a). The ubiquitous
nature of the virus in domestic pigs and wild boars as well as in several other animal species
raises public health concern for zoonotic infection through direct contacts with infected
animals or through the consumption of contaminated animal meats (Meng et al., 2009,
2010a, 2010b; Pavio et al., 2010). The focus of this review is on the animal strains of HEV
with emphasis on potential zoonotic risk, food and environmental safety concerns.

2. HEV Classification
Currently, HEV is classified in the family Hepeviridae (Emerson et al., 2004). The species
in the sole genus Hepevirus of the family includes the 4 recognized major genotypes of
mammalian HEV: the genotype 1 (Burmese-like Asian strains), genotype 2 (a Mexican
strain and some African strains), genotype 3 (strains from sporadic human cases worldwide
and animal strains), and genotype 4 (strains from sporadic human cases in Asia, and animal
strains). However, with the recent identification of genetically distinct HEV strains from rats
(Johne et al., 2010) and wild boars (Takahashi M et al., 2011; Takahashi K et al., 2010,
GenBank accession no. AB573435), the HEV taxonomy will need to be revised (Table 1).
The rat HEV and the novel wild boar strain of HEV from Japan appear to belong to
previously unrecognized genotypes.

The avian HEV from chickens is currently classified as a floating species in the family
(Meng et al., 2008; Meng, 2010b). However, since avian HEV shares only approximately
50-60% nucleotide sequence identity with mammalian HEV strains in the genus Hepevirus
(Meng et al., 2008), and since at least three distinct genotypes of avian HEV have now been
identified worldwide (Bilic et al., 2009; Marek et al., 2010; Zhao et al., 2010), it will be
more appropriate to classify avian HEV as a separate genus, instead of a floating species,
within the family Hepeviridae. Therefore, the current classification of avian HEV will need
to be revised as well.

3. Animal strains of HEV
3.1. Swine HEV from domestic pigs

In 1995, HEV antibodies and RNA were reportedly detected from domestic pigs in Nepal,
although the identity of the virus in the Nepalese pigs was not known as the virus was not
sequenced (Clayson et al., 1995). In 1997, the first animal strain of HEV, swine HEV, was
identified and characterized from domestic pigs in the United States (Meng et al., 1997). The
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authors serendipitously found out that the majority of adult pigs in the United States were
positive for HEV antibodies, suggesting that the pigs were exposed to HEV. Subsequently, a
prospective study was conducted in a commercial swine farm in Illinois which led to the
discovery of a novel virus genetically and antigenically closely related to human HEV,
designated swine HEV, in pigs (Meng et al., 1997). Since this initial identification, swine
HEV has now been detected in domestic pigs from essentially all major swine-producing
countries of the world (Meng and Halbur, 2006; Meng, 2010b; Okamoto, 2007). Swine HEV
infection is widespread in swine farms worldwide from both developing and industrialized
countries, regardless of whether HEV is endemic in the respective human populations
(Meng, 2010a).

Swine HEV generally infects pigs of 2 to 4 months of age. The infected pigs generally have
a transient viremia lasting for 1 to 2 weeks, and fecal virus shedding for about 3 to 7 weeks
(Meng et al., 1997; Takahashi et al., 2003; Yazaki et al., 2003). At least two genotypes of
swine HEV, genotypes 3 and 4, have been definitively identified and characterized from
pigs worldwide. A short genotype 1 HEV-like sequence was reportedly detected in a pig
from Cambodia (Caron et al., 2006), although independent confirmation of this report is
lacking. The transmission route in pigs is thought to be fecal-oral (Kasorndorkbua et al.,
2004). It has been shown that large amounts of infectious virus shed in feces of infected pigs
(Feagins et al., 2008b), and that virus-containing feces are likely the main source of virus for
transmission. Naïve pigs can become infected through direct contact with infected ones or
through ingestion of feces-contaminated feed or water (Bouwknegt et al., 2008). However,
experimental infection of pigs with swine or human HEV via the oral route of inoculation
has been difficult (Kasorndorkbua et al., 2004), even though pigs can be readily infected via
the intravenous route of inoculation (Halbur et al., 2001; Meng et al., 1998). Therefore,
other route(s) of transmission cannot be ruled out.

Swine HEV infection in pigs is subclinical. In naturally infected piglets, gross pathological
lesions were not detected in the liver or 18 other tissues and organs in 4 pigs necropsied
during early stages of natural swine HEV infection (Meng et al., 1997), although all four
piglets had microscopic lesions of hepatitis characterized by mild to moderate multifocal
and periportal lymphoplasmacytic hepatitis with mild focal hepatocellular necrosis. In pigs
experimentally infected with a genotype 3 swine HEV and a genotype 3 human HEV
(Halbur et al., 2001), mildly-to-moderately enlarged hepatic and mesenteric lymph nodes,
and microscopic lesions of hepatitis including mild-to-moderate multifocal
lymphoplasmacytic hepatitis and focal hepatocellular necrosis were observed, although the
infected pigs remain clinically normal.

3.2. Swine HEV from wild boars
Free-living wild boars (Sus scrofa) are indigenous in many countries of the world and pose
not only ecological concerns but infectious disease concerns as well (Meng et al., 2009).
Wild boars harbor many important infectious agents including HEV that are transmissible to
domestic pigs and humans. Human habitation changes from rural to suburban areas due to
growing world populations, increased use of lands for agricultural purposes, and
deforestation have increased the chances of contact exposure of wild boars to humans and
domestic animals (Meng et al., 2009). In some countries, recreational hunting of wild boars
and consumption of wild boar meats further provided an ideal condition for the transmission
of pathogens such as HEV from wild boars to humans (Gibbs, 1997; Sonoda et al., 2004).

HEV RNA and antibodies have been detected in wild boar populations from a number of
countries including Japan, Germany, Italy, Spain, the Netherlands and Australia (Chandler,
et al., 1999; de Deus et al., 2008; Kaci et al., 2008; Martelli et al., 2008; Michitaka et al.,
2007; Rutjes et al., 2010). The HEV seropositivity in wild boars varied from 17% to 42%,
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and the HEV RNA detection rate ranged from 3-25% in wild boars of different geographic
regions. A full-length genomic sequence of HEV amplified from a wild boar shares 99.7%
nucleotide sequence identity to a virus recovered from a wild deer hunted in the same forest
and to four human hepatitis E patients who consumed deer meats (Takahashi et al. 2004).
Most strains of HEV recovered from wild boars worldwide belong to genotype 3 (Meng et
al., 2010a). However, recently novel HEV sequences belonging to genotype 4 (GenBank
accession nos. AB245437, AB245438, AB245439) and to a new unrecognized HEV
genotype (Takahashi M et al., 2011; Takahashi K et al., 2010, GenBank accession no.
AB573435) have also bee detected from wild boars.

3.3. Avian HEV
In 1999, a short 523-bp HEV-like sequence with 62% nucleotide sequence identity to human
HEV was amplified from chickens with big liver and spleen disease (BLS) in Australia, and
the virus was named BLS virus (BLSV) (Payne et al, 1999). The BLS disease mainly affects
commercial broiler breeder flocks and causes decreased egg production and slight increase
in mortality (Meng et al., 2008). In the United States and Canada, a disease known as
Hepatitis-Splenomegaly (HS) Syndrome was also reported in chickens. The cause of the HS
syndrome was not known until the isolation and characterization of a virus genetically and
antigenically related to human HEV from bile samples of chickens with HS Syndrome
(Haqshenas et al, 2001). The novel virus in chickens shares similar genomic organization
with 50-60% nucleotide sequence identities across the full-length genome with human and
swine HEVs (Huang et al., 2004; Sun et al., 2004a), and thus is designated as avian HEV to
distinguish it from the mammalian HEV (Haqshenas et al., 2001). Avian HEV and BLSV
shared approximately 80% nucleotide sequence identity (Haqshenas et al., 2001; Payne et
al., 1999), suggesting that BLS in Australia and HS syndrome in North America are likely
caused by variant strains of the same virus (Meng et al., 2008).

HS syndrome was first reported in chickens in western Canada in 1991, but the disease has
now been reported in eastern Canada, the United States, Spain, China and other countries
(Huang et al., 2002; Peralta et al., 2009a; Zhao et al., 2010). BLS has been reported from
chickens in Australia (Payne et al., 1999; Meng et al., 2008). Leghorn hens are typically
affected although the disease has also been recognized in broiler breeder hens. In the United
States, avian HEV infection is enzootic in chicken flocks, and approximately 71% chicken
flocks and 30% chickens were seropositive for avian HEV antibodies (Huang et al., 2002;
Sun et al., 2004a). Avian HEV infection appears to be age-dependant: approximately 17% of
young chickens (less than 18 weeks of age) and 36% of adult chickens were positive for
avian HEV antibodies (Huang et al., 2002). It appears that avian HEV is readily transmitted
within and between chicken flocks. In a prospective study of natural avian HEV
transmission in a chicken flock from Virginia, at 12 weeks of age, all 14 chickens from the
study were seronegative. The first chicken seroconverted at 13 weeks of age, and by 21
weeks of age, all 14 chickens from the prospective study had seroconverted (Sun et al.,
2004a). Avian HEV infection has been experimentally reproduced via oronasal route of
inoculation in chickens (Billam et al., 2005), and thus the route of transmission is
presumably fecal-oral although other routes of transmission cannot be ruled out. Rodents in
chicken farms may potentially serve as a mechanical vector for avian HEV (Sun and Meng,
unpublished data).

Avian HEV infection in chickens is mostly subclinical (Huang et al., 2002; Sun et al.,
2004a: Peralta et al., 2009a; Zhao et al., 2010). The morbidity and mortality of HS syndrome
or BLS associated with avian HEV infection are relatively low. Chickens with HS syndrome
display above-normal mortality in broiler breeder hens and laying hens of 30-72 week of
age, with the highest incidence occurring between 40-50 weeks of age. In some cases, egg
production can drop by up to 20%. Weekly mortality increases to approximately 0.3% and
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may sometimes exceed 1.0%. Similar to HS syndrome, the clinical signs for BLS in
Australia also vary from mostly subclinical infection to egg drops that may reach 20% with
up to 1% mortality per week over a period of 3-4 weeks (Meng et al., 2008). Dead chickens
associated with avian HEV infection usually have regressive ovaries, red fluid in the
abdomen, and enlarged liver and spleen. Livers are enlarged with hemorrhage and some may
have subcapsular hematomas. Spleens from affected birds are mild to severely enlarged.
Microscopically, liver lesions varied from multifocal hemorrhage to extensive areas of
necrosis and hemorrhage and infiltration of heterophils and mononuclear inflammatory cells
around portal triads (Meng et al., 2008). In chickens experimentally-infected by avian HEV,
subcapsular hemorrhages and enlarged livers were observed in approximately one-fourth of
the infected chickens (Billam et al., 2005). The microscopic hepatitis lesions in
experimentally-infected chickens are characterized by lymphocytic periphlebitis and
phlebitis in the livers.

3.4. Rat HEV
Rats have long been suspected as a potential reservoir for HEV. Antibodies to HEV have
been detected in various species of rats including Norway (Rattus norvegicus), black (Rattus
rattus), and cotton (Sigmodon hispidus) rats (Arankalle et al., 2001; Favorov et al., 2000;
Hirano et al., 2003; Kabrane-Lazizi et al., 1999). For example, Kabrane-Lazizi et al (1999)
tested 239 wild rats trapped in different geographic regions of the United States for the
presence of IgG anti-HEV, and found that approximately 44% of the rats caught in
Louisiana, 77% in Maryland, and 90% in Hawaii were seropositive. Unfortunately, the
source of anti-HEV seropositivity in rats could not be identified until recently (Johne et al,
2010a). By using a nested broad-spectrum RT-PCR, Johne et al (2010a) amplified two
authentic HEV sequences from fecal samples of wild Norway rats (Rattus norvegicus) from
Hamburg, Germany. The rat HEV shared only approximately 60% and 50% sequence
identity with human HEV and avian HEV, respectively. Subsequently, the complete
genomic sequences of two strains of rat HEV have been determined (John et al., 2010b), and
sequence and phylogenetic analyses revealed that the rat HEV belongs to a previously
unrecognized genotype within the genus Hepevirus of the family Hepeviridae. It remains to
be determined if the rat HEV can cross species barrier and infect humans or other animal
species.

3.5. Rabbit HEV
A unique strain of HEV was recently identified from farm rabbits in Gansu Province, China,
and three full-length genomic sequences of the rabbit HEV were determined (Zhao et al.,
2009; GenBank accession no. GU937805). The rabbit HEV shares approximately 85%
nucleotide sequence identity with each other and 74%, 73%, 78-79%, 74-75%, and 46-47%
nucleotide sequence identity to genotypes 1, 2, 3, 4 mammalian HEV, and avian HEV,
respectively. Phylogenetic analysis revealed that the rabbit HEV is a distant member of the
genotype 3 HEV. Approximately 57% of the farm rabbits in Gansu Province, China were
seropositive for anti-HEV antibodies with approximately 8% of them also positive for HEV
RNA. In a separate study from Beijing, China (Geng et al., 2010), approximately 55%
(65/119) of the farmed rex rabbits were tested positive for anti-HEV antibody with
approximately 7% of fecal samples (8/115) also positive for HEV RNA. The rabbit HEV
sequences recovered from rabbits in Beijing cluster together in the genotype 3 with those
from Gansu Province. Since the rabbit HEV belongs to the genotype 3, thus it is possible
that the rabbit HEV may be zoonotic. Additional studies are warranted to determine the host
range and species tropism of the rabbit HEV.
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3.6. Deer HEV
IgG anti-HEV was detected in approximately 3% of the sika deer and 35% of Yezo-deer
samples in Japan (Matsuura et al., 2007; Tomiyama et al., 2009) and 5% of red deer in the
Netherlands (Rutjes et al., 2010). The full-length genomic sequence of a strain of HEV was
determined from a sika deer in Japan, and sequence analysis revealed that the deer HEV
belongs to the genotype 3 (Takahashi et al., 2004). Genotype 3 strains of HEV were also
genetically identified from roe deer in Hungary (Forgách et al., 2010; Reuter et al., 2009).
Zoonotic transmission of HEV from deer to humans via the consumption of contaminated
deer meats has been reported (Tei et al., 2003; Takahashi et al., 2004), and thus the deer
HEV is considered zoonotic.

3.7. Mongoose HEV
It has been reported that approximately 8-21% of the mongooses in Japan were tested
positive for HEV antibodies (Li et al, 2006; Nakamura et al., 2006). The full-length genomic
sequence of a strain of HEV recovered from a mongoose was determined and shown to be a
genotype 3 HEV that was closely related to a genotype 3 swine HEV from Japan (Nakamura
et al., 2006). The ability of the mongoose HEV to infect across species is unknown,
however, since the mongoose HEV belongs to genotype 3, it may be zoonotic.

3.8. Bovine HEV?
Antibodies to HEV have been detected from 4.4% to 6.9% of cattle in India (Arankalle VA
et al., 2001), and 6% to 93% of cattle in China (Geng et al., 2010; Wang et al., 2002; Yu et
al., 2009; Zhang et al., 2008). In a prospective study of 6 newborn calves for evidence of
HEV infection in the United States (Goens et al., 2003), it was shown that the calves began
to seroconvert to IgG anti-HEV at about 3 months of age, and by 7 months of age,
seroconversion to IgG anti-HEV was observed in 5 out of the 6 calves. However, attempts to
genetically identify HEV from these cattle were unsuccessful (Goens et al., 2003). Recently,
a 189-bp ORF2 sequence of HEV was reportedly amplified from the fecal samples of 8
cows from two farms in China (Hu and Ma, 2010), and the 8 HEV sequences from cows
share 96-100% nucleotide sequence identity with each other, and 76-86%, 82-84%, 79-85%,
84-96% nucleotide sequence identity with the genotypes 1, 2, 3 and 4 mammalian strains of
HEV, respectively. Based on the available short sequence, it appears that the bovine HEV
belongs to the genotype 4 (Hu and Ma, 2010). However, the authenticity of these genotype
4-like HEV sequences from cattle in China remains to be independently confirmed.

3.9. Sheep HEV?
Serological evidence of HEV infection in sheep has been reported: approximately 10-12%
of the sheep tested in China (Chang et al., 2009; Yu et al., 2009), and 2% of sheep tested in
Spain (Peralta et al., 2009b) are reportedly positive for IgG anti-HEV. A short 189-bp
sequence of HEV was amplified from 6 sheep fecal samples in China by the same lab that
reported the short sequences of bovine HEV (Wang and Ma, 2010), and these 6 short HEV
sequences from sheep are 99-100% identical to each other but share only 79-85%, 81-83%,
79-84%, and 85-95% nucleotide sequence identity to the genotypes 1, 2, 3 and 4 mammalian
HEV strains, respectively. Based on the available short sequence, the sheep HEV appears to
be a genotype 4 HEV (Wang and Ma, 2010). However, like the bovine HEV, these short
genotype 4-like HEV sequences in sheep have not been independently confirmed.

4. Other potential animal reservoirs for HEV
In addition to the animal species from which HEV strains have been genetically identified as
discussed above, serological evidence of HEV infection has also been reported in a number
of other animal species including dogs (Arankalle et al., 2001; Liu et al., 2009; Zhang et al.,
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2008), cats (Kuno et al., 2003; Song et al., 2010), goats (Geng et al., 2010; Peralta et al.,
2009b; Shukla et al., 2007), and rhesus monkeys (Tsarev et al., 1995). Other studies failed to
detect IgG anti-HEV in some species such as goats (Arankalle et al., 2001; Wang et al.,
2002). Thus far, the source of anti-HEV seropositivity in these animal species could not be
definitively identified, since virus was not recovered or sequenced from these animal
species. Thus, new animal strains of HEV likely exist but more studies are needed to fully
understand the natural history of HEV.

5. Experimental cross-species infections by HEV
Under experimental conditions, genotypes 3 and 4 HEV can infect across species barriers
(Table 1). It has been shown that non-human primates can be experimentally infected with a
genotype 3 and a genotype 4 swine HEV (Meng et al., 1998a;Arankalle VA et al., 2006).
The rhesus monkeys infected with the genotypes 3 and 4 swine HEV seroconverted to HEV
antibodies, and had viremia, fecal virus shedding and elevation of serum liver enzymes. A
chimpanzee inoculated with a genotype 3 swine HEV shed virus in feces, seroconverted to
IgG anti-HEV (Meng et al., 1998), although both rhesus monkeys and the chimpanzee
infected with swine HEV remained clinically normal. Conversely, it has also been
demonstrated that specific-pathogen-free pigs experimentally inoculated with a genotype 3
human HEV (Halbur et al., 2001) and a genotype 4 human HEV (Feagins et al., 2008b)
rapidly became infected: viremia and seroconvertion to IgG anti-HEV occurred within 2
weeks post-inoculation, suggesting that the genotypes 3 and 4 human HEV have already
adapted to replicate in pigs and are likely of swine origin (Xia et al., 2010) (Table 1). In fact,
recently it has been demonstrated that chimeric hepatitis E viruses containing the capsid
gene either alone or in combination with its adjacent region from a genotype 4 human HEV
in the backbone of a genotype 3 swine HEV are infectious in pigs (Feagins et al., 2011), and
thus providing experimental evidence that genotypes 3 and 4 human HEV are of swine
origin. An attempt to experimentally infect pigs with genotype 1 and genotype 2 HEV was
not successful (Meng et al., 2008b), suggesting that genotypes 1 and 2 HEV have a more
restricted host range (Table 1).

Lambs were reportedly infected with two human isolates of HEV (Usmanov et al, 1994),
and the inoculated lambs reportedly had clinical signs of hepatitis. Also, Wistar rats
experimentally inoculated with a strain of human HEV became infected (Maneerat et al.,
1996). However, independent studies to confirm the reported HEV transmission in rats with
a genotype 1 human HEV, a genotype 3 swine HEV, a genotype 4 swine HEV, and an avian
HEV were unsuccessful (Sun and Meng, unpublished data). It was also reported that Balb/c
nude mice are susceptible to experimental infection with a genotype 4 strain of swine HEV
(Huang et al., 2009), although others failed to infect C57BL/6 mice with genotype 1, 3 and 4
strains of HEV (Li et al., 2008). More recently, it is reported that rabbits can be
experimentally infected with a genotype 1 and a genotype 4 HEV (Ma et al., 2010): six of
nine rabbits inoculated with a genotype 1 HEV and all rabbits inoculated with a genotype 4
HEV seroconverted to IgG anti-HEV. However, independent confirmation of the
susceptibility of rabbits to genotypes 1 and 4 HEV is still lacking. It has been demonstrated
that avian HEV can cross species barriers and infect turkeys (Sun et al., 2004b). However,
under experimental conditions, avian HEV failed to infect two rhesus monkeys (Huang et
al., 2004), suggesting that chickens are likely not a reservoir for HEV. The expanded host
ranges of HEV and its ability to infect across species raise concerns for potential zoonotic
HEV infection.

Meng Page 7

Virus Res. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



6. Zoonotic HEV infection through direct contacts with infected animals
Hepatitis E is now a recognized zoonotic disease, and pigs and likely other animal species
are reservoirs for HEV. In a seroepidemiological study conducted in the United States, 295
swine veterinarians from 8 States along with 400 age- and geography-matched normal blood
donors were tested for the presence of IgG anti-HEV (Meng et al., 2002). The results
showed that approximately 23% of swine veterinarians were positive for IgG anti-HEV
(genotype 3 swine HEV antigen) compared to only 17% in normal blood donors. Swine
veterinarians were 1.51 times (swine HEV antigen, p=0.03) more likely to be anti-HEV
positive than normal U.S. blood donors. Veterinarians who reported having needle sticks
while performing procedures on pigs were about 1.9 times more likely to be seropositive
than those who did not (Meng et al., 2002). Also, individuals from traditionally major swine
states are more likely to be seropositive than those from traditionally non-swine States. In
Moldova, Drobeniuc et al (2001) tested 264 swine farmers along with 255 controls for the
presence of IgG anti-HEV, and found that approximately 51% of swine farmers were
positive compared to only 25% of control subjects. Withers et al (2002) reported that swine
workers in North Carolina had a 4.5-fold higher rate of IgG anti-HEV prevalence than the
control subjects. Taken together, the available data indicated that pig handlers such as pig
farmers and swine veterinarians are at increased risk of zoonotic HEV infection.

Animal species other than pigs could also serve as potential reservoir for HEV (Meng,
2010a). Karetnyi et al (1999a) tested 87 field workers from the Iowa Department of Natural
Resources (DNR) and 332 normal blood donors for the prevalence of HEV antibodies, and
found that the DNR workers had higher HEV antibody prevalence than normal blood donors
(P<0.05). In addition, possible transmissions of hepatitis E from a pet cat and a pet pig to its
human owners have been reported (Kuno et al., 2003; Renou et al., 2007). Therefore, direct
contact with infected animals is a potential risk factor for zoonotic HEV infection.

7. Foodborne zoonotic HEV infection through the consumption of
contaminated animal meats

The ubiquitous nature of HEV infection in pigs suggests that contamination of organ meats
by HEV may be unavoidable. It has been shown that approximately 2% of the pig livers sold
in grocery stores in Japan (Yazaki et al., 2003) and 11% in the United States (Feagins et al.,
2007) were tested positive for HEV RNA. Most importantly, the contaminating virus in the
pig livers sold from the grocery stores in the United States remains fully infectious (Feagins
et al., 2007). The virus sequences recovered from commercial pig livers are closely related,
or identical in a few cases, to the viruses recovered from human hepatitis E patients (Yazaki
et al., 2003).

It has been demonstrated that the contaminating virus was completely inactivated when the
HEV-contaminated pig livers were boiled or stir-fried for 5 minutes (Feagins et al., 2008a).
However, incubation of the contaminated pig liver homogenates at 56°C for 1 hour, a
temperature equivalent to medium-to-rare cooking conditions in a restaurant, did not
inactivate the virus (Feagins et al., 2008a), indicating that consumption of undercooked or
raw pig meats could potentially pose a risk of foodborne zoonotic HEV infection. In fact,
sporadic cases of acute hepatitis E have been definitely linked to the consumption of
contaminated raw and undercooked pig livers or grilled pork (Li et al., 2005; Masuda et al.,
2005; Matsuda et al., 2003; Matsubayashi et al., 2008). Consumption of game meats is also
a risk factor for HEV infection (Legrand-Abravanel, et al., 2010). In a recent case-control
study in France, 7 of 13 individuals from three families who ate raw figatelli pig liver
sausages became infected by HEV, whereas 5 other individuals from the same families who
did not eat figatelli sausages were not infected (Colson et al., 2010). Genotype 3 HEV RNA
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was detected from 7 of 12 figatelli sausages purchased from supermarkets, and statistically
significant genetic links were established between the HEV sequences from figatelli
sausages and the HEV sequences recovered from hepatitis E patients who ate raw figatellu
(Colson et al., 2010).

IgG anti-HEV is also highly prevalent in the wild boar populations (de Deus et al., 2008;
Meng et al., 2009; Michitaka et al., 2007), and genotype 3 strains of HEV have been
detected from wild boars (de Deus et al.; 2008; Sonoda et al., 2004; Takahashi et al., 2004).
Sporadic cluster cases of hepatitis E have been reported in patients who ate wild boar meats
(Li et al., 2005; Masuda et al., 2005; Matsuda et al., 2003; Wichmann et al., 2008). For
examples, a 53-year-old Japanese man developed severe hepatitis E after eating
contaminated wild boar meat (Matsuda et al., 2003). Another patient, a 70-year-old man,
who also ate the same wild boar meat, died of fulminant hepatic failure. Neither patient had
travelled to an HEV endemic area, but both patients ate uncooked wild boar livers on five
occasions (Matsuda et al., 2003). Take together, these data provided compelling evidence
that both domestic and wild pigs are the reservoirs for HEV, and that consumption of
undercooked or raw domestic and wild pig meats pose a risk for foodborne zoonotic HEV
infection.

In addition to pigs, other HEV-infected animal meats may also pose a potential food safety
concern. It has been reported that the prevalence of IgG anti-HEV antibodies is significantly
higher (18%) in subjects with experience of eating raw deer meats than in controls (2%) (Tei
et al., 2004). A cluster of 4 cases of acute hepatitis E were definitively linked to the
consumption of raw deer meats in two Japanese families (Takahashi et al., 2004; Tei et al.,
2003). The HEV sequence recovered from the leftover frozen deer meat was 99.7 to 100%
identical to the viruses recovered from the four human hepatitis E patients (Tei et al., 2003),
thus confirming that foodborne zoonotic HEV transmission occurred via the consumption of
infected deer meats.

7. Environmental safety concern
As a fecal-orally transmitted disease, contaminated water or water supplies are main sources
of HEV infections (Meng, 2010a). Waterborne epidemics are the characteristic of hepatitis E
outbreaks in humans in regions where sanitation conditions are poor (Purcell and Emerson,
2001, 2008). HEV replicates in the liver and gastrointestinal tract (Billam et al., 2008;
Williams et al., 2001), and thus infected animals such as pigs excreted large amounts of
HEV in feces, which poses a concern for environmental safety.

HEV has been detected in swine manure and wastewater associated with hog operations
(Karetnyi et al. 1999b), and in concrete pits and lagoons of swine manure storage facility in
the United States (Kasorndorkbua et al, 2005). Genotype 3 HEV RNA was detected in swine
manure collected from concrete holding pits on 15/22 Iowa farms, and in swine manure
collected from lagoons on 3/8 Iowa farms. Most importantly, the HEV detected in pig
manure slurry remains infectious when inoculated into naïve pigs (Kasorndorkbua et al,
2005). Therefore, swine manure land application and runoffs could be the source for
contamination of irrigation and drinking water in nearby wells, rivers, ponds or costal water
with concomitant contamination of produce or shellfish (Smith, 2001), which could
subsequently lead to potential transmission of HEV to humans. For example, in Korea,
genotype 3 HEV RNA closely resembling that of a Korean strain of swine HEV was
detected in oysters (Song et al, 2010). Consumption of contaminated shellfish has been
implicated in sporadic cases of acute hepatitis E (Cacopardo et al. 1997; Koizumi et al.
2004). It has also been shown that, in HEV endemic regions, the use of river water for
bathing, waste disposal, and drinking purposes is a significant risk factor (Sedyaningsih-
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Mamahit et al, 2002; Toole et al., 2006). For instance, a unique riverine transmission of
HEV has been reported in Southeast Asia: epidemic foci centered in riverine environments
(Corwin et al. 1999) and peaked with heavy rains and flooding, and the hepatitis E attack
rate was significantly higher in villages using river water than in those using wells or ponds
(Bile et al. 1994). Also, in Turkey, individuals used untreated waste water for irrigation
purpose have a significant higher HEV antibody prevalence rate (34.8%) than the control
subjects with similar age and socio-economic status (Ceylan et al. 2003).

HEV strains of both human and swine origins have been detected in raw sewage water
(Clemente-Casares et al. 2003; Ippagunta et al., 2007; Jothikumar et al. 1993; Pina et al.
1998, 2000), and the recovered virus from sewage water is still infectious in non-human
primates. Pina et al (2000) found that a HEV strain of likely pig origin recovered from
sewage water of pig slaughterhouses in Spain is genetically closely related to two Spanish
strains of human HEV. Also, HEV strains recovered from raw sewage water in the United
States are genetically more closely related to the genotype 3 swine HEV from the United
States than to the US-1 and US-2 strains of human HEV (Clemente-Casares et al. 2003). In
India, it has been shown that the anti-HEV prevalence was significantly higher in sewage
workers (57%) than in controls (19%). A significant rise in HEV antibody positivity was
found in sewage workers working for more than 5 years (Vaidya et al. 2003). These data
indicate that animal strains of HEV including human HEV pose an environmental safety
concerns, as HEV-contaminated costal, drinking, irrigation and sewage water could be a
source for human infection.
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Table 1

Host range and cross-species infection of the hepatitis E virus

HEV strains Natural host Susceptible experimental host

Mammalian HEV

Genotype 1 Humans, domestic pigs* Non-human primates, rats*,
lambs*, rabbits*

Genotype 2 Humans Non-human primate

Genotype 3 Humans, domestic pigs, wild
boars, deer, mongoose, rabbits

Non-human primates, domestic
pigs

Genotype 4 Humans, domestic pigs, wild
boars, cattle*, sheep*

Non-human primates, domestic
pigs, Balb/C mice*, rabbits*

Novel unclassified
genotype, Rat HEV

Rats Unknown

Novel unclassified
genotype, Boar HEV

Wild boars in Japan Unknown

Avian HEV

Genotype 1 Chickens (Australia) Chickens

Genotype 2 Chickens (USA, Canada) Chickens, Turkeys

Genotype 3 Chickens (Europe, and China)

*
Reported but not independently confirmed.
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