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1. Introduction 

1.1 Hepatitis E Virus – Introducing the causative agent of hepatitis E 

1.1.1 Classification and Taxonomy 

Hepatitis E virus (HEV) belongs to the family Hepeviridae, including the two genera 

Orthohepevirus and Piscihepevirus (Purdy et al., 2017; Smith et al., 2014, see Figure 1). 

The genus Piscihepevirus only contains the species Piscihepevirus A, with strains detected 

in cutthroat trout (cutthroat trout virus; CTV) and related fish species (Batts et al., 2011). 

The genus Orthohepevirus contains four species, namely Orthohepevirus A – 

Orthohepevirus D. Orthohepevirus A contains currently seven genotypes (HEV-1 - HEV-

7) and a proposed genotype HEV-8, with specific reservoir hosts (Smith et al., 2016; Woo 

et al., 2016). 

              

Figure 1. Taxonomy of the family Hepeviridae and host association of the genotypes. The classification 

follows the taxonomy suggested by Smith et al., (2014 and 2016) and Batts et al., 2011, including proposed 

genotypes HEV-C3, HEV-C4 (Wang et al. (2018)) and HEV-8 (Woo et al. (2016)) labeled with a question 

mark. Possible transmission routes are indicated by different colors. For details see chapter 1.1.3 and 

1.1.4. 

Orthohepevirus B genotypes were found in birds exclusively, namely chickens and wild 

bird species (Haqshenas et al., 2001; Huang et al., 2004; Reuter et al., 2016b). Small 

mammal-associated HEV strains found in rats, foxes, minks and ferrets were classified 

within the species Orthohepevirus C. Rat-associated HEV (ratHEV) belongs to the 

genotype HEV-C1, whereas carnivore-associated HEV strains are grouped together as 
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HEV-C2 (Smith et al., 2014). Two recently detected, rodent associated HEV strains, found 

in Chevrier’s field mouse (Apodemus chevrieri) and Père David’s vole (Eothenomys 

melanogaster), respectively, were proposed as genotypes HEV-C3 and HEV-C4 (Wang et 

al., 2018). Bat-associated HEV strains, members of the species Orthohepevirus D, were 

found in different bat species worldwide (Drexler et al., 2012). The described taxonomical 

classification is in line with the phylogenetic reconstruction of the protein encoded by the 

concatenated region of the open reading frame (ORF) 1 and ORF2 from representative 

members of the family Hepeviridae (see Figure 2). 

                                    
Figure 2. Phylogenetic relationship of genotypes and species within the family Hepeviridae. The 

phylogenetic tree was generated by fusion of trees calculated by Maximum-likelihood (Substitution model: 

Jukes-Cantor with gamma distribution and 1000 bootstraps) and Bayesian analysis (15 million generations, 

burn-in phase of 25%). The amino acid sequences of the concatenated open reading frame (ORF) 1 and 

ORF2, used for the calculation, are reference sequences for hepatitis E virus (HEV), proposed by Smith et 

al., (2014 and 2016) and Batts et al., 2011. Additionally the proposed genotypes HEV-C3/HEV-C4 (Wang et 

al., 2018) and HEV-8 (Woo et al., 2016) were included as well. Maximum-likelihood and Bayesian 

calculations were done via CIPRES Online Portal (Miller et al., 2015). Support values above 70 are shown. 

The possible transmission routes are indicated by different colors. For details see chapters 1.1.3 and 1.1.4. 

Recent high-throughput sequencing (HTS) investigations revealed novel hepevirus-related 

pathogens in white-backed planthopper (Sogatella furcifera), an insect from southern 

China (N. Wu et al., 2018), and in agile frog (Rana dalmatina) from Hungary (Reuter et 

al., 2018). The frog-associated virus and the Sogatella furcifera hepe-like virus (SfHeV) 

are sharing the typical genomic attributes of other hepeviruses, with an unknown taxonomic 

position. 



1. Introduction 

P a g e  11 | 142 

1.1.2 Structure and genome organization of hepeviruses 

The hepevirus virion was initially described as a “non-enveloped”, spherical particle with 

a diameter of about 27-34 nanometer (nm) (Mori and Matsuura, 2011). Recent 

investigations indicated its association with lipids and therefore it is described as “quasi-

enveloped” (Yamada et al., 2009; Yin et al., 2016). Hepeviruses contain a single stranded 

ribonucleic acid (RNA) genome, having a positive polarity and a size ranging from 6.2 – 

7.4 kilo bases (kb) (Tam et al., 1991). The single-stranded RNA genome contains three 

major ORFs, flanked by a 5’ non-coding region (NCR), which is m7G-capped, and a 3’ 

NCR, with a polyadenylation. The NCRs differ in length among the different HEV-strains 

(Purdy et al., 2017). The ORFs are arranged by different overlapping patterns, even for 

members of the same HEV species. The major ORF1 encodes a nonstructural polyprotein 

of about 1700 aa (see Figure 3), that is translated from the genomic RNA. The potentially 

functional domains were predicted by computer-based search for homologues and 

conserved domains within the genome of HEV and other viruses (Koonin et al., 1992; Tam 

et al., 1991, see Figure 3). The cleavage of the ORF1-encoded polyprotein into smaller 

polypeptides, corresponding to the functional domains, was shown in a baculovirus 

expression system (Sehgal et al., 2006). Cell culture and/or animal experiments revealed 

the functionality of the predicted domains (see Figure 3): 

- Methyl-/Guanyltransferase (Mt) is a 110 kilo Dalton (kDa) protein (P110) and catalyzes 

the transfer of a methyl group from S-adenosylmethionin to guanosine-triphosphate (GTP) 

and guanosine-diphosphate (GDP) to yield m7GTP or m7GDP and thus forms a covalent 

enzyme-m7guanosine-monophosphate (GMP) complex needed for the capping of the viral 

RNA (Magden et al., 2001); 

- The “Y-like domain” (Y) has a critical role in HEV replication cycle by affecting the gene 

regulation and/or membrane binding in intracellular replication complexes (Parvez, 2017); 
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Figure 3. Genome organization of hepatitis E virus. The location of the overlapping major open reading 

frames ORF1, ORF2, ORF3, and the 5’- and 3’ non-coding regions (NCR) as well as the junction region 

with the predicted stem-loop (SL) structure are indicated based on HEV prototype strain SAR 55, accession 

number M80581 (Cao et al., 2010; Ding et al., 2017; Johne et al., 2014a; Pudupakam et al., 2009). 

Functional domains are: Mt, methyltransferase; Y, Y-like domain; PCP, papain-like cysteine protease; 

HVR, hypervariable region; X, X domain/ADP-ribose-binding site; Hel, Helicase; RdRP, RNA-dependent 

RNA polymerase; CP, capsid protein; VP, viroporin. 

- The papain-like cysteine protease (PCP) is involved in the proteolytic processing of the 

ORF1-encoded polyprotein as demonstrated by characterization of variant molecules with 

aa exchanges within its catalytic active center (Parvez, 2013). Additionally, it was shown 

that PCP downregulates melanoma differentiation associated gene 5 (MDA5)-mediated 

activation of interferon β induction, suggesting a role of PCP as an interferon I antagonist 

(Kim and Myoung, 2018); 

- Homologues of the HEV cellular X domain/ADP-ribose-binding site activities were 

identified in rubella virus and different corona- and alphaviruses. The role of this domain 

for HEV replication was shown in the human hepatoma cell line HuH7/S10-3 using X-

domain aa exchanges (Parvez, 2015); 

- In addition to the PCP and X-domain, a proline rich/ hypervariable region (HVR) of 

different length was identified, but seems to have no influence on HEV infectivity 

(Pudupakam et al., 2009; Tsarev et al., 1992). 

- The HEV Helicase (Hel) is a nucleoside triphosphatase (NTPase) that mediates the 

unwinding of the RNA duplex in 5’ to 3’ direction and the first steps of 5’ cap synthesis 

(Karpe and Lole, 2010a, b); 

- RNA-dependent RNA polymerase (RdRP) is needed for HEV replication and 

transcription. Electrophoretic mobility shift assays (EMSA) demonstrated a high affinity 

of recombinant RdRP for the 3’-end of the HEV genome, including the polyadenylated 
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region, secondary stem-loop (SL) structures and putative subgenomic (SG) promotor 

regions (Agrawal et al., 2001; Mahilkar et al., 2016). 

The ORF2 and ORF3 are located within a bicistronic subgenomic RNA of HEV (Graff et 

al., 2006). For the translation of this subgenomic RNA a secondary SL structure was 

identified within the junction region between ORF1 and ORF2/ORF3 (Cao et al., 2010, see 

Figure 3). The ORF2 encodes the capsid protein (CP; see Figure 3), which is subsequently 

processed into multiple monomeric forms with sizes ranging from 74 to 88 kDa (Jameel et 

al., 1996). Expression of a N-terminally truncated ORF2 (amino acid, aa, residues 112 to 

600) by a recombinant baculovirus in insect cell line Trichoplusia ni, BTL-Tn 5B1-4 (Tn5) 

cells, revealed two forms of the CP, a native one (58 kDa) and a slightly smaller one (50 

kDa). As evidenced by electron microscopy, the smaller one was found to self-assemble 

into empty virus-like particles (VLPs) (Li et al., 1997). Analyses of different N-terminally 

and C-terminally truncated CPs in the baculovirus-mediated expression system resulted in 

the identification of aa residues 125 and 601 as essential elements for initiation of VLP 

assembly (Li et al., 2005b). In a recent study, three different forms of the CP were identified 

(ORF2 i, g/c) and the existence of two production pathways of the CP were proposed: 

ORF2 i is produced by delivering cytosolic ORF2 proteins to the virion assembly sites and 

thus is associated with infectious virus particles. The ORF2 g/c variants are generated in a 

nonproductive way and are absent in infectious particles. ORF2 proteins are pushed into 

the secretion route, get glycosylated/cleaved and secreted out of the cells. These ORF2 g/c 

forms were proposed to function as immunological baits in chronically HEV infected 

patients (Montpellier et al., 2018). The ORF3 encodes a multifunctional protein that is 

supposed to function as a viroporin (VP) and seems to be involved in virus release (Ding 

et al., 2017; Tyagi et al., 2002; Tyagi et al., 2004; Tyagi et al., 2005 and see Figure 3). 

Additionally, the ORF3-encoded protein interacts with the CP (Tyagi et al., 2002) and thus, 

could play a role in regulating the virion assembly. 

A putative ORF4 exclusively for members of the species Orthohepevirus C was predicted. 

Three genotypes, HEV-C1, HEV-C2 and the proposed HEV-C3, share the putative ORF4, 

whereas it is absent in members of the proposed genotype HEV-C4 (Johne et al., 2014a; 

Wang et al., 2018). The ORF4 is overlapping with the ORF1 at its 5’ end, has a size of 

about 552 nucleotides (nt) and encodes a putative protein of 183 aa residues (Johne et al., 

2014a). Transfection of the human hepatoma carcinoma cell line PLC/PRF/5 cells with 

infectious ORF4-defective mutant copy deoxynucleic acid (cDNA) clones of ratHEV 
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demonstrated no difference in the replication to the corresponding wild type ORF4 cDNA 

clone. Therefore, the function of the putative ORF4 encoded protein remains still unclear 

(Tanggis et al., 2018). 

1.1.3 Transmission routes of hepatitis E virus 

The routes of HEV transmission are very complex and not all of them are fully understood. 

Most likely pathways are via faecally contaminated water, blood products, food, 

environment and direct contact with animals as well as infected humans (Lewis et al., 

2010). The possible route of transmission differs strongly among the different HEV 

genotypes. The genotypes HEV-1 and HEV-2 are restricted to humans and were 

responsible for large hepatitis E outbreaks in the past years. The genotypes HEV-3 and 

HEV-4 are zoonotic pathogens and can cause an infection in humans (Li et al., 2005a; 

Takahashi et al., 2002; Pavio et al., 2015; Smith et al., 2016). These pathogens can be found 

in different reservoir hosts like domestic pigs or wild boars, deer and rabbits. The most 

probable way of infection for humans is by the consumption of undercooked meat of 

infected animals, like from deer, rabbits, pigs or wild boars (Abravanel et al., 2017; Izopet 

et al., 2012; Li et al., 2005a; Sonoda et al., 2004; Yazaki et al., 2003). Furthermore, 

camelids are also reservoir hosts for a zoonotic HEV-strain, HEV-7, which was found in a 

dromedary species (Arabian camel; Camelus dromedaries) and infected a human, who was 

frequently consuming milk and meat from Arabian camel (Lee et al., 2016). Similarly, the 

proposed genotype HEV-8, which was found in a Bactrian camel (Camelus bactrianus) is 

most likely non-zoonotic (Takahashi et al., 2014; Woo et al., 2016). The genotypes HEV-

5 and HEV-6 were found exclusively in wild boar (Sus scrofa) with no hints for a zoonotic 

potential (Takahashi et al., 2014). All members of the species Orthohepevirus B, 

Orthohepevirus D and Piscihepevirus A have no or an unknown zoonotic potential (Batts 

et al., 2011; Drexler et al., 2012; Huang et al., 2004).  

1.1.4 Hepatitis E virus infection in humans 

HEV is the main causative agent of an acute hepatitis in humans (Rein et al., 2012). After 

two to eight weeks of incubation flu-like symptoms arise, followed by emesis, fever, pain 

of the limbs or headache and epigastralgia before signs of acute hepatitis and liver failure 

occur. The fatality rates are very low in general and range between 0.2% and 4%, but case 

fatality rates of up to 25% can occur in immunocompromised persons, i.e. pregnant women 

or persons who received an organ transplantation (Kumar et al., 2013). These high rates of 
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mortality were observed during larger hepatitis E outbreaks in endemic regions of China, 

India, Somalia and Uganda (Kamar et al., 2012). Immunocompromised persons can also 

develop a chronic HEV infection, which is associated with liver failure and liver cirrhosis 

(Gerolami et al., 2008; Kamar et al., 2008). HEV infections are not only a problem of 

developing countries with known endemic regions, but in industrialized countries also HEV 

infections occur as sporadic autochthonous cases and in exposure risk groups (Clemente-

Casares et al., 2003, 2016; King et al., 2018; Sayed et al., 2015). Serological investigations 

of blood donors and the general population revealed highly divergent seroprevalences (2.1 

- 52.2%) in different European countries and even between parts of one country (Clemente-

Casares et al., 2016). A serosurvey in blood donors from the United States of America 

(USA) showed an age-dependence and general decrease in anti-HEV seroprevalences of 

21.8% (2006) to 16% (2012) (Sayed et al., 2015). Seroprevalences of 4.2% and 9.7% were 

detected in blood donors from New Zealand in the year 2007 and in the years 2014/2015, 

respectively (King et al., 2018). Additionally, HEV could be detected in sewage and human 

samples from different high human-density cities in Spain, Greece, France, Sweden and the 

USA, indicating a circulation of different HEV-strains even in one location/city (Clemente-

Casares et al., 2003). 

More than one third of the world-wide human population, approximately more than two 

billion humans, lives in highly endemic regions for the genotypes HEV-1 and HEV-2, like 

South-East Asia, the Middle East, India, Central Asia, Middle and South America (World 

Health Organization, 2017). The consumption of water, contaminated by human excreta, is 

the most probable transmission route for these two genotypes (Nelson et al., 2018). A 

vertical, transplacental transmission or intrauterine infection with HEV has been reported 

in India, with fatality rates of the mothers up to 100% and HEV-RNA detection rates of 

50% in their children (Khuroo et al., 1995; Singh et al., 2003). 

Hepatitis E is a notifiable disease in Germany since 2001 and cases have to be reported to 

the Robert Koch-Institute, if at least one of the following methods can detect HEV-RNA 

or anti-HEV antibodies (Robert Koch-Institute, 2015a): 

- Direct detection of HEV by detecting HEV-RNA via reverse transcription-

polymerase chain reaction (RT-PCR) from serum or stool; 

- Indirect detection of HEV infection by serological assays; measuring of 

immunoglobulin M (IgM) antibodies (e.g. by enzyme-linked immunosorbent assay 
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(ELISA)) or by observing an increased titer of HEV-specific immunoglobulin G 

(IgG) antibodies (e.g. via ELISA). 

The number of recorded HEV infections in Germany increased from less than 50 cases in 

the year 2001 to more than 3000 cases in 2018 (Figure 4). This increased number of 

reported HEV infections might be explained by better diagnostic assays for HEV and a 

greater awareness of the physicians (Robert Koch-Institute, 2015b). 

 

Figure 4. Recorded cases of human hepatitis E virus (HEV) infections in Germany. Taken from the Robert Koch- 
Institute (Faensen and Krause, 2004, accessed 07.01.2019). 

The general seroprevalence for humans living in Germany was calculated to be 16.8% 

(samples taken between 2008 and 2011) (Faber et al., 2012). Another study in southeast 

Germany demonstrated a decrease of the anti-HEV antibody prevalence from 50.7% in 

1996 to 34.4% in 2011 (Wenzel et al., 2014). Investigation of risk groups with an 

occupational exposure to pigs, like butchers, meat inspectors, pig farmers or veterinarians, 

demonstrated a higher seroprevalence (28.3%) than the corresponding control group 

(15.5%, Krumbholz et al., 2012). A large-scale study for the presence of anti-HEV 

antibodies in humans living in North Rhine-Westphalia and Lower Saxony, known federal 

states of Germany with a high domestic pig density, revealed a higher seroprevalence for 

the group with direct contact to pigs (13.2 - 32.8%) in comparison to the group without 

direct contact to pigs (7.7 - 21.7%). The investigation of forestry workers, another 

potentially risk group for HEV-infections, revealed an anti-HEV antibody prevalence of 
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21% (Dremsek et al., 2012). In addition to the exposure risk, the HEV seroprevalence 

increased with age as observed in studies in Germany and USA (Faber et al., 2012; 

Krumbholz et al., 2014a, b; Sayed et al., 2015).  

Until today, there is only one vaccine (HEV 239 vaccine/Hecolin) available, which is only 

licensed in China and not in Germany or the European Union (Park, 2012). Another HEV-

1 recombinant protein is also efficacious against HEV (Shrestha et al, 2007). Despite these 

two HEV-1 derived vaccines novel vaccines, including a HEV-4 derived peptide vaccine, 

are in different stages of development (Cao et al., 2017; Kulkarni et al., 2016; Wen et al., 

2016; Xia et al., 2016). To date, there is no approved specific therapy for the treatment of 

acute or chronic HEV-3 or HEV-4 infection. The off-label use of ribavirin seems to be 

suitable for the elimination of chronic HEV infection (Kamar and Pischke, 2018; Todt et 

al., 2018). 

1.2. Hepatitis E virus in small mammals 
 

1.2.1 Hepatitis E virus-specific antibodies in rodents 

Rodents represent the most diverse group of small mammals, according to the number of 

taxa and number of individuals (Wilson and Reeder, 2005). They are well known carriers 

of a wide number of zoonotic viral, bacterial and parasite agents (Meerburg et al., 2009). 

In addition, rodents carry rodent-specific pathogens that are most likely non-zoonotic, 

however, the current knowledge on these rodent-associated pathogens is still very limited 

(Drewes et al., 2017; Olival et al., 2017; Z. Wu et al., 2018). 

Large serosurveys in rodents suggest the presence of additional hepeviruses (see 

Supplementary Table 1). During 1994 and 1998 more than 800 rodents, including 26 

different species of 15 genera, were collected throughout the USA and investigated for 

the prevalence of anti-HEV antibodies. The majority of the positive animals belonged to 

the genus Rattus, with a prevalence of 59.7% (166/278). In addition, animals belonging to 

the genera Neotoma, Peromyscus, Oryzomys, Sigmodon, Mus and Myodes were tested 

positive for HEV-specific antibodies (Supplementary Table 1). Serological investigations 

of different rodent specimens (Bandicota bengalensis, Rattus spp. and Mus spp.) from 

India resulted in the detection of anti-HEV IgG antibodies in the rodent species Rattus 

rattus rufescens, Bandicota bengalensis and Rattus rattus andamanensis (Arankalle et al., 

2001). 
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1.2.2 Discovery and characterization of rat-associated hepatitis E virus 

(ratHEV) 

A novel rat-associated HEV (ratHEV) was discovered by investigating 30 faecal samples 

of wild Norway rats (Rattus norvegicus) trapped around the sewerage of Hamburg, 

Germany (Johne et al., 2010b). Two faecal samples were positive by HEV broad-spectrum 

RT-PCR and revealed partial genome sequences with 50% and 60% sequence similarity to 

avian and human HEV strains, respectively. In a follow-up study, additional nine animals 

were trapped around the same location like twelve months before and the complete genome 

of the novel ratHEV prototype strains R63 and R68 were determined and characterized. 

RatHEV shares the typical genomic attributes of hepeviruses, like the genomic organization 

or the size of the genome (Johne et al., 2010a). These initial findings were confirmed by 

the detection of additional ratHEV-positive rats in populations from other cities of 

Germany (Johne et al., 2012).  

In 2012, Norway rats and Black rats (Rattus rattus) were found to be infected with a 

zoonotic HEV-3-strain. Some of the rats were trapped next to pig farms, whereas others 

were trapped at urban and rural sites (Kanai et al., 2012; Lack et al., 2012).  

1.2.3 Novel hepeviruses in rodents and birds of prey 

Nearly 300 specimens from seven wild small mammal species from Yunnan province, 

China, have been collected between 2014 and 2015 and tested for the presence of HEV-

RNA by a broad-spectrum RT-PCR. HEV-RNA was found exclusively in two rodent 

species, Chevrier’s field mouse and Père David’s vole, with HEV-RNA detection rates of 

29% and 7%, respectively. By determining the complete genomes of four representative 

strains, two of each specie, followed by a phylogenetic analysis and characterization, two 

novel genotypes within the species Orthohepevirus C, HEV-C3 and HEV-C4, were 

proposed (Wang et al., 2018). By a HTS approach of different rodents from Sao Paulo 

State, Brazil, two novel members of the species Orthohepevirus C were found, one in the 

hairy-tailed bolo mouse (Necromys lasiurus) and the second one in the delicate vesper 

mouse (Calomys tener). Thus, this study increased the knowledge about the broad host 

range of HEV and described HEV in additional members of the family Cricetidae (de Souza 

et al., 2018). 

Attempting to find novel HEV-strains in birds of prey from Hungary, faecal samples of 

common kestrel (Falco tinnunculus) and red-footed falcon (Falco vespertinus) were 
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investigated by HTS and RT-quantitative real-time PCR (RT-qPCR). Thereby, HEV-RNA 

was detected in faecal samples of both species and one complete genome was generated. 

Interestingly, this kestrel-derived sequence shows the highest similarity towards members 

of the rodent and carnivore associated species Orthohepevirus C, instead towards the bird 

associated Orthohepevirus B. A dietary origin of infection could not be excluded as 

explanation of this interesting finding in a bird of prey (Reuter et al., 2016a). Broad 

spectrum RT-PCR investigation of liver samples of more than 330 different rodents of five 

species from Hungary resulted in the detection of HEV-RNA exclusively in eleven 

common voles (Microtus arvalis). Phylogenetic reconstruction revealed a close 

relationship towards the previously described kestrel-derived HEV-strain (Kurucz et al., 

2018). 

1.2.4 Rabbit-associated hepatitis E virus in rabbit breedings, wild life 

populations and pet animals 

Rabbit-associated hepatitis E virus (rabbitHEV) was described for the first time in a 

Chinese breeding of farmed Rex rabbits, a breed of European rabbits (Oryctolagus 

cuniculus). In this initial study of rabbits from two farms from Gansu province, China, the 

seroprevalence was 57% and the HEV-RNA detection rate 7.5% (Zhao et al., 2009). 

Thereafter, rabbitHEV was found in different other breedings in China (J. Geng et al., 2011; 

Y. Geng et al., 2011), but also in breedings in USA (Cossaboom et al., 2011), Mongolia 

(Jirintai et al., 2012), the Netherlands (Burt et al., 2016) and Korea (Ahn et al., 2017). 

Additional investigations revealed the presence of rabbitHEV in pet rabbits from Italy and 

the Netherlands (Burt et al., 2016; Caruso et al., 2015; Di Bartolo et al., 2016) and in 

different wild life populations and archived serum samples of rabbits from Germany (Eiden 

et al., 2016; Hammerschmidt et al., 2017). No rabbitHEV-RNA was detected in hares so 

far, although HEV-reactive antibodies were detected (Hammerschmidt et al., 2017). 

RabbitHEV shares the typical genome organization with other HEV strains: three ORFs 

with a genome length of about 7.2 kb (Zhao et al., 2009). In contrast to all other HEV 

strains, rabbitHEV has a unique and so far, rabbitHEV-specific 93nt- in-frame insertion 

within the X-domain (Zhao et al., 2009). Based on phylogenetic analysis of full-length 

sequences, rabbitHEV strains belong to the zoonotic HEV-3 clade of HEV, but forming a 

well-separated cluster, designated as HEV-3ra (Smith et al., 2016). 
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1.3 Objectives 

To understand the zoonotic transmission and pathogenicity of HEV as well as to evaluate 

anti-HEV vaccines and antiviral drugs, the development of small mammal animal models 

is needed. Therefore, the objectives of this study were: 

-to search for novel hepeviruses in other rodents 

-to identify rat and rabbit populations with ratHEV and rabbitHEV infections 

-to characterize the sequence variation of these hepeviruses within their reservoirs 

and evaluate their persistence within the populations 
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3. Results and Discussion 

3.1. Detection and typing of HEV infections 

3.1.1 Prevalence of anti-HEV antibodies and HEV-RNA detection rates 

The majority of surveillance studies are based on serological investigations and indirectly 

reflect the occurrence of HEV (for review see (Spahr et al., 2018)). Serological 

investigations of several mammal species from Germany, including different zoo animals, 

and two rat species from European countries detected anti-HEV antibodies with different 

prevalences (PAPER II-IV). These studies were done by using a commercially available, 

broadly reactive double antigen sandwich anti-HEV antibody ELISA (Axiom Diagnostik, 

Bürstadt, Germany). This assay used a recombinant CP of HEV-1 and can be applied for 

different mammal species, but did not differentiate between IgM and IgG antibodies. HEV-

RNA was detected in several small mammal populations from Germany (PAPER I, Figure 

2; PAPER II, Figure 3 and PAPER IV, Figure 1) and Europe (PAPER I, Figure 2 and 

PAPER II, Figure 3). The in-house assay used for comparative studies is based on a 

truncated variant of ratHEV ORF2-encoded CP (Dremsek et al., 2012). Serological 

investigation of rabbits in other studies used antigens expressed by parts of the ORF2 and 

ORF3 of HEV-1 or HEV-3 (Table 1).  

Presence of HEV-RNA was evaluated by different conventional and real-time RT-PCR 

protocols, namely three different conventional assays and two real-time RT-PCR assays 

(PAPER I – PAPER IV). The conventional assays are broad-spectrum RT-PCRs targeting 

regions within the ORF1 coding region (Drexler et al., 2012, Johne et al., 2012, Wolf et al., 

2012), whereas the real-time assays are specific for genotypes HEV-1 to HEV-4 or ratHEV 

(Johne et al., 2012, Jothikumar et al., 2006).  
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Table 1. Rabbit HEV-RNA and anti-HEV antibody detection in wild, breeding and pet rabbits from 

different countries. 

Country 
Type of 

population 

RT-PCR 

results 

HEV-

RNA 

detection 

rate 

HEV-

genotype 

Antibody 

reactivity 

Seropre 

valence 
Reference 

The 

Netherlands 

pet 8/35 22.8% HEV-3ra n.d. n.d. 

Burt et al., 2016 farm 0/10 0% - n.d. n.d. 

wild 23/62 37.1% HEV-3ra n.d. n.d. 

Italy 
farm 0/7 n.d. - 7/206 3.4% 

Di Bartolo et al., 2016 
pet 0/8 n.d. - 8/122 6.5% 

Germany wild 29/801 3.6% HEV-3ra 

51/139 

(rabbit) 

14/624 

(hares) 

36.7% 

(rabbit) 

2.2% 

(hares) 

Eiden et al., 2016; 

Hammerschmidt et al., 

2017 

France 
farm 14/200 7% HEV-3ra n.d. n.d. 

Izopet et al., 2012 
wild 47/205 22.9% HEV-3ra n.d. n.d. 

China farm 212/2247 9.4% HEV-3ra 546/1759 31% 

J. Geng et al., 2011; Y. 

Geng et al., 2011; 

Jirintai et al., 2012; Xia 

et al., 2015b; Zhao et 

al., 2009 

USA farm 14/85 15.3% HEV-3ra 31/85 36.4% Cossaboom et al., 2011 

n.d.: not determined 

The investigation of different zoo animal species for anti-HEV antibodies by using the 

AXIOM ELISA revealed an average prevalence of 11.5% (28/244; PAPER III, Table 1). 

In contrast to the other investigated species, suid and carnivore species had a higher anti-

HEV antibody prevalence of 33% and 27%, respectively (PAPER III, Table 1 and 

Supplementary Table 1). Different suid species most likely represent reservoir hosts for 

members of the species Orthohepevirus A and are therefore highly susceptible for HEV 

infection (Caruso et al., 2017; Johne et al., 2014a). In line with the high seroprevalence in 

carnivore species kept in zoos, investigations of different wild and domestic carnivore 

species from Brandenburg, Germany, including cats, dogs, raccoon and raccoon dogs, 

revealed an anti-HEV antibody prevalence of 53.8% (Daehnert et al., 2018; Table 2).  
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Table 2. Detection in different carnivore species populations from four countries. 

Country Species 
Type of 

population 

RT-PCR 

results 

HEV-RNA 

detection 

rate 

HEV-

genotype 

Antibody 

reactivity 

Seropre 

valence 
Reference 

The 

Netherlands 

Red fox 

(Vulpes 

vulpes) 

wild 2/13 15.4% HEV-C2 n.d. - 
Bodewes et 

al., 2013 

Ferret 

(Mustela 

putorius) 

pet 4/43 9.3% HEV-C2 n.d. - 
Raj et al., 

2012 

Japan* 

Ferret 

(Mustela 

putorius) 

pet 6/85 7.1% HEV-C2 n.d. - 
Li et al., 

2015 

Mongoose 

(Herpestes 

javanicus) 

wild 7/309 2.2% HEV-3 21/100 21% 

Nakamura 

et al., 2006, 

Nidaira et 

al., 2012 

Denmark 

Mink 

(Neovison 

vison) 

farm 4/318 1.2% HEV-C2 n.d. - 

Krog et al., 

2013 Mink 

(Neovison 

vison) 

wild 0/89 0% - n.d. - 

China 
Dog** (not 

reported) 
pet 0/101 0% - 21/101 17.8% 

Zhang et 

al., 2008 

n.d.: not determined; *ferrets are nonindigenous in Japan and the investigated ferrets were imported from the USA, New 

Zealand and Canada or of unknown origin; ** specie of the investigated dogs were not reported by Zhang et al., 2008 

In total, 8.1% (3/37) of the carnivore samples revealed detectable HEV-RNA (PAPER III, 

Supplementary Table 1). HEV-RNA was detected in one of two Bush dogs (Speothos 

venaticus), one of four Syrian brown bears and in one of five South American coati (Nasua 

nasua). The low detection rates in carnivore species from the zoos are in line with other 

studies, investigating the presence of HEV-RNA in carnivore species (Bodewes et al., 

2013, Raj et al., 2012, Li et al., 2015, Nakamura et al., 2006, Nidaira et al., 2012, Krog et 

al., 2013, see Table 1). In addition to the detection of HEV-3 in wildlife Mongoose 

(Herpestes javanicus), HEV-4 was identified in an Asiatic black bear (Selenarctos 

thibetanus) and a Clouded leopard (Neofelis nebulosa) kept in zoos (for Review see Spahr 

et al., 2018).  

The anti-HEV antibody prevalence in European rabbits from in and around Frankfurt am 

Main, Germany, reached approximately 35% (PAPER IV, Table 1). A slightly higher anti-

HEV antibody prevalence was detected at the rural trapping site (38%, 13/34) in contrast 

to the urban trapping site (31.6%, 12/38) (PAPER IV, Table 1). The seroprevalence in 
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rabbits from the rural trapping site was similar to the seroprevalence from wildlife rabbits 

from the Netherlands (37.1%, 23/62), but the average seroprevalence was higher compared 

to other rabbits originating from wild life, breeding and pet populations (see Table 1). The 

analysis of rabbits by using a RT-PCR (Wolf et al., 2013) and a SYBR-green based RT-

qPCR (Vina-Rodriguez et al., 2015) resulted in 25% (18/72; RT-PCR) and 19.4% (14/72; 

RT-qPCR) HEV-RNA positive animals (detection rate of 25%; PAPER IV, Table 1). All 

of the HEV-sequences were identified as rabbitHEV. The difference between the detection 

rate at the rural (26.5%, 9/34) and the urban (23.6%, 9/38) trapping sites was very low. The 

average HEV-RNA detection rate observed here is in line with a study in wild rabbits from 

the Netherlands, but differ to other studies with a larger number of investigated animals 

(see Table 1).  

A subset of rats was investigated by the AXIOM ELISA and by ratHEV-specific ELISA. 

Only 3.1% (3/414) of Norway rat sera showed a specific reaction in the commercial ELISA 

(PAPER II and unpublished data). In contrast to these results, the analysis of Norway rats 

from different countries from Europe by an in-house ELISA, based on a ratHEV CP 

antigen, showed a prevalence of 28% (32/114, Bernstein, 2013). The AXIOM ELISA 

detected anti-HEV antibodies in only 5.2% (6/114) of the same rats. Only two animals 

showed a reactivity in both ELISAs. Thereby, the comparison of the results of the 

serological investigations suggested a higher sensitivity of the in-house ELISA than the 

AXIOM ELISA. In line, a serological study of Norway and Black rats from Lithuania by 

AXIOM ELISA detected no anti-HEV positive animals, whereas an in-house ELISA using 

a yeast expressed truncated ratHEV CP variant indicated a seroprevalence of 31.2% 

(Simanavicius et al., 2018). The reason for a lower sensitivity of the AXIOM ELISA (HEV-

1 antigen) than that of the ratHEV antigen based ELISAs (HEV-C1 antigen) in detecting 

ratHEV-specific antibodies is the high aa sequence divergence of the CP between HEV-

strains of the species Orthohepevirus C and Orthohepevirus A (40%, PAPER I, 

Supplementary Table 3). Therefore, the AXIOM ELISA is not suitable for highly sensitive 

serological detection of antibodies raised against non-Orthohepevirus A species strains in 

rodents. 

HEV-RNA detection in rats (Norway and Black rats) was done by using two RT-PCR 

assays targeting the RdRP coding region of the ORF1 of HEV (PAPER II, Figure 2), i.e. 

a one-step RT-PCR (Wolf et al., 2013) and a broadly reactive nested RT-PCR (Johne et al., 

2010b). In total, 12.4% (63/508) of the investigated rats were positive for HEV-RNA by at 
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least one of RT-PCR assays (PAPER II, Table 2). The detection rate of the nested RT-

PCR (9%, 20/221) was slightly higher than that of the one-step RT-PCR (7.7%, 17/221) 

(PAPER II, Table 2). The detection rates of ratHEV-RNA observed here are in line with 

investigations of rats from eight other countries (Table 3). Similar results were obtained 

during the HEV-RNA testing of three carnivore species. The nested RT-PCR was able to 

detect HEV-RNA in one additional sample compared to the one-step RT-PCR (PAPER 

III, Supplementary Table 1). These discrepant results might be explained by the higher 

sensitivity of the nested RT-PCRs to amplify even low amounts of viral RNA.  

Table 3. Results of ratHEV RT-PCR and anti-HEV antibody detection in rats from eight 

countries.  

Country 
RT-PCR 

results 

ratHEV-

RNA 

detection 

rate 

Antibody 

reactivity 
Seroprevalence Reference 

China 12/59 20.3% 166/713 23.3% W. Li et al., 2013 

Vietnam 1/5 20% n.d. n.d. T. C. Li et al., 2013b 

Indonesia 99/611 16.2% 168/611 27.5% 

Mulyanto et al., 2013; 

Mulyanto et al., 2014; 

Primadharsini et al., 2018 

France 12/81 14.8% n.d. n.d. Widen et al., 2014 

Germany 19/183 10.4% 36/153 23.5% 

Johne et al., 2012; Johne et 

al., 2010a; Johne et al., 

2010b 

Denmark 1/11 9.1% n.d. n.d. Wolf et al., 2013 

Lithuania 9/109 8.3% 13/109  11.9% Simanavicius et al., 2018 

USA 2/134 1.5% 105/134 78.3% Purcell et al., 2011 

n.d. not determined 

Initial testing of nearly 3000 rodents by another broadly reactive, nested ORF1-specific 

RT-PCR (Drexler et al., 2012) resulted in the detection of HEV-RNA in 13 common voles 

(Microtus arvalis) and one bank vole (Myodes glareolus) (PAPER I, Table 1). The 

obtained HEV-sequences shared the highest similarities towards an unassigned kestrel-

derived HEV-strain, obtained from a faecal sample of a bird of prey (Reuter et al., 2016a), 

and HEV-sequences obtained from common voles from Hungary (Kurucz et al., 2018). 

Phylogenetic analysis of the common vole associated HEV (cvHEV) showed that the 

cvHEV-sequences formed a well-separated clade, next to the proposed genotype HEV-C4. 

Investigation of a subset of 181 common voles from 19 different trapping sites, with HEV-
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RNA positive common voles or from those close to a HEV-RNA positive trapping site, by 

the commercial ELISA revealed a seroprevalence of 5.5% (10/181) of the investigated 

common voles (PAPER I, unpublished data; see Table 4).  

Table 4. Comparison of the detection rate of HEV-RNA and anti-HEV antibody seroprevalence 

in Common voles and Norway rats from Germany. 

Species Trapping site 
HEV-RNA 

detection rate 

anti-HEV 

seroprevalence* 
Reference 

Common vole 

Weissach 1/24 (4.2%) 4/24 (16.6%) 

PAPER I 

Stuttgart 0/1 1/1 (100%) 

Altdöbern 0/14 1/14 (7.1%) 

Rutesheim 0/15 2/15 (13.3%) 

Bergatreute 0/3 1/3 (33.3%) 

Falkenstein 2/32 (5.3%) 1/32 (3.1%) 

Subtotal 6 sites 3/89 (3.3%) 10/89 (11.2%)  

Norway rat 

Ahlen 0/21 (0%) 0/21 (0%) 

Johne et al., 

2012 

Hamburg 6/17 (35.3) 7/17 (41.2%) 

Stuttgart 1/34 (2.9%) 5/34 (14.7%) 

Esslingen 1/14 (7.1%) 3/14 (21.4%) 

Berlin 7/61 (11.5%) 21/61 (34.4%) 

Subtotal 5 sites 15/147 (10.2%) 36/147 (24.5%)  

*: Common voles were investigated for anti-HEV antibodies by using a commercially available ELISA 

(AXIOM, HEV-1 antigen) and the Norway rats were investigated by an in-house ratHEV-specific ELISA 

(HEV-C1 antigen) 

Commonly used ELISAs for serological detection of anti-HEV antibodies are using 

different antigens (truncated variant of ratHEV ORF2-encoded CP or parts of the ORF2 

and ORF3 of HEV-1 or HEV-3). Thereby, cross-reactivities of the antigens were observed, 

like a high discrepancy between the broadly reactive AXIOM ELISA and an in-house 

ELISA for the detection of rodent-associated HEV-specific anti-HEV antibodies. Thus, the 

use of the commercially available AXIOM ELISA seems to be not suitable for a highly 

sensitive detection of anti-HEV antibodies among different rodent species.  

The studies indicated differences in the sensitivity of the different types of RT-PCRs (one-

step, two-step/nested and real-time) all targeting a similar region of the RdRP encoding 

region of the ORF1 of HEV for detecting HEV-RNA. In total, the nested RT-PCRs seems 
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to perform better by detecting more HEV-RNA positive animals but they are also more 

time consuming due to a second round of PCR step and more vulnerable to contamination. 

None of the used RT-PCRs were able to detect all HEV-RNA positive individuals, even by 

amplifying within a highly conserved region within the HEV genome.  

3.1.2. Identification of the causative agent by serological and molecular 

methods 

As mentioned above, the surveillance of HEV reservoirs and humans is mainly done by 

serological assays (Khudyakov and Kamili, 2011). These investigations frequently use 

assays with standard antigens, mainly ORF2-derived CP derivatives, exploiting the high 

cross-reactivity of CP-reactive antibodies. This high cross-reactivity of HEV-reactive 

antibodies is explained by the antigenic similarity of HEV genotypes, which represent a 

single serotype (Wang et al., 2013). As a consequence, the differentiation of antibody 

reactivities is rather complicated. For the differentiation of ratHEV and HEV-3 specific 

antibodies, two homologous ELISAs, that allowed the typing of antibody reactivities, were 

developed (Dremsek et al., 2012, 2013). A limitation of this typing is, that the antibody 

specificities can be typed only to the antigens used in the assays. As a prerequisite, the aa 

sequence divergence between the used antigens must be high enough to allow the 

differentiation. Comparing the CP encoding aa residues of representative members of the 

family Hepeviridae (Smith et al., 2014; Smith et al., 2016), including proposed genotypes 

(Wang et al., 2018; Woo et al., 2016), the differences range from 32.7% (Orthohepevirus 

A compared with Orthohepevirus C) to 53.6% (Orthohepevirus B compared with 

Orthohepevirus C). Therefore, the detection of ratHEV reactive antibodies in forestry 

workers (Dremsek et al., 2012) might be alternatively also explained by infection of the 

forestry workers with related, rodent- or carnivore-borne HEV, such as the novel cvHEV 

(Bodewes et al., 2013; Johne et al., 2012; Kurucz et al., 2018; Raj et al., 2012, PAPER I).  

During acute infection or in persistently infected reservoirs a molecular identification 

(“typing”) and even the molecular epidemiological evaluation of the source of infection 

might be possible. Using conventional RT-PCR assays targeting a highly variable region 

or by the use of highly specific real-time RT-PCR assays this aim could be reached. Thus, 

the differentiation of ratHEV and HEV-1 - HEV-4 infections of rats and zoo animals was 

evaluated by two RT-qPCR assays (PAPER II and PAPER III, Table 2). Alternatively, a 

broad spectrum (one-step) RT-PCR assay or two broad spectrum nested (two-step) RT-
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PCR assays, with subsequent sequence determination of the amplicons, were used (PAPER 

I and PAPER II, Table 2, and PAPER III, Table 1). By using two types of RT-PCRs (RT-

qPCR and one-step RT-PCR) rabbitHEV-RNA in rabbits and ratHEV in rats were almost 

exclusively detected (PAPER II, Figure 3B, PAPER IV, Figure 2A). However, in addition 

to ratHEV sequences, the use of the broad-spectrum RT-PCR detected a rabbitHEV-like 

sequence in a Norway rat from Belgium, indicating the first finding of a rat being infected 

with a zoonotic HEV-strain (HEV-3ra) in Europe (PAPER II, Figure 3 C). The RT-qPCR 

failed to detect this strain in the Norway rat (PAPER II, Table 2). Additionally, by one-

step and two-step RT-PCR assays, a spillover infection of a Syrian brown bear with ratHEV 

was detected, but not by the ratHEV-specific RT-qPCR. 

The most sophisticated typing can be achieved by complete genome sequence 

determination. Initially, a shot-gun HTS approach was applied to determine the complete 

genomes of rabbitHEV in rabbit samples. Unfortunately, this approach resulted only in the 

identification of four regions with a coverage of 1000 nt (PAPER IV). Therefore, a primer-

walking approach was used and allowed the determination of complete rabbitHEV 

sequences (PAPER IV) and of novel complete cvHEV sequences (PAPER I). A very low 

viral RNA copy number might cause the failure in the HTS approach. The complete 

genome determination of cvHEV strains from different common vole trapping sites allowed 

a precise molecular phylogenetic analysis. Based on this, a previously found kestrel-derived 

HEV sequence was concluded to be originated from an infected common vole (Reuter et 

al., 2016, PAPER I, Figure 2B). Interestingly this conclusion was not only possible with 

the complete genomes of kestrel-derived HEV and cvHEV, but also when analyzing an 

ORF1-derived short sequence (PAPER I, Figure 2A). Similarly, ratHEV trees with  nearly 

the same topology were obtained by phylogenetic analysis of a 1122 nt fragment and the 

screening fragment of 280 nt of the genome (PAPER II, Figure 2 and PAPER II, Figure 

3B and D). This observation is in line with a study on the topology of phylogenetic trees 

for HEV-3 strains. Analyzing fragments from the HVR (263 nt or 293 nt), RdRP (330 nt) 

or ORF2 (241 nt) resulted in phylogenetic trees with the same topology like using the whole 

genome (Vina-Rodriguez et al., 2015). 

For sequence-based typing it is very important to exclude regions with overlapping reading 

frames, as here selection pressure on two coding sequences is different from that on a single 

non-overlapping reading frame and may thereby influence the phylogenetic relationships 

(Holmes, 2009). This was most obvious when comparing the topology of phylogenetic trees 
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of the complete ORF2 and ORF3 encoded aa sequences of HEV (see PAPER IV, Figures 

3C-F).  

Finally, the molecular characterization of the novel cvHEV genomes identified multiple 

insertions/deletions (InDels) that might be also used in the future for a molecular typing, at 

least for cvHEV (PAPER I Figure 4B and 4C). 

3.2. Host association, persistence and spillover infections 

The definition of a “host” or even a “reservoir host” is difficult and usually approached by 

field studies and/or experimental studies in vitro and in vivo and may differ between 

pathogens (Jones et al., 2008; Sawyer and Elde, 2012). A try to generally define a “reservoir 

host” was given by Olival et al, e.g. (i) isolation of the pathogen from the host, (ii) 

significant higher detection rates of nucleic acid in a proportion of individuals from a 

population or (iii) detection of antibodies in a significant number of individuals from the 

target population (Olival et al., 2012). The problems of “host” definition can be illustrated 

by two examples, Puumala orthohantavirus (PUUV), a member of the family Hantaviridae 

and rabies virus (RABV), a member of the family Rhabdoviridae (Walker et al., 2018). For 

hantaviruses the definition of a reservoir host is based on the molecular detection rate of 

the virus with higher frequency in the putative reservoir host than in sympatrically 

occurring other species (Hjelle and Yates, 2001). Furthermore, the pathogen must have the 

ability to cause a persistent infection in the reservoir host (Schonrich et al., 2008), with 

lifelong shedding (Villarreal et al., 2000), but should not cause obvious disease (Schonrich 

et al., 2008). This definition of a reservoir host for hantavirus is in line with a previous try 

to define a reservoir host in general (Olival et al., 2012). Thus, the bank vole represents the 

only reservoir of PUUV (Vapalahti et al., 2003). In contrast, RABV infection leads to the 

death of the host (World Health Organization, 2018). The RABV has a wide range of 

reservoir hosts among different mammal species (Rupprecht et al., 1995) and as potential, 

original reservoir host, bats were identified (Hurst and Pawal, 1931). Experimental 

infections of different bat species showed the susceptibility of the bats to RABV, the typical 

clinical symptoms and the ability of transmitting and even surviving a RABV infection 

(Baer and Bales, 1967, Jackson et al., 2008) in contrast to other mammal reservoir hosts 

(Rupprecht et al., 1995). A potential explanation of these observations is the assumption 

that the original reservoir of RABV are bats and the virus was more recently transferred to 

carnivores where it causes lethal cases (e.g. Ethiopian wolves) (Badrane and Tordo, 2001; 

Sillero-Zubiri et al., 1996). 
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The definition of a reservoir association of hepeviruses was also tried by HEV analysis in 

field studies and cross-species infection experiments. For some members of the family 

Hepeviridae a narrow host range was determined, but for other members a wide host range 

is assumed (Johne et al., 2014a). Examples for host-specific hepeviruses are the genotypes 

HEV-1 and HEV-2, being restricted to humans as reservoir hosts. On the other side, 

members of the genotypes HEV-3 and HEV-4 were detected in humans, pigs, wild boar, 

deer, mongoose and rats (Meng, 2013). 

The novel cvHEV was detected exclusively in common voles, but not in sympatrically 

occurring other rodents (PAPER I, Kurucz et al., 2018). Supporting this observation, 

multiple molecular detection in common voles at a geographical range of approximately 

800 km were detected (PAPER I, Kurucz et al., 2018). Sequence comparison, phylogenetic 

analysis and “isolation-by-distance” investigation confirmed a persistence in local 

populations and evolution on a local scale (PAPER I).  

The host association of rabbitHEV to the European rabbit is confirmed by a large number 

of field studies (Table 1) and experimental investigations (Cheng et al., 2012; Ma et al., 

2010, see also 3.3). The field study in Frankfurt am Main and its surrounding (PAPER IV) 

and all other field studies, revealed exclusively rabbitHEV in the rabbits investigated (Table 

1). Comparison of rabbit-associated sequences from different geographic origins indicated 

a well-separated clade of related rabbitHEV sequences (HEV-3ra) (Zhao et al., 2009). The 

successful infection of pigs with two strains of rabbitHEV, one obtained from China and 

one obtained from the USA, shows the ability of rabbitHEV to cross the species barrier. 

The infected pigs developed a transient viremia and sporadic fecal shedding (Cossaboom 

et al., 2012). Besides different animal experiments, also cell culture-based infection 

experiments were done with rabbitHEV. A successful propagation of rabbitHEV, obtained 

from farmed rabbits in China, was shown in human lung cancer cell line A549 and in the 

human hepatoma carcinoma cell line PLC/PRF/5 (Jirintai et al., 2012). The zoonotic 

character of rabbitHEV was shown by successful experimental infections of non-human 

primates (Liu et al., 2013) and the detection of rabbitHEV related sequences in both, rabbits 

and several acute and chronically infected humans in France (Abravanel et al., 2017; Izopet 

et al., 2012). Parallel analysis of anti-HEV antibodies and HEV-RNA revealed for the 

majority of rabbits the presence of antibodies or RNA, only in a small proportion of animals 

both was detected (PAPER IV, Table 2). The parallel detection of viral RNA and specific 

antibodies might indicate that a few animals become (at least temporally) persistently 
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infected; alternatively, this finding might be interpreted as a late acute phase of the 

infection, where RNA is still detected (Schlosser et al., 2018). The exclusive detection of 

rabbitHEV RNA or rabbitHEV-reactive antibodies might be seen as a non-persistent 

infection with virus clearance. In vivo studies showed a seroconversion of rabbits, being 

infected with rabbitHEV, after three months (Ma et al., 2010) and a clearence of the virus 

(Cheng et al., 2012; Zhang et al., 2015).  

In contrast to the situation for cvHEV or rabbitHEV, the reservoir of ratHEV is more 

difficult to identify as ratHEV was found in different rat species, including Norway rat, 

Black rat, Lesser rice-field rat, Yellow-breasted rat and Bandicoot rat (PAPER II, and 

Supplementary Table 1). The detection of similar sequences in Norway and Black rats 

suggest a reservoir function of both and did not indicate a rat species specific separate 

evolution of ratHEV (PAPER II and Simanavicius et al., 2018). The subgenotypes defined 

by Mulyanto follows a spatial distribution, independently from the reservoir rat species 

(PAPER II, Mulyanto et al., 2014). Related sequences were identified in rats from different 

parts of the world, like in rats from USA (Rattus norvegicus), Vietnam (R. norvegicus or 

Rattus tanezumi), Denmark (R. norvegicus), France (R. norvegicus), China (R. norvegicus, 

Rattus flavipectus, Rattus rattoides losea), Indonesia (Rattus rattus) and Lithuania (R. 

norvegicus/ R. rattus), indicating a strong host association of ratHEV towards members of 

the genus Rattus and showing its broad geographical distribution (T. C. Li et al., 2013b; W. 

Li et al., 2013; Mulyanto et al., 2013; Mulyanto et al., 2014; Purcell et al., 2011; 

Simanavicius et al., 2018; Widen et al., 2014; Wolf et al., 2013, see, Supplementary Table 

1). Successful experimental ratHEV infection to laboratory rats, but lacking replication in 

other mammals confirmed the natural host association of ratHEV (Cossaboom et al., 2012; 

Johne et al., 2014a; T. C. Li et al., 2013c). The multiple detection of ratHEV sequences in 

different rodent species makes the reservoir host identification even more complicated. 

Thus, the virus was detected in bandicoot rats (Bandicota indica) and even Asian musk 

shrew (Suncus murinus) in China suggesting an even broader host range or frequent 

spillover infections of ratHEV (Guan et al., 2013; W. Li et al., 2013). Prior to our study 

(PAPER II), it was reported only for Black rats from Indonesia to be infected with ratHEV, 

whereas in USA Norway and Black rat populations were found the be infected with a 

zoonotic HEV-3 strain, indicating the susceptibility of Black rats for members of the 

species Orthohepevirus A and Orthohepevirus C (Kanai et al., 2012; Lack et al., 2012; 

Mulyanto et al., 2013).  
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In line with the latter assumption Norway rat faeces was found to contain human pathogenic 

norovirus and extended spectrum β-lactamase producing enterobacteria (Guenther et al., 

2012; Wolf et al., 2013). 

None of the seropositive common voles was HEV-RNA positive, suggesting a clearance of 

a cvHEV infection. Interestingly, the detection rates for HEV-RNA are in rat and vole 

species lower compared to the detection rate of anti-HEV antibodies suggesting a non-

persistent infection with HEV in both species (Table 4). Currently, it is unclear if the virus 

is causing a persistent infection in common voles or if the persistence in populations is 

driven by a high stability of the pathogen in the environment. Thermal stability studies on 

other hepeviruses suggested a high stability and infectivity at different temperature – time 

points, helping to estimate the stability of hepeviruses in environment and food (Johne et 

al., 2016, Schielke et al., 2011). Additionally, infection experiments showed a potential 

route of transmission of HEV by the environment (Andraud et al., 2013).  

An initial longitudinal study indicated a persistence of ratHEV in the Norway rat 

populations (Johne et al., 2012). Similarly, Norway rats at the zoo where the bear got 

infected were investigated during years 2009-2010 and 2010-2016 confirming the 

persistence of ratHEV in the local population (PAPER III, Supplementary Table 1). A 

comparison of the results of serological and RT-PCR investigations suggest, however, that 

the infection in Norway rats is not persistent (PAPER II and Johne et al., 2012). This 

conclusion is in line with results of in vivo studies, which showed that laboratory rats are 

susceptible for ratHEV, showing no persistence, but a clearance of the virus and a 

seroconversion (T. C. Li et al., 2013c; Purcell et al., 2011, Schlosser et al., 2018).  

The detection of a cvHEV sequence in a bank vole might be explained by a spillover 

infection by common voles that occur sympatrically with the bank vole (PAPER I, Figure 

1, Figure 2A, Table 1). Interestingly, a cvHEV-related sequence was found in a faecal 

sample of a kestrel earlier. A pairwise comparison of the complete genome of the kestrel-

derived sequence with the five common vole derived complete genomes and phylogenetic 

analysis of sequences confirmed this high sequence similarity. This similarity is also 

evidenced by specific attributes common to all these sequences, i.e. a noncanonical start 

codon (UUG encoding for leucine) for the ORF3 encoded protein and the absence of a 

putative ORF4, previously found in other genera of the species Orthohepevirus C (Johne 

et al., 2014a). Therefore, it is most likely that the kestrel was affected by a spillover 

infection of cvHEV; common voles are the usual diet of birds of prey like the kestrel (Steen 
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et al., 2011). The authors describing this infection already hypothesized this dietary origin 

of the infection (Reuter et al., 2016a).  

The high seroprevalence observed in carnivore species might indicate that they were (i) 

infected by consuming HEV-infected animals or alternatively (ii) a carnivore specific 

HEV-strain exists, which is suitable to be detected by a broadly reactive ELISA. In favor 

with the first assumption (i), the seroconversion of a Syrian brown bear was shown and 

(rat)HEV-RNA was detected, indicating a self-limiting, spillover infection with (rat)HEV 

in a carnivore species in captivity (PAPER III, Figure 1B and Supplementary Table 1). To 

find the possible source of this HEV infection, feeder rats and free-living pest rats from the 

zoo were investigated and ratHEV-RNA was only detected in three free-living wild rats 

(PAPER III, Supplementary Table 2). The potential route of transmission of ratHEV to 

the Syrian brown bear might be explained by the hunting and eating of a ratHEV-infected, 

free-living wild rat from the same zoo. Besides the detection of a rodent associated HEV-

strain in a bird of prey (Reuter et al., 2016a), this is the first description of a carnivore 

species to be (spillover) infected by a rodent associated HEV-strain.  

Recently, ratHEV spillover infections were documented in an immunocompromised and in 

an immunocompetent human. Therefore, the zoonotic potential of ratHEV seems to be 

evident, although experimental infections to non-human primates failed (Andonov et al., 

2019; Sridhar et al., 2018, see 3.3). 

In general, the investigations on ratHEV, cvHEV and rabbitHEV suggest a local evolution 

of these pathogens. This was evidenced by results of extensive phylogenetic investigations 

(PAPER I, Figure 2A, PAPER II, 3B, PAPER III, Figure 1B and PAPER IV, Figure 

2A) and for cvHEV by an “isolation by distance” analysis (PAPER I, Figure 3). In 

addition, to the local evolution of ratHEV, there were indications for an incursion or 

invasion of rats in certain rat populations, e.g. single ratHEV positive rats originating from 

Austria, Belgium and France did not cluster together with other ratHEV sequences from 

rats from the same trapping site like the majority of ratHEV from Austria or Czech Republic 

(PAPER II, Figure 3B and 3D). To clarify the potential invasion of ratHEV-infected rats 

phylogeographic studies of the potential hosts are needed, e.g. by analysis of the 

mitochondrial DNA (mtDNA) (Avise et al., 1987) like the cytochrome b gene (cyt b) (Johns 

and Avise, 1998) or cytochrome c oxidase 1 (COX 1) (Hebert et al., 2003) and nuclear 

DNA (Shaw, 2002). Similarly, the results of the rabbitHEV investigations may suggest an 
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invasion of rabbits from the surroundings of Frankfurt am Main to the city area, which 

results in a founder population; the high sequence similarity of rabbitHEV strains in the 

city area might support this bottleneck event for the rabbit population (PAPER IV). 

Phylogenetic analysis of rabbitHEV complete genomes, using the concatenated ORF1/ 

ORF2, showed a clustering of a “European rabbitHEV clade” and an “Asian rabbitHEV 

clade” (Paper IV, Figure 2 B). This might indicate a local evolution of different lineages 

of rabbitHEV.  

Additionally, a high discrepancy between the detection rates of HEV-RNA and anti-HEV 

antibodies was observed. In all our studies, the detection rate of HEV-RNA was lower in 

comparison to the prevalence of anti-HEV antibodies (PAPER I, unpublished data and 

Table 1; PAPER II, unpublished data and Table 2, Bernstein 2013; PAPER III, Table 1 

and Supplementary Table 1; PAPER IV, Table 1). This leads to the assumption, that HEV 

causes a non-persistent infection in their suspected reservoir hosts, although rarely 

persistent/chronic infections may occur (Schlosser et al., 2014).  

3.3. Cell culture and animal models 

Currently available cell culture models for HEV are based on tumor cell lines of human 

origin – PLC/PRF/5, HuH-7 and HepG2 (Jirintai et al., 2014; Tanaka et al., 2007). Rodent 

cell lines can be generated in different ways, by spontaneous immortalization or by SV-40 

mediated immortalization (Eckerle et al., 2014a; Eckerle et al., 2014b). Thus, a vole-

derived permanent cell line was generated (Essbauer et al., 2011). 

Human PLC/PRF/5 and A549 cell lines were used to evaluate the replication of rabbitHEV 

by in vitro studies confirming its zoonotic potential (Jirintai et al., 2012). In addition, in 

vitro experiments showed an efficient replication of ratHEV (from Black rats) in human 

hepatoma carcinoma cell lines PLC/PRF/5, HuH-7 and HepG2 cells (Jirintai et al., 2014), 

but no replication was seen by inoculating rat liver cell lines and human lung cancer cell 

line A549 (Jirintai et al., 2014; Johne et al., 2010b). 

Histopathological and immunohistochemistry investigations in ratHEV-infected rats and in 

HEV-3 infected wild boar or pig– revealed certain cell types as target for HEV, namely 

Kupffer stem cells, liver sinusoidal endothelial cells, lymphocytes, plasma cells and/or 

stellate cells (de Deus et al., 2008; Johne et al., 2010a; Lee et al., 2009; Schlosser et al., 

2014; Williams et al., 2001). So far, these cell types have not been evaluated for their 

susceptibility for HEV infection in vitro.  
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Interestingly, HEV strains from chronically infected patients were found to replicate more 

efficiently in human tumor cell lines (Johne et al., 2014b; Shukla et al., 2012). Complete 

genome analysis of these strains indicated in-frame insertions within the ORF1 region; the 

place and length of the insertions were found to be similar (Johne et al., 2014b; Shukla et 

al., 2012). The rabbitHEV strains described here (PAPER IV) also have typical insertions 

within the ORF1 region (Zhao et al., 2009) and might be therefore interesting to be tested 

in the in vitro system. Similarly, the novel cvHEV strains demonstrated a genomic plasticity 

within the ORF1 region containing multiple InDels (PAPER I).  

Animal models are an important tool to study the disease (animal disease model), the 

persistence and transmission of its causative agent (reservoir model) and to develop and 

evaluate anti-HEV vaccines and therapies (Krawczynski et al., 2011; Schlosser et al., 

2018). Currently, different animal models were established to prove the zoonotic potential 

(see chapter 1.1.3), study pathogenesis or evaluate antiviral strategies.  

For mammal associated HEV strains several animal models were established. A fish HEV 

(CTV)/ fish-based system was used to study antiviral therapies, but might be limited in its 

application (Debing et al., 2013). For zoonotic genotypes HEV-3, HEV-4 and HEV-7 pig, 

wild boar and non-human primate models were established (Krawczynski et al., 2011). 

Alternatively, to pigs and wild boars, minipigs were recently introduced as potential model 

animals (Schlosser et al., 2014). Non-zoonotic genotypes HEV-1 and HEV-2 do not 

replicate in rats and pigs, therefore here only non-human primates can be used for 

pathogenicity studies (T. C. Li et al., 2013c; Maneerat et al., 1996; Meng et al., 1998; 

Purcell et al., 2011; Purcell et al., 2003; Krawczynski et al., 2011).  

Rabbits seems to be the most promising candidate animal model to study various aspects 

of HEV pathogenesis and evaluation of antiviral strategies. A successful infection of rabbits 

with rabbitHEV (Chinese strain) and with human derived HEV-4 was shown, but not with 

a human derived HEV-1 strain (Ma et al., 2010). To prove the transplacental/vertical 

transmission of human related HEV strains, pregnant rabbits were inoculated with 

rabbitHEV and the transplacental transmission of rabbitHEV from the infected females to 

their unborn babies was shown (Xia et al., 2015a). Furthermore, rabbits were used for 

evaluation of the protective potential of the only available vaccine for HEV, Hecolin 

against rabbitHEV and HEV-4 challenge (Zhang et al., 2015). Additionally, it was noted 
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that all unvaccinated rabbits developed hepatitis, with liver enzyme elevations, viremia and 

fecal virus shedding (Liu et al., 2014; Zhang et al., 2015).  

Laboratory rats (R. norvegicus) are frequently used as animal model. Inoculation of Wistar 

rats (R. norvegicus) with a stool solution from a HEV-positive patient (HEV-1) 

demonstrated the susceptibility of rats for human derived HEV (T. C. Li et al., 2013c). 

Human derived HEV-RNA was found in various tissues of the inoculated rats indicating 

that the virus replicated efficiently in these rats (Maneerat et al., 1996). Moreover, the 

successful infection of Sprague-Dawley rats (R. norvegicus) with an infectious cDNA clone 

of swine-derived HEV-4 (strain SAAS-FX17) supports the potential role of rats as a model 

organism for HEV (Zhu et al., 2013). Under laboratory conditions rats were not susceptible 

to HEV-3 (T. C. Li et al., 2013a; T. C. Li et al., 2013c; Purcell et al., 2011) but under natural 

conditions, rats were identified to harbor zoonotic HEV-3 strains (Kanai et al., 2012; Lack 

et al., 2012; PAPER II).  

Common voles are already in use as an animal model for the investigation of cowpox virus 

(Hoffmann et al., 2015), Francisella tularensis (Rossow et al., 2014) or tick-borne 

encephalitis virus (Achazi et al., 2011) and could serve therefore as an animal model for 

cvHEV as well. Different linages of common voles, as they are present in Europe (Beysard 

and Heckel, 2014), should be taken into account, when establishing an animal model for 

cvHEV by using common voles.  

In conclusion, the strains of ratHEV, rabbitHEV and cvHEV detected here (PAPER I – 

PAPER IV) represent promising candidates for the development of suitable animal 

models. This includes the four clades of cvHEV (PAPER I, Figure 2 A), and the highly 

divergent ratHEV strains decribed here (PAPER II and PAPER III) as well as the 

divergent rabbitHEV strains described here (PAPER IV) and by others (Hammerschmidt 

et al., 2017).  Furthermore, the detection of ratHEV in ratHEV-RNA positive populations 

could be very promising to gain ratHEV-RNA to allow future broad screening of strains 

with a higher in vitro replication capacity. In some rat populations a persistence of ratHEV 

was already detected (Johne et al., 2012, PAPER II and III).  
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4. Outlook 

The recent finding of the zoonotic potential of ratHEV (Andonov et al., 2019; Sridhar et 

al., 2018) together with the here described broad geographical distribution of this virus in 

rats from Europe indicate the necessity of future molecular and serological surveillance and 

case control studies in the human population. As the HEV infection is usually rapidly 

cleared, the differentiation of the causative agent of a hepatitis E needs the improvement of 

existing diagnostic tools or the development of novel ones. Previous studies have indicated 

that antibodies against HEV-3 and ratHEV can be differentiated by the selection of the 

homologous and heterologous antigens (Dremsek et al., 2012; Shimizu et al., 2016). Results 

from real-time RT-PCR investigations illustrated the problems in the sensitivity of the 

assays for detection of selected HEV-3 or ratHEV strains. And finally, standardization and 

harmonization of HEV detection methods are still very important issues to get comparable 

seroprevalence and RNA detection rate data. 

The detection of rabbitHEV in a high-human density area in Germany together with 

findings of rabbitHEV sequences in human patients (Abravanel et al., 2017; Izopet et al., 

2012) indicate the necessity of further studies on the role of rabbits in the transmission of 

HEV to human and the development of hepatitis E in humans. For a risk assessment, further 

studies are needed on the occurrence of this virus in additional wildlife populations, pet 

animals and breeding colonies. Furthermore, it remains unclear why rabbitHEV was found 

exclusively in rabbits and seems to be absent in hares (Hammerschmidt et al., 2017). 

Therefore, molecular studies on the replication of rabbitHEV in rabbits of different breeds 

and in vitro assays to pinpoint potential factors differentiating the susceptibility of different 

lagomorphs for rabbitHEV are needed. Additionally, the investigation of environmental 

samples would improve our understanding of potential transmission routes. 

The identification of a novel hepevirus in common voles (cvHEV) raised the question of 

its zoonotic potential, the possibility of crossing the species barrier, its origin and 

distribution in other parts of Europe. This is especially important as the common vole is a 

pest animal in agriculture with large population outbreaks that have been shown already 

also to cause disease outbreaks in humans, e.g. of leptospirosis (Desai et al., 2009) or 

tularemia (Luque-Larena et al., 2017). Therefore, further studies are warranted to prove the 

presence of this virus in common voles during different phases of the population dynamics. 

For this purpose, highly specific and sensitive serological and RT-PCR assays should be 
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developed. Furthermore, the large-scale screening of small mammals should be continued 

to understand the deep phylogeny of hepeviruses in general. An enrichment of the viral 

RNA, e.g. by a hybrid-capture approach, and subsequent HTS analysis could improve the 

generation of complete hepevirus genomes (Drewes et al., 2017; Ho et al., 1999).  

The frequent detection of these three small mammal-associated hepeviruses, ratHEV, 

rabbitHEV and cvHEV, may allow in the future to isolate these viruses and the 

development of small mammal animal models for further studies on the transmission and 

pathogenicity of HEV in general. Interestingly, currently running in vitro systems for HEV 

replication are mainly based on HEV strains with insertions in ORF1 (Johne et al., 2014b; 

Shukla et al., 2012) – therefore it would be especially interesting to evaluate rabbitHEV 

and cvHEV for their replication capability in vitro. 
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5. Summary 

Hepeviruses are small viruses with a RNA-genome of positive polarity that form the family 

Hepeviridae. The family includes two genera: members of the genus Piscihepevirus were 

detected in fish species and members of the genus Orthohepevirus were found in different 

mammal and bird species. The genus Orthohepevirus contains four different species, 

namely Orthohepevirus A, B, C and D. The species Orthohepevirus A contains five human 

pathogenic genotypes, with three of them being zoonotic. The species Orthohepevirus C 

contains mammal-associated pathogens, which were identified in rats and carnivores. The 

human pathogenic genotypes are responsible for a self-limiting acute hepatitis in humans, 

which could become chronically in immunocompromised individuals. The main route of 

transmission is the consumption of undercooked meat and direct contact with HEV-positive 

excreta or blood. In Germany, hepatitis E is a notifiable disease since 2001 with an 

increased number of cases per year. Rats are the reservoir of rat-associated HEV (ratHEV), 

but also the zoonotic HEV-3 genotype was detected in rats. The European rabbit 

(Oryctolagus cuniculus) was identified as a reservoir host of a subgenotype of human 

pathogenic HEV-3 (HEV-3ra). 

For the development of small mammal animal models, the objective of this study was to 

evaluate different small mammal populations for novel hepeviruses and to study the 

presence of HEV and sequence divergence of ratHEV and rabbitHEV in rat and rabbit 

populations from Europe. 

Approximately 3000 rodents from Germany and the Czech Republic were screened by 

broad spectrum HEV-RT-PCR. As a result, 13 common voles (Microtus arvalis) and one 

bank vole (Myodes glareolus) were detected to be HEV-RNA positive. Comparison of the 

obtained sequences, complete genome determination and phylogenetic analysis indicated 

the finding of a novel common vole-associated HEV (cvHEV), which shows a high 

sequence divergence towards other members of the species Orthohepevirus C, but shares a 

high sequence similarity to a HEV-genome derived from a kestrel (Falco tinnunculus). The 

finding of cvHEV-RNA in a bank vole might be caused by a spillover infection. The 

cvHEV genome shares the hepevirus-typical open reading frames, but also has unique 

cvHEV-specific attributes in its genome. 

The investigation of 420 Norway rats (Rattus norvegicus) and 88 Black rats (Rattus rattus) 

identified HEV-RNA in Norway rats from eight of nine and Black rats from two of four 
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European countries. In a single Norway rat from Belgium, a HEV-3-strain with high 

sequence similarities to rabbitHEV (HEV-3ra), was detected. The investigation of zoo 

animals revealed a ratHEV spillover infection in a Syrian brown bear (Ursus arctos 

syriacus). This infection was most likely caused by ratHEV-infected free-living, wild rats 

from the same zoo. 

Investigation of wild rabbit populations trapped in and around Frankfurt am Main, 

Germany, showed anti-HEV antibodies (34.7%) and rabbitHEV-RNA (25%). A high 

sequence similarity of rabbitHEV in the animals trapped at the urban site was observed, 

whereas a high sequence divergence was seen for the animals trapped at the rural trapping 

sites. 

In conclusion, hepeviruses are widespread among different small mammal populations in 

Europe. The broad geographical distribution of these hepeviruses should be taken into 

account in further public health risk assessments. Further investigations are needed to 

characterize the presence of cvHEV in more detail, especially by taking the population 

dynamics of common voles into account. The detected HEV-strains could be taken as basis 

for the establishment of novel HEV-animal models, which might replace the so far used 

swine and non-human primate models. 
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6. Zusammenfassung 

Hepeviren sind kleine Viren mit einem einzelsträngigen RNA-Genom positiver Polarität 

und bilden die Familie Hepeviridae. Die Familie beinhaltet zwei Gattungen: Zur Gattung 

Piscihepevirus gehört ein bei Fischen gefundenes Virus, während Vertreter der Gattung 

Orthohepevirus in Säugetieren und Vögeln nachgewiesen wurden. Die Gattung 

Orthohepevirus enthält die Arten Orthohepevirus A, B, C und D. Die Spezies 

Orthohepevirus A beinhaltet fünf humanpathogene Genotypen, von denen drei zoonotische 

Erreger sind (HEV-3, HEV-4, HEV -7). Die Spezies Orthohepevirus C beinhaltet ebenfalls 

Säugetier-assoziierte Viren, die bei Ratten und Karnivoren identifiziert worden sind. Die 

humanpathogenen Genotypen sind für eine akute selbstlimitierende Hepatitis beim 

Menschen, die bei immungeschwächten Individuen chronisch werden kann, 

verantwortlich. Als Hauptübertragungsweg wird der Verzehr von rohem oder ungenügend 

gegartem Fleisch sowie der direkte Kontakt mit HEV-positiven Ausscheidungen oder Blut 

angenommen. In Deutschland ist die Hepatitis E seit 2001 eine meldepflichtige Krankheit 

mit einer jährlich steigenden Zahl von gemeldeten Fällen. Ratten stellen das Reservoir des 

Ratten-Hepatitis E-Virus (ratHEV) dar, dessen zoonotisches Potenzial kontrovers 

diskutiert wird. Darüber hinaus wurde in Wanderratten (Rattus norvegicus) der 

humanpathogene Genotyp HEV-3 nachgewiesen. Kaninchen (Oryctolagus cuniculus) 

wurden als Reservoir eines Subgenotyps des humanpathogenen Genotyp HEV-3 

(Kaninchen-assoziiertes HEV, rabbitHEV, HEV-3ra) identifiziert. 

Im Rahmen der Entwicklung von Kleinsäuger-Tiermodellen für HEV sollte in der 

vorliegenden Studie in Kleinsäugerpopulationen nach neuen Hepeviren gesucht werden 

und das Vorkommen und die Sequenzvariation von ratHEV und rabbitHEV in Ratten- und 

Kaninchenpopulationen in Europa genauer charakterisiert werden.  

Bei der Suche nach neuen Hepeviren wurden ca. 3000 Kleinsäuger aus Deutschland und 

der Tschechischen Republik mittels einer Breitspektrum HEV-RT-PCR untersucht. Dabei 

wurde in 13 Feldmäusen (Microtus arvalis) und einer Rötelmaus (Myodes glareolus) HEV-

RNA nachgewiesen. Sequenzvergleiche und phylogenetische Untersuchungen anhand von 

partiellen und Komplettgenomen zeigten, dass es sich dabei um ein neues Feldmaus-

assoziiertes HEV handelt (common vole HEV, cvHEV), das sich deutlich von den bisher 

bekannten Genotypen der Spezies Orthohepevirus C unterscheidet, aber eine große 

Ähnlichkeit zu einem bei einem Falken (Falco tinnunculus) gefundenen Virusgenom 
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zeigte. Der Nachweis von cvHEV-RNA in einer Rötelmaus könnte auf eine 

Spilloverinfektion zurückzuführen sein. Das cvHEV-Genom besitzt die für alle Hepeviren 

typischen offenen Leserahmen, zeigt aber auch einige cvHEV-spezifische Besonderheiten 

im Genom. 

Im Rahmen der Untersuchungen wurden insgesamt 420 Wanderratten und 88 Hausratten 

(Rattus rattus) aus zwölf europäischen Ländern auf das Vorhandensein von HEV-RNA 

untersucht. In Wanderratten aus acht europäischen Ländern und Hausratten aus zwei 

Ländern konnte ratHEV-RNA nachgewiesen werden. In einer Wanderratte aus Belgien 

wurde ein HEV-3-Stamm mit großer Sequenzähnlichkeit zum rabbitHEV (HEV-3ra) 

identifiziert. Bei der Untersuchung von Zootieren wurde eine ratHEV-Spilloverinfektion 

in einem syrischen Braunbären (Ursus arctos syriacus) nachgewiesen, welche vermutlich 

durch Schadratten im gleichen Zoo verursacht worden ist. 

Die Untersuchung von Wildkaninchenpopulationen aus der Stadt Frankfurt am Main und 

deren Umgebung zeigte das Vorkommen von anti-HEV Antikörpern (34.7%) und 

rabbitHEV-RNA (25%). Die rabbitHEV-Stämme der urbanen Population zeigten eine sehr 

große Sequenzähnlichkeit, während bei den Tieren aus der ländlichen Population eine 

starke Sequenzdivergenz des rabbitHEV beobachtet wurde. 

Die hier vorgestellten Ergebnisse belegen das gleichzeitige Vorkommen verschiedener 

Hepeviren in Kleinsäugerpopulationen in Europa. Die weite geografische Verbreitung der 

Erreger sollte zukünftig bei einer Gefährdungsbeurteilung für die Bevölkerung 

berücksichtigt werden. Weitere Untersuchungen sollten das Vorkommen des cvHEV 

genauer charakterisieren, insbesondere auch im Zusammenhang mit 

Populationsveränderungen bei der Feldmaus. Auf der Basis der hier nachgewiesenen 

Erreger können zukünftig neue HEV-Tiermodelle entwickelt werden, die die bisher 

verwendeten Schweine- und Primatenmodelle möglicher Weise ersetzen könnten. 
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