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Summary

Hepatitis E is an acute human liver disease in healthy individuals which may

eventually become chronic. It is caused by the hepatitis E virus (HEV) and can

have a zoonotic origin. Nearly 57,000 people die yearly from hepatitis E-related

conditions. The disease is endemic in both developing and developed countries

with distinct epidemiologic profiles. In developing countries, the disease is associ-

ated with inadequate water treatment, while in developed countries, transmission

is associated with animal contact and the ingestion of raw or uncooked meat,

especially liver. All human HEV are grouped into at least four genotypes, while

HEV or HEV-related viruses have been identified in an increasing number of

domestic and wild animal species. Despite a high genetic diversity, only one single

HEV serotype has been described to date for HEV genotypes 1–4. The discovery
of new HEV or HEV-related viruses leads to a continuing increase in the number

of genotypes. In addition, the genome organization of all these viruses is variable

with overlapping open reading frames (ORF) and differences in the location of

ORF3. In spite of the role of some domestic and wild animals as reservoir, the ori-

gin of HEV and HEV-related viruses in humans and animals is still unclear. This

review discusses aspects of the detection, molecular virology, zoonotic transmis-

sion and origin of HEV and HEV-related viruses in the context of ‘One Health’

and establishes a link between the previous and the new taxonomy of this growing

virus family.

Introduction

Hepatitis E is an acute human liver disease caused by the

hepatitis E virus (HEV) and can have a zoonotic origin.

Hepatitis E is usually a mild self-limiting disease; however,

it may be fatal, especially among pregnant women in devel-

oping countries, or become chronic in immunocompro-

mised individuals. Besides the infection of humans, HEV

or HEV-related viruses have been identified in an increas-

ing number of domestic and wild animal species (Smith

et al., 2013). Nearly 57,000 people die yearly from hepatitis

E-related causes (WHO, 2013). According to the World

Health Organization (WHO), 20 million people get

infected with HEV and three million develop acute

hepatitis every year (WHO, 2013). The disease is endemic

in both developing and developed countries although the

epidemiological profile varies between countries according

to the level of development. In developed countries, hepati-

tis E is more associated with animal contact and the inges-

tion of raw or uncooked meat, especially liver (swine, wild

boar and deer) (Wichmann et al., 2008; Lewis et al., 2010).

In developing countries, hepatitis E is still linked to poor

sanitary conditions ((CDC), C. f. D. C. a. P., 2013).

The first epidemiological study of hepatitis E came from

India in the early fifties (Viswanathan, 1957) and described

a waterborne infection due to sewage contamination of the

Yamuna River (Viswanathan, 1957; Khuroo, 2011). The

unknown viral agent was only identified in the eighties and

© 2015 Blackwell Verlag GmbH • Transboundary and Emerging Diseases. 64 (2017) 37–52 37

Transboundary and Emerging Diseases



named ‘enterically transmitted non-A and non-B hepatitis’

(ET-NANBH; Francis and Maynard, 1979; Sreenivasan

et al., 1984). Later in the nineties, the ET-NANBH virus

was inoculated into cynomolgus monkeys, HEV cDNA was

isolated for the first time, and the name ‘HEV’ was pro-

posed (Reyes et al., 1990). Since then the number of reports

on HEV infections in the human population has increased

considerably, showing that HEV was present in many dif-

ferent countries (Aye et al., 1992; Huang et al., 1992; Tsa-

rev et al., 1992; Yin et al., 1994).

Natural infection of HEV was detected in pigs for the first

time in 1995 in Nepal (Clayson et al., 1995). Further studies

showed that the porcine HEV strain is closely related to but

distinct from the human HEV strains observed so far and

represents the HEV genotype 3 (HEV-3) (Meng et al.,

1997). Later, genotype 4 (HEV-4) was also found in humans

and swine (Wang et al., 1999, 2002).

Current Nomenclature of HEV

Hepatitis E virus was initially classified in the Picornaviridae

family with hepatitis A virus, based on clinical and epide-

miological characteristics (Sreenivasan et al., 1984). How-

ever, due to morphological features and similarities to

noroviruses in genome organization, HEV was thereafter

repositioned as a member of the Caliciviridae, in the genus

Hepevirus (Bradley et al., 1988). Later on, based on molec-

ular analyses, HEV was placed as the sole species of the

family Hepeviridae, genus Hepevirus and viruses were

grouped into four major genotypes (1–4) (Emerson et al.,

2005; Meng et al., 2011). In the meantime, other HEV-

related viruses were detected (e.g. in rats), but not assigned

until the most recent proposed classification (Table 1;

Meng et al., 2011; Smith et al., 2014).

HEV genotypes

Recently, the ICTV Hepeviridae Study Group proposed a

new consensual classification, placing all the HEV and

HEV-related viruses into two genera: Orthohepevirus with

four species (A–D) and Piscihepevirus with a single species

(A) (Smith et al., 2014). The criteria proposed for this new

classification were based on phylogeny and host range.

Accordingly, Orthohepevirus A comprises sequences found

in humans, pigs, wild boar, rabbit, deer, mongoose and

camel; Orthohepevirus B contains viruses found in chickens;

Orthohepevirus C encompasses sequences found in rats

(HEV-C1) and ferrets (HEV-C2); and Orthohepevirus D,

the bat virus (Table 1). Genotypes were also proposed for

Orthohepevirus A: genotypes HEV-1 and HEV-2 have only

been identified in humans, genotypes HEV-3 and HEV-4

have been reported in both humans and different animal

species and are associated with the zoonotic cases. T
a
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Genotypes HEV-5 and HEV-6 have been found in wild

boar in Japan and genotype HEV-7 in dromedary camels in

Dubai (Table 1; Smith et al., 2014; Pavio et al., 2010).

Partial sequences from other potential members of the

family were recently identified in moose, fox and mink.

They show similarities to HEV in genome organization, size

and phylogenetic analyses, suggesting they could represent

new members of the Hepeviridae family. The moose virus

appears to cluster closely to genotypes 1–7, while HEV iso-

lated from mink is closely related to the ferret virus (HEV-

C2), and the virus found in foxes is related to that in rats

(HEV-C1) virus (Fig. 1; Lin et al., 2013; Woo et al., 2014;

Batts et al., 2011; Takahashi et al., 2011; Raj et al., 2012;

Drexler et al., 2012). These viruses have not been placed in

any specific genotype because complete genomic sequences

are required to place these viruses definitively.

HEV subgenotypes

Classification under the genotype level is very useful and

important for both clinical and epidemiological studies.

The most frequently used classification was proposed by Lu

et al. (2006) and encompasses 24 subtypes. Genotypes 1–4
are split into five (a–e), two (a–b), 10 (a–j) and seven (a–g)
subtypes, respectively (Lu et al., 2006). This classification is

controversial and is not accepted by all researchers in the

field. For instance, there are a number of publications

including partial and complete genomic sequences of HEV

with no differentiation under the genotype level (Takahashi

et al., 2003; Tei et al., 2003; Sonoda et al., 2004; Wibawa

et al., 2004). The main concern is related to the reliability

of the subtype separation and, consequently, the usefulness

of subtyping (Oliveira-Filho et al., 2013; Smith et al.,

2013). The ICTV study group has not defined a permanent

system for classification under genotype level (subgenotype

or subtypes); however, it has recommended the use of

approaches based on labelling clades according to tree

topology (Smith et al., 2014). Thus, genotype HEV-3 has

been divided into three subgenotypes 3.1 (or G3 group 1),

3.2 (or G3 group 2) and 3.3 (Oliveira-Filho et al., 2013; Ijaz

et al., 2014), and genotype HEV-4 has been divided into

seven subgenotypes 4 a–g (Dai et al., 2013).
So far all the different viruses infecting humans from

genotypes HEV-1 to HEV-4 are grouped in a single sero-

type. The serological diversity of the other hepeviruses

remains uncertain, although it is known that specific assays

can distinguish between viruses from Orthohepevirus B

and HEV-C1 and the HEV-1–HEV-4 (Dremsek et al.,

2012; Liu et al., 2014).

Structure

Hepatitis E virus is a small non-enveloped virus with a

diameter of approximately 27–34 nm and an icosahedral

capsid. The genome consists of a single-stranded positive

RNA of 6.6–7.3 kb in length, polyadenylated at its 30-end
and 50-capped with a 7-methylguanine. It contains three

partly overlapping open reading frames (ORFs; Fig. 2)

(Mushahwar, 2008). In addition, subgenomic viral RNA is

also synthesized (Graff et al., 2006).

The 50 end of the genome contains a short non-coding

region (NCR), 26–28 nucleotides in length. ORF1 has a size

of approximately 1693 amino acids (aa). This region

encodes a polyprotein which is probably cleaved into the

viral non-structural proteins including methyltransferase,

papain-like cysteine protease, macro domain, helicase and

RNA-dependent RNA polymerase (RdRp); these enzymes

are involved in viral replication, transcription and polypro-

tein cleavage (Reyes et al., 1990; Kaur et al., 1992; Koonin

et al., 1992; Holla et al., 2013).

Fig. 1. Phylogenetic tree based on nucleotide

sequences of complete capsid protein from dif-

ferent hepatitis E virus (HEV) and HEV-related

viruses. Phylogenetic tree was inferred using

the maximum likelihood method. A bootstrap

analysis of 1000 replicates was included, and

the results displayed on the interior branches.

The tree is drawn to scale, with branch lengths

measured in the number of substitutions per

site. Evolutionary analyses were conducted in

MEGA6. Sequences in bold represent refer-

ence sequence listed by Smith et al., 2014

(Table 1). Accession numbers are shown in

brackets. Hepatitis E virus found in bovids and

molluscs is not presented here. Genotypes

HEV-3 and HEV-4 are, respectively, coloured in

orange and blue. [Colour figure can be viewed

at wileyonlinelibrary.com].
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Open reading frames 2 encodes the structural capsid pro-

tein and has a size of approximately 660 aa for genotypes

1–3 and 675 aa for members of genotype 4. This protein is

highly immunogenic and is responsible for various func-

tions such as assembly and host interaction. Due to the high

aa homogeneity of this region and the presence of only one

reported HEV serotype, it is used both for diagnostic tests

and vaccine development (Tsarev et al., 1997; Zhang et al.,

2001; Engle et al., 2002; Koff, 2007; Panda et al., 2007).

Open reading frames 3 encodes a small phosphorylated

protein with a size of approximately 120 aa which binds to

the hepatocellular cytoskeleton to form a complex together

with the capsid protein. Other possible ORF3 functions

may be related to the regulation of cell signalling pathway

and infectivity in vivo (Graff et al., 2005; Jim�enez de Oya

et al., 2007; Panda et al., 2007; Khuroo, 2008).

A fourth ORF (ORF4) was reported from HEV-C2 (fer-

ret) and two HEV-C1 (rat) sequences (Johne et al., 2012;

Raj et al., 2012). In these Orthohepviruses C, ORF4 has 183

aa and overlaps with the 50 end of ORF1. Its function is not

yet known, but it has been located into the methyltransfer-

ase domain. Two additional ORFs were reported for one

sequence found in rats, however, without the presence of a

conventional start codon (Johne et al., 2012). A HEV-

related sequence found in moose has been partially

sequenced. It contains a 30 end with poly A tail, ORF2,

ORF3 and partial ORF1 (Lin et al., 2013). More details

regarding the genome organization of the different HEV

and HEV-related viruses are available in Fig. 2.

Direct and Indirect Detection of HEV-Related
Viruses in Animals

Hepatitis E virus and HEV-related strains have been geneti-

cally detected in naturally infected domestic and wild animals

(Fig. 3). In addition, antibodies against HEV have also been

Fig. 2. Genome organization of genotypes 1,

3 and 4 and hepatitis E virus (HEV)-related

viruses from wild boar, rat, bat, ferret, moose,

avian and cutthroat trout. The complete geno-

mic sequence from the moose virus was not

available. The true frame usage of the open

reading frames (ORFs) is not shown in this

figure. Sequences used in this figure were

obtained from GenBank with following acces-

sion numbers: HEV-1 (M73218), HEV-2

(M74506), HEV-3 (AF082843) and rabbit

(FJ906895); HEV-4 (AJ272108); avian

(AM943647); rat (GQ504009); bat

(NC_018382); CTV (NC_015521); ferret

(AB890001); moose (KF951328); wild boar

HEV-5 (AB602441), camel (KJ496143) and

wild boar HEV-6 (AB573435). ORF1 encodes

methyltransferase (Met), Y, papain-like cyste-

ine protease (PCP), hypervariable region (HVR),

X (macro domain), helicase and RNA-depen-

dent RNA polymerase (RdRp) domains.* based

on AF082843 ** based on AB602441. [Colour

figure can be viewed at wileyonlinelibrary.

com].
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detected in many animal species such as dog, cat, sheep, goat,

horse, rodents, cattle, duck, pigeon and non-human primates

(Arankalle et al., 2001; Vitral et al., 2005; Mochizuki et al.,

2006; Zhang et al., 2008a; Pavio et al., 2010). The antibody

presence in these species raises a puzzling question and sug-

gests that these animals may have been exposed to the HEV

or to an antigenically related agent.

HEV in Mammals

HEV infection of non-human primates

The first study reporting the infection of non-human pri-

mates with genotype 1 HEV (previously called ET-NAN-

BH) showed that the cynomolgus monkey was susceptible

to infection and suitable for use in experimental infection

studies (Bradley et al., 1987). Several other species such as

tamarins, rhesus monkey, three-striped night monkey and

the common chimpanzee were also successfully infected

with HEV (Bradley et al., 1987; Gupta et al., 1990; Tice-

hurst et al., 1992; McCaustland et al., 2000). Recently, it

was demonstrated that the cynomolgus monkey is suscepti-

ble to infection with human and swine genotype 3 HEV

from Argentina, Brazil and the Netherlands (de Carvalho

et al., 2013). These studies were very important in under-

standing different aspects of HEV infection in humans.

Naturally occurring anti-HEV antibodies were reported in

both free-living and captive non-human primates, and their

role as reservoir has been discussed (Arankalle et al., 1994;

Hirano et al., 2003b). However, neither HEV nor HEV-

related viruses have been found naturally in non-human

primates (Meng, 2011).

HEV infection of Suidae

Since the first sequence was reported in swine in 1997 in

the USA (Meng et al., 1997), HEV genotypes 3 and 4 have

been detected and seem to be enzootic in domestic pigs

across the five continents (Fig. 3).

In Japan, HEV was detected in wild boar for the first time

in 2004 (Sonoda et al., 2004). Subsequently, it has been

detected in several countries (Pavio et al., 2010). The major-

ity of HEV strains detected from wild boar belong to geno-

type 3 (Meng, 2010b). In contrast to domestic swine, high

detection rates of HEV RNA have been reported not only in

young animals but also in adult wild boar (de Deus et al.,

2008; Martelli et al., 2008; Oliveira-Filho et al., 2014).

In addition, it seems that viral genetic heterogeneity is higher

Fig. 3. Geographical distribution of animal hepatitis E virus (HEV) and HEV-related viruses (without non-human primates). References used in this

figure are shown in Table S1. [Colour figure can be viewed at wileyonlinelibrary.com].
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in wild boar populations. Different subtypes have been

reported within the same populations from Germany and

Sweden (Adlhoch et al., 2009; Wid�en et al., 2011; Oliveira-

Filho et al., 2014). In Japan, sequences from both genotypes

3 and 4 have been detected in wild boar as well as sequences

belonging to the genotypes HEV-5 and HEV-6 (Sato et al.,

2011; Takahashi et al., 2011; Smith et al., 2014).

HEV infection of Cervidae

Molecular and serological evidence of HEV and HEV-

related viruses in cervids has been reported in Sika deer,

red deer, tufted deer, Reeve’s muntjac, roe deer and moose

(Tei et al., 2003; Matsuura et al., 2007; Yu et al., 2007;

Zhang et al., 2008b; Reuter et al., 2009; Boadella et al.,

2010; Forg�ach et al., 2010; Rutjes et al., 2010; Lin et al.,

2013). The first report of HEV-related sequences in deer

demonstrated a close phylogenetic relationship with geno-

type 3. In contrast to the other viruses found in cervids, the

HEV-related virus detected in Swedish moose does not

cluster within genotypes HEV-1 to HEV-7. Phylogenetic

analysis based on the complete capsid protein indicates that

the virus found in moose clusters in a separate branch

(Fig. 1).

HEV infection of Bovidae

Antibodies against HEV have been detected in cattle in

several studies (Arankalle et al., 2001; Wang et al., 2002;

Vitral et al., 2005; Zhang et al., 2008a). However, only

one study from China has genetic confirmation, obtained

through the amplification of a 189 bp sequence of ORF2

from eight cow faeces. These sequences showed homology

of 96–100% to each other and 76–86%, 82–84%, 79–85%
and 84–96% homology with genotypes 1–4, respectively.
Accordingly, the HEV sequences found in bovines were

assigned to genotype 4 (Hu and Ma, 2010). The same

short HEV ORF2 sequence of 189 bp was amplified from

six faecal samples of sheep by the same research group in

China. These sequences showed homology of 99–100%
between themselves and 79–85%, 81–83%, 79–84% and

85–95% homology with genotypes 1, 2, 3 and 4, respec-

tively, and clustered into genotype 4 (Wang and Ma,

2010). However, additional studies must be conducted to

confirm the presence of viruses in these animal species,

and longer sequences need to be isolated to confirm the

genotype assignment. Recently, full genome sequences

closely related to HEV-4 were detected in yak in China

(Fig. 1; Xu et al., 2014).

HEV infection of Camelidae

Recently, HEV-related virus was recovered in the faeces of

three dromedary camels in Dubai. The isolates were called

DcHEV (178 and 180C) and show more than 20% nucleo-

tide divergence from the other HEVs (Woo et al., 2014).

These viruses are most similar to viruses in the genus,

Orthohepevirus A, and have been placed within this genus

as genotype HEV-7 (Smith et al., 2014).

HEV infection of Leporidae

In 2009, HEV-related sequences were found in Chinese

farmed rabbits. Phylogenetic analysis based on the complete

genome sequence suggests that they were genetically closely

related to human and porcine genotype HEV-3. The

sequences of rabbit HEV have about 85% nucleotide

homology between themselves and 74%, 73%, 78–79%, 74–
75% and 46–47% homology with genotypes 1–4 of mam-

mals and avian HEV, respectively. Later on, more sequences

were reported in China, the USA and France, including clo-

sely related sequences found in humans (Cossaboom et al.,

2011, 2012; Izopet et al., 2012; Han et al., 2014).

The sequences found in rabbits clustered in a new dis-

tinct branch related to genotype 3 and were initially sug-

gested to form another genotype (Zhao et al., 2009; Geng

et al., 2011; Izopet et al., 2012). Further studies have shown

that the HEV strains found in rabbits cluster at the edge of

genotype 3 sequence space and could indeed represent a

new genotype or a new genotype HEV-3 clade (Oliveira-

Filho et al., 2013; Smith et al., 2013). According to the

ICTV Hepevirus study group, the HEV strains found in

rabbits are considered a distant variant in genotype HEV-3

(Smith et al., 2014).

HEV infection of Muridae

The presence of antibodies against HEV has been reported

in different rodent species (Kabrane-Lazizi et al., 1999;

Favorov et al., 2000; Arankalle et al., 2001; Hirano et al.,

2003a; Easterbrook et al., 2007). Hepatitis E virus antigens

were detected in different organs after experimental infec-

tion of Wistar rats with human virus (genotype 1) (Mane-

erat et al., 1996). Nevertheless, none of the above-

mentioned studies succeeded in recovering viral genome.

In 2008, fragments of HEV-related viruses were

sequenced from faeces of Rattus norvegicus from Germany.

The HEV-related sequences detected in rats have a

sequence homology of about 60% and 50% with human

and avian HEV strains, respectively. Subsequently, the

complete genomes of the two HEV strains from rats were

determined and it was suggested that they might belong to

a new species within Hepeviridae (Johne et al., 2010). Since

then, new HEV-C1 sequences have been reported in Ger-

many, USA, China, Vietnam and Indonesia (Johne et al.,

2012; Li et al., 2013b,d) and specific HEV-C1 sequences

were included in the species Orthohepevirus C genotype

HEV-C1 (Smith et al., 2014). Recently, several liver tissue

samples from Rattus rattus and R. norvegicus in museum

collections were tested and found to contain HEV genotype

3 (Lack et al., 2012).
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HEV infection of Soricidae

Sequences closely related to HEV-C1 were detected from

Asian musk shrews which shared the environment with

wild rats in China (Guan et al., 2013).

HEV infection of Mustelidae

The first HEV-related virus found in Mustelidae was

reported in the Netherlands in 2012. Two years later, HEV

was detected in a ferret breeding colony in the USA and in

Japan (Li et al., 2014). Phylogenetic analysis based on com-

plete genomic sequences showed that HEV-related

sequences found in ferrets were separate from genotypes 1

to 4 and clustered in a separate branch near to sequences

found in rats (HEV-C1) (Raj et al., 2012; Li et al., 2015).

Recently, partial genomic sequences of HEV-related

viruses, genetically close to viruses found in ferrets (HEV-

C2), were detected in 4 farmed mink from Denmark in

2013 (Krog et al., 2013).

HEV infection of Herpestidae

The only HEV-related virus in Herpestidae was detected in

2006, in a mongoose from Japan (Nakamura et al., 2006).

The whole genome sequence of this strain was determined:

it was HEV genotype 3 closely related to a Japanese porcine

HEV sequence.

HEV infection of Canidae

In 2013, fragments of HEV-related virus were sequenced

from faeces of two foxes in the Netherlands. These frag-

ments were related to HEV-C1, but it is unknown, whether

this virus circulates naturally in foxes or if detection is due

to the consumption of prey such as rats (Bodewes et al.,

2013).

HEV infection of Chiroptera

In 2012, a study analysed 3869 bat faecal and blood samples

across five continents to detect HEV-related sequences.

This study included 85 species of bats. Viruses were

detected in 3 bat families (Hipposideridae, Vespertilionidae

and Phyllostomidae) from Africa, Central America and Eur-

ope. There was a high genetic diversity between HEV-

related viruses found in bats, comparable to that observed

between sequences found in Orthohepevirus A (Drexler

et al., 2012). Currently, all the HEV sequences found in

bats have been assigned to the new species Orthohepevirus

D (Table 1; Smith et al., 2014).

HEV Infection of Birds

In 1999, a virus related to HEV associated to big liver and

spleen disease (BLS) was identified in chickens from Aus-

tralia. This virus has about 62% homology with HEV

nucleotide sequences from genotypes 1–4 (Payne et al.,

1999). In 2001, another virus was detected from bile sam-

ples of White Leghorn chickens from the USA with hepato-

splenomegaly (HS) syndrome (Haqshenas et al., 2001).

Later, the virus was designated avian HEV, and the viruses

causing both BLS and HS were found to be distinct variant

strains of the same virus (Meng, 2010a). Since then, they

have been found to be circulating among North American,

European and Asian chicken flocks (Huang et al., 2002;

Sun et al., 2004a; Peralta et al., 2009; Kwon et al., 2012;

Zhao et al., 2013; Hsu and Tsai, 2014). Currently, all strains

found in chicken are considered as belonging to the same

specie Orthohepevirus B.

Contrary to other animal species where HEV infections

are usually asymptomatic, Orthohepeviruse B infection is

associated with symptomatic disease. Besides the enlarge-

ment of spleen and liver, both ovarian regression and pres-

ence of red fluid in the abdomen are commonly associated

with the HS syndrome (Payne et al., 1999; Haqshenas

et al., 2001). Experimental infection studies have also

described several other clinical signs such as anorexia and

diarrhoea (Billam et al., 2005). In addition, it was suggested

that heterogeneity into the distinct strains may be related

to different pathogeneses (Billam et al., 2009).

Orthohepevirus B shares several antigenic epitopes with

HEV found in humans and swine, although at least one

specific epitope has been reported among the viruses found

in birds (Haqshenas et al., 2002; Guo et al., 2006). Further

experimental infections have demonstrated that the Ortho-

hepevirus B can infect and produce low viremia in turkeys,

but is not infectious for rhesus monkeys (Huang et al.,

2004; Sun et al., 2004b).

HEV infection of Fish

In 1988, a new virus, infecting trout without causing dis-

ease, was isolated and named cutthroat trout virus (CTV;

Hedrick et al., 1991). After two decades, the complete gen-

ome of this virus was obtained and the organization was

shown to be similar to HEV. Phylogenetic analysis based

on partial RdRp aa sequences indicates proximity to the

Hepeviridae family (Batts et al., 2011), and currently, it has

been assigned as the sole species into the genus Piscihepe-

virus (Smith et al., 2014).

HEV infection of Bivalve Molluscs

The presence of HEV RNA was reported on several occa-

sions in bivalve molluscs (Li et al., 2007; Crossan et al.,

2012; Donia et al., 2012). However, this is most likely due

to passive filtration of HEV from contaminated water

rather than to HEV replication occurring in molluscs.

Indeed, experimental bio accumulation of HEV has been

demonstrated in oysters (Grodzki et al., 2014).
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Zoonotic Concerns of HEV and HEV-Related Viruses

Before the first detection of HEV in swine, the occurrence

of hepatitis E was associated with lack of access to clean

water and contamination of drinking water due to unreli-

able sewage systems and hepatitis E was considered a dis-

ease of developing countries (Viswanathan, 1957; Aggarwal

and Naik, 2009). Due to this, from the late eighties to the

early nineties, it was improbable that clinicians would diag-

nose autochthonous hepatitis E in industrialized countries

(Scharschmidt, 1995). However, the presence of HEV anti-

bodies in healthy individuals and blood donors in Europe

and North America could not always be associated with tra-

vel to an endemic region (Skaug et al., 1994). Thus, several

autochthonous cases were reported in the USA, Europe,

Australia and New Zealand (Mast et al., 1996).

Later on, the viruses were revealed to be present in

domestic swine and wild boar populations in both develop-

ing and developed countries (Meng et al., 1997; Meng,

2010a; Thiry et al., 2014). The genetic proximity raised the

possibility of an animal reservoir and phylogenetic analysis

clearly revealed that the autochthonous cases occurred

more frequently than had been previously recognized in

developed countries (Clemente-Casares et al., 2003).

Nowadays, viruses from the Hepeviridae family and

HEV-related viruses are recognized to be present in mam-

mals, avian and fish. Evidence suggesting zoonotic infec-

tions has been reported from strains circulating in

domestic swine, wild boars, deer and rabbits (Meng et al.,

1997; Hsieh et al., 1999; Tei et al., 2003; Izopet et al.,

2012). To date, limited information is available concerning

the ability of these viruses to infect different species.

Strong Evidence of Foodborne Transmission of HEV

In 2003, zoonotic transmission was reported for the first

time. Accordingly, four human cases were linked to the

consumption of uncooked wild boar liver and Sika deer

meat in Japan. Confirmation was only possible from the

deer meat, as no wild boar liver remained to be tested

(Matsuda et al., 2003; Tei et al., 2003). A nucleotide

homology of 99.7–100% was observed between fragments

of 326 nucleotides obtained from the patients who con-

sumed raw deer sushi or sashimi and from the frozen deer

meat used to prepare these meals (Tei et al., 2003).

In 2004, another study showed 99.7% homology between

the full viral genome sequences found in wild boar and deer

hunted in the same forest as the Sika deer consumed by the

four patients above (Takahashi et al., 2004). Another

report from Japan in 2005 demonstrated transmission via

ingestion of wild boar meat. Phylogenetic analysis based on

the complete capsid sequences showed 99.95% homology

between HEV genotype 3 sequences obtained from the

patient serum and the frozen wild boar meat consumed by

them (Li et al., 2005).

Recently, high homology between sequences detected in

consumed pork meat and an acute hepatitis E patient was

observed in Spain (Riveiro-Barciela et al., 2015). Another

strong evidence of HEV foodborne transmission was

reported in a patient who consumed figatelli (raw pig liver

sausage) in France (Renou et al., 2014).

HEV Transmission through Direct Contact or Indirect

Evidence

Epidemiological investigations or clinical evidence has

pointed out the consumption of wild boar or domestic pig

meat as sources of several human HEV infections with

genotypes HEV-3 and HEV-4 (Matsuda et al., 2003; Ta-

mada et al., 2004; Wichmann et al., 2008). In addition, a

number of studies have reported the presence of HEV in

pig and wild boar meat products with sequences either sim-

ilar or closely related to the ones found in humans (Feagins

et al., 2007; Colson et al., 2010, 2012; Wenzel et al., 2011;

Moal et al., 2012).

Geographically, human–swine co-exposure could be

related to a higher incidence in humans (Bouquet et al.,

2011). Alternatively, if the area with a high incidence of

human cases is far from regions with high pig density, eat-

ing habits could be a likely explanation (Matsuda et al.,

2003; Wibawa et al., 2004; Colson et al., 2010; Bouquet

et al., 2011).

Compared to unexposed groups, the HEV antibody

prevalence is higher in diverse population groups with

higher occupational exposure to HEV. These groups

include swine workers (butchers, farmers) and veterinari-

ans. Regardless of exposure, no increase of associated hepa-

tic disease was observed in these populations (Galiana

et al., 2008; Chang et al., 2009; Pourpongporn et al., 2009;

Krumbholz et al., 2012, 2014). HEV was detected in both

the bile of slaughtered pigs and effluent from the slaughter-

house, indicating that pigs can shed HEV at the time of

slaughter (Casas et al., 2011; dos Santos et al., 2011).

Indeed, a hepatitis E case has already been reported in a

slaughterhouse worker (P�erez-Gracia et al., 2007).

Role of Animals as HEV Reservoirs

The phylogenetic relationship of human zoonotic genotype

HEV sequences with those of swine and wild boar (HEV-3

and HEV-4) suggests their involvement in the transmission

cycle of HEV infection in humans. Rabbits may also repre-

sent a reservoir of HEV for humans (Izopet et al., 2012). In

addition, cynomolgus macaques and pigs have been experi-

mentally infected with rabbit HEV (Cossaboom et al.,

2012; Liu et al., 2013). It is important to note that human
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HEV does not formally need a reservoir as faecal–oral
transmission is effective in maintaining the infection within

a human population, as occurs in non-industrialized

regions. However, secondary reservoirs in pigs and wild

boar contribute to the maintenance of the infection (HEV

genotypes 3 and 4) in developed countries with a high sani-

tary level. In addition, the presence of the virus in other

wild species such as deer may contribute to the mainte-

nance of the virus in the natural environment.

Rodents have long been believed to be a potential reser-

voir of human HEV. However, the susceptibility of rats to

human HEV genotypes is very controversial. HEV-C1

does not infect rhesus monkeys (Purcell et al., 2011), and

laboratory rats do not appear to be susceptible to geno-

types 1, 3 and 4 (Li et al., 2013a,c), although one study

reported partial genotype 3 sequences in rat liver speci-

mens (Lack et al., 2012). Viruses found in birds could not

be transmitted experimentally to primates (Huang et al.,

2004). The transmission of rat or avian HEV to humans

cannot be completely ruled out, but these species are not

currently considered to be reservoirs of human HEV. The

possibility that bats may play a role as a reservoir of HEV

in mammals, as reported for many viruses such as coro-

naviruses or paramyxoviruses, was examined. Phylogenetic

analysis suggested that viruses found in bats belong to the

Hepeviridae family and seem to be the most divergent

mammalian hepeviruses described so far. Therefore, it is

unlikely that bats transmit the virus to humans (Drexler

et al., 2012). It is also unlikely that the transmission from

trout to humans occurs due to the phylogenetic gaps

found between HEV and CTV sequences. The human sus-

ceptibility for moose and dromedary camel HEV-related

viruses is still unknown and transmission to humans can-

not be excluded.

Hypothesis on HEV Origin

The origin of HEV in animals and in humans is still

unknown. The presence of animal reservoirs can be consid-

ered at two non-mutually exclusive levels: animals as reser-

voirs for hepevirus ancestors of human HEV or current

reservoirs interacting with human populations for zoonotic

transmission.

The role played by animals in the emergence of HEV in

humans is still uncertain. If the ancestor of genotypes 1–4
is hypothesized to be a human virus transmitted from

humans to suids, animals would be the recent onset reser-

voirs with a role of maintenance of infection and reinfec-

tion of other mammals including humans. For instance,

the presence of HEV more specific to wild boar (Sato

et al., 2011; Takahashi et al., 2011) may be indicative of

the existence of a specific viral evolution, reflecting the

maintenance of viral infection in this animal population.

The difference between HEV sequences from wild boars

and domestic pigs might be related to a dissimilarity in

the structure of the two animal populations that could be

explained by a higher turnover in domestic pig popula-

tions than in wild boar, despite a possible conservation of

viruses in reproductive pig herds in sows and boars. This

might lead to a lower capacity of the virus to evolve in

the domestic swine population. Instead, environmental

and behavioural differences of the wild boar may allow a

greater stabilization of the virus in this population and

promote selection and maintenance of new viruses. A

similar evolution may have occurred with the rabbit

strain, starting from a related genotype 3 ancestor, but

with a separate evolution in the rabbit population. The

higher HEV prevalence in domestic swine than in wild

animals could be explained by the continuous exchange of

viruses between the human and the swine populations. In

addition, the intensive contact among confined popula-

tions or farmed swine may increase the potential for

infection.

The roots of sequences from genotypes HEV-1 to HEV-4

and HEV-C1 rat were calculated (Fig. 4), and results sug-

gested the ancestor to be of animal origin (Purdy and

Khudyakov, 2010). This Bayesian analysis considered nei-

ther recombination events nor host species evolution.

However, hosts of Orthohepevirus C variants have been

detected from Carnivora, Rodentia and Soricomorpha, and

Orthohepevirus A variants have been detected from Artio-

dactyla, Carnivora, Lagomorpha and Primates. Such diver-

sification of host orders suggests that HEV did not

co-evolve with its hosts, but is more likely an opportunistic

pathogen (Smith et al., 2014). The division that might have

led to the ancestors of human and swine hepevirus

occurred at about the same time. The appearance of the

HEV-C1 suggests that mammalian HEV could have been

adapted to different mammalian species over time (Purdy

and Khudyakov, 2010). There is evidence that genotype 1

or an anthropotropic ancestor of genotype 1 has been

responsible for acute hepatitis infections among adults

since the last decade of the 18th century (Teo, 2012). This

indicates that either estimates for the time for the most

recent common ancestor for genotype 1 are underestimated

or genotype 1 has gone through an evolutionary bottleneck

and the ancestor is a survivor of that bottleneck. The

further discovery of other mammalian HEV-related viruses

may help to improve the understanding of Hepeviridae

evolution. However, the lack of fossil viruses, preventing a

confirmation of statistical analyses conducted so far

(Purdy and Khudyakov, 2010), poses a challenge regarding

the elucidation of the HEV (and HEV-related viruses)

origin. Therefore, Hepeviridae origin analysis will remain

speculative but allows a clarification of the current

situation.
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Conclusion

Since the first characterized hepatitis E epidemic in 1955,

several outbreaks have been described and the discovery of

HEV-related viruses has increased significantly during the

last 15 years. Rather than representing a true emergence,

this trend is probably due to the increasing interest in pub-

lic health and food safety as well as the use of improved

diagnostic tools. As their discovery, the taxonomy of the

Hepeviridae family has been in perpetual evolution due to

the introduction of newly identified viruses.

The high HEV prevalence in animals worldwide raises

the question of transmission to humans. Indeed, studies

have shown transmission of HEV via deer, swine and wild

boar meat in Europe and Japan. High seroprevalence rates

and similarities between the nucleotide sequences studied

also raise the question of possible transmission between

pigs and wild boar; particularly, when contact between

these animals is possible, for example in the context of out-

door breeding pigs. Even if zoonotic transmission from dif-

ferent animal species is accepted in non-endemic regions,

strong molecular evidence is scarce and the human suscep-

tibility for bat, rat, ferret, dromedary camel and moose

HEV-related viruses is still unknown.

Origins of the virus and pathways of spread through time

are still largely unknown due, among other things, to the

lack of fossil records. Research to date cannot show the

exact roles of humans and animals in Hepeviridae evolu-

tionary history.
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