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1  | INTRODUC TION

Hepatitis E virus (HEV) infection is a major health problem world‐
wide. World Health Organization estimations report the occurrence 
of 20 million HEV infections every year with 3.3 million symptomatic 
cases (WHO, 2018).

HEV is a small non‐enveloped RNA virus classified in the genus 
Orthohepevirus, family Hepeviridae (Purdy et al., 2017). Based on 
full‐length genome analysis, HEV strains are currently classified into 
eight genotypes (Gt1‐Gt8). Four major Gts (1–4), all representing a 
single serotype, have been implicated in human disease. Gt1 and 
Gt2 are endemic in developing countries and restricted to humans, 
where they are predominantly transmitted through the faecal–oral 
route, either indirectly through contaminated drinking water or 

food. Gt3 and Gt4 infect humans and animals and are responsible for 
sporadic cases of autochthonous human hepatitis E in industrialized 
countries (Kamar et al., 2012). Pigs and wild boars are recognized 
as the main reservoirs of infection, although several additional ani‐
mal species may act as HEV hosts, including domestic ruminants (Di 
Martino et al., 2016; Wu, Si, Jiang, Li, & Jin, 2015; Yan et al., 2016).

Serological studies suggest that HEV infection is common in par‐
ticular geographical regions of Italy (Lucarelli et al., 2016; Spada et al., 
2018), with 48.9% (153/3131) anti‐HEV IgG positivity amongst blood 
donors in Abruzzo region (Southern Italy); HEV Gt3c has been detected 
in two of these donors (Lucarelli et al., 2016). Similar HEV strains have 
also been found in wild boar (Aprea et al., 2018; Di Profio et al., 2016) 
and goat stools (Di Martino et al., 2016) collected from the same geo‐
graphical area, but the ecological/epidemiological cycles of HEV across 
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Summary
Hepatitis E virus (HEV) is the leading cause of human enterically transmitted viral 
hepatitis occurring around the world both as outbreaks and as sporadic cases. The 
accumulating literature indicates that domestic pigs and wild boars are the main res‐
ervoirs of genotype 3 and genotype 4 for human infections in industrialized coun‐
tries. However, the recent identification of HEV from various animal species poses 
additional potential concerns for HEV zoonotic infection.

In this study, the role of sheep as potential host of hepatitis E virus (HEV) was in‐
vestigated. By screening 192 sheep from seven farms located in Abruzzo Region 
(Southern Italy), HEV‐specific antibodies were detected in the sera of 41 animals 
(21.3%) whilst the RNA of HEV, genotype 3, was detected in 20 faecal (10.4%) and 
three serum samples (1.6%). Upon sequence analyses of a partial ORF2 gene region 
of eight HEV positive samples, the sheep sequences all grouped together within HEV 
genotype 3 subtype c, being most closely related to HEV strains identified in goat 
and wild boar from Abruzzo. This is the first study that demonstrates, serologically 
and molecularly, the presence of HEV in sheep population in a European country.
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local human and animal populations have not been investigated thor‐
oughly. Sheep farming for meat and milk production play an important 
role in Abruzzo Region. In order to gather information on their possible 
role as host and source of HEV for humans, in this study we investi‐
gated serologically and molecularly the epidemiology of HEV in sheep.

2  | MATERIAL AND METHODS

2.1 | Sample collection

Between January and June 2018, serum and faecal specimens were 
collected from 192 clinically healthy sheep older than 6 months 
from seven small farms located in the province of L'Aquila (Abruzzo 
Region, Italy). Sampling of herds was accomplished by random selec‐
tion of a list of flocks located in an area of approximately 771 km2. 
In the same geographical area, HEV RNA was recently found at high 
rate (20.1%, 29/144) in wild boars by molecular screening of liver 
samples (Aprea et al., 2018). Flock size ranged from 12 to 60 animals. 
All the sampled animals were bred for both milk and meat and were 
grazed freely on pastures.

2.2 | Antibody‐detection ELISA

Serological investigation for HEV infection was carried out testing 
all serum samples with a species‐independent commercial double‐
antigen sandwich Enzyme‐Linked Imunnosorbent Assay (ELISA) kit 
(Wantai Biological, Beijing, China), based on a recombinant peptide 
spanning amino acids 394–604 of the open reading frame (ORF) 2 
of HEV Gt1 (Wang et al., 2002) and able to detect total antibodies 
against all genotypes of HEV.

2.3 | Detection of HEV RNA in serum and 
faecal samples

Faecal samples were homogenized in 10% Dulbecco's modified 
Eagle's medium and then centrifuged at 10,000 g for 3 min. The fe‐
line calicivirus strain F9 (ATCC® VR‐782™) was added to each sample 

as RNA extraction control, and to test for the presence of inhibi‐
tors. Total RNA was extracted individually from each serum (0.5 ml) 
and faecal supernatant (0.5 ml) by using the TRIzol LS (Invitrogen, 
Ltd, Paisley, UK) procedure and analysed by HEV‐specific real‐time 
reverse transcription PCR (qRT‐PCR), targeting a conserved 68 
nucleotide (nt) region of ORF3 gene (nt 5261‐5330 on GenBank 
accession no. M73218), as previously described (Jothikumar, 
Cromeans, Robertson, Meng, & Hill, 2006). Viral RNA quantifica‐
tion was performed using the SuperScript III platinum OneStep 
Quantitative RT‐PCR system (Invitrogen Ltd, Milan, Italy) in a 25‐μl 
volume comprising 5 μl of extracted RNA and 20 μl of master mix. 
Primers (JVHEVF: 5′‐GGTGGTTTCTGGGGTGAC‐3′ and JHEVR: 
AGGGGTTGGTTGGATGAA‐3′) and TaqMan probe (JVHEVP: 5′‐
TGATTCTCAGCCCTTCGC‐3′) were used at concentrations of 200 
and 100 nM, respectively. A standard curve was generated using 102 
to 107 copies per reaction of HEV plasmid DNA constructed by clon‐
ing the 68 bp ORF3 fragment of a wild boar strain (HEV/WB/P6‐15/
ITA, accession no. KU508285) (Di Profio et al., 2016) into pCR 2.1 
vector (TA Cloning Kit, Invitrogen, Ltd, Milan, Italy).

Amplification of RNA for sequencing was attempted on all the 
samples containing quantifiable HEV RNA, by using a nested RT‐PCR 
(external primer pair, Fw: 5′‐CCCTTATCCTGCTGAGCATTCTC‐3′ 
and Rev: 5′‐AAYTATGCWCAGTACCGGGTTG‐3′; internal primer 
pair, Fw: 5′‐GTYATGYTYTGCATACATGGCT‐3′ and Rev: 5′‐
AGCCGACGAAATYAATTCTGTC‐3′) (Wang, Zhang, Ling, Li, & 
Harrison, 2000), targeting a 345 bp portion of the ORF2 gene highly 
conserved amongst the four major HEV Gts (Gt1‐Gt4). RT and PCR 
were performed in one‐step procedure, using the SuperScript III 
one‐step system (Invitrogen, Ltd, Paisley, UK), following thermal 
conditions previously described.

Standard precautions were taken to avoid contamination of the 
quantitative and qualitative RT‐PCR procedures. Plasmid was pre‐
pared in a separate room, and microtubes containing each aliquot 
of plasmid standards were not taken into the RT‐PCR set‐up room. 
In addition to spatial separation of workspaces, each run included 
negative controls for RNA extraction, for qRT‐PCR or RT‐PCR, and 
for nested PCR.

Positive/Total (%)

Sheep farm
No. animals 
tested HEV antibodies Real time RT‐PCR Nested RT‐PCR

AQ1 60 23/60 (38.3) 5/60 (8.3) 2/60 (3.3)

AQ2 12 2/12 (16.6) 3/12 (25.0) 2/12 (16.6)

AQ3 18 2/18 (11.1) 1/18 (5.5) 1/18 (5.5)

AQ4 19 3/19 (15.7) 5/19 (26.3) 2/19 (10.5)

AQ5 35 4/35 (11.4) 5/35 (14.3) 1/35 (2.8)

AQ6 30 2/30 (6.6) 0/30 (0) N.I.

AQ7 18 4/18 (22.2) 1/18 (5.5) 0/18 (0)

Total 192 40/192 (21.3) 20/192 (10.4) 8/192 (4.2)

N.I.: not investigated.

TA B L E  1   Serological and molecular 
prevalence of HEV in seven sheep farms 
in province of L'Aquila (Abruzzzo, Italy)

info:ddbj-embl-genbank/KU508285
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2.4 | Sequence and phylogenetic analyses

All the amplicons were purified by using a QIAquick gel extrac‐
tion kit (Qiagen GmbH, Hilden, Germany) and subjected to direct 
sequencing using BigDye Terminator Cycle chemistry and 3730 
DNA Analyser (Applied Biosystems, Foster, CA, USA). Basic Local 

Alignment Search Tool (BLAST; http://www.ncbi.nlm.nih.gov) with 
default values was used to find homologous hits. Tree was gener‐
ated using the Neighbour‐joining method and the p‐distance model 
with Geneious software package vers. 9 (Biomatters, New Zealand, 
http://www.geneious.com), supplying a statistical support with 
bootstrapping of 1000 replicates.

F I G U R E  1  Phylogenetic tree constructed on the 0.3 kb at the 5′ end of the ORF2 gene of the sheep strains detected in this study. Tree 
was generated using the Neighbor‐joining method and the p‐distance model supplying a statistical support with bootstrapping of 1,000 
replicates. The scale bar indicates nucleotide substitutions per site. The reference strains representative of each Gt3 HEV subtype (http://
talk.ictvonline.org/ictv_wikis/hepeviridae/w/sg_hepe/343.proposed-orthohepevirus-a-subtype-reference-sequences) are in boldface. Black 
triangles indicate the sheep sequences detected in this study. Hu: human; SW: swine; WB: wild boar

AB189070/HEV/WB/G3.b/Hyo04/JP
AB189071/HEV/Deer/G3.b/Hyo03L/JP
AB189075/HEV/Hu/G3.b/JYO-Hyo03L/JP

AB291960/HEV/Hu/G3.b/JTK-Kag06C/JP
AP003430/HEV/Hu/G3.b/JRA1/JP

AB091394/HEV/WB/G3.b/JJT-Kan/JP
AB481229/HEV/SW/G3.b/JR-P5/JP

AB222182/HEV/WB/G3.b/JSG1/JP
AB437318/HEV/Hu/G3.b/JE03-1760F/FR

DQ079629/HEV/Hu/G3.b/FF03/605/JP
DQ079630/HEV/WB/G3.b/011905/JP

AY115488/HEV/SW/G3.j/Arkell/CAN
AF082843/HEV/SW/G3.a/US

FJ426404/HEV/SW/G3.a/KOR-2/KOR
JN837481/HEV/Hu/G3.a/US-C031008/US
AF060669/HEV/Hu/G3.a//US

HQ389543/HEV/Hu/G3.a/Kernow-C1/UK
KJ507955/HEV/SW/G3.a/STHY12-VAS19/CA
AB591734/HEV/Mongoose/G3.a/36-Oki08/JP

AB481228/HEV/SW/G3.a/JB-M8/JP
AF060668/HEV/Hu/G3.a/US

AB089824/HEV/Hu/G3.a/HEJA10/JP
AB074918/HEV/Hu/G3.a/JKN-Sap/JP

AB290312/HEV/SW/G3/06-A1288/MONG
JQ013794/HEV/Hu/G3.h/TR19/FR
FJ998008/HEV/SW/G3.i/BB02/GER

KC618402/HEV/Hu/G3.c/47832/GER
KC618403/HEV/Hu/G3.c/47832c/GER
FJ705359/HEV/WB/G3.c/GER27/GER

LN681545/HEV/Hu/G3.c/771-2/IT
KR027124/HEV/SW/G3.c/605/NL
KY781997/HEV/SW/G.3c/16 19/NL
KY775001/HEV/SW/G3.c/RIVM15-1439/NL

KR027304/HEV/Hu/G3.c/785/FR
KR362784/HEV/Hu/G3.c/NL-Donor-31/NL

MH719225/HEV/Sheep/G3.c/Sh98/IT
MH719226/HEV/Sheep/G3.c/Sh100/IT
MH719223/HEV/Sheep/G3.c/Sh66//IT

MH719228/HEV/Sheep/G3.c/Sh128/IT
MH719224/HEV/Sheep/G3.c/Sh76/IT

KX470598/HEV/Goat/G3.c/PB29/ITA
KU508285/HEV/WB/G3.c/CP6/ITA

MH719227/HEV/Sheep/G3.c/Sh62/IT
MH719221/HEV/Sheep/G3.c/Sh3/IT
MH719222/HEV/Sheep/G3.c/Sh5/IT

AB248521/HEV/SW/G3.e/J8-5/JP
AB481226/HEV/SW/G3.e/JB-E10/JP
AB248522/HEV/SW/G3.e/J12-4/JP

JQ026407/HEV/Monkey/G3.e/Inuyama/JP
KP698919/HEV/SW/G3.e/E2IT12/IT
AB780451/HEV/WB/G3.e/107/Mie11/GER
JQ013795/HEV/Rabbit/G3.e/TR02/FR

HM055578/HEV/SW/G3.e/05/HUN
EU360977/HEV/SW/G3/X07-E1/Sw
AF455784/HEV/Sw/G3.g/Osh 205/US

FJ653660/HEV/SW/G3.f/SwCU001/THAI
AB369687/HEV/Hu/G3.f/116-YKH98C/JP

FJ956757/HEV/Hu/G3.f/RKI/GER
JQ953666/HEV/SW/G3.f/SHEV3/FR
AB291961/HEV/Hu/G3.f/JMH-Osa04C/JP

AB850879/HEV/Hu/G3.f/HE-JA12-0725/JP
EU375463/HEV/SW/G3.f/Thai-swHEV07/THAI

EU723514/HEV/SW/G3.f/SWP6/ESP
EU495148/HEV/Hu/G3.f/TLS25/FR
KC166971/HEV/Hu/G3.f/TLS09-4/FR
JN906974/HEV/Hu/G3.f/FR-HuHEVF3f/FR
JN906975/HEV/SW/G3.f/SHEVF/FR
JN906976/HEV/SW/G3.f/SHEVB3f/FR

JQ013792/HEV/Rabbit/W7-57/FR
JQ013791/HEV/Rabbit/W1-11/FR

JQ013793/HEV/Rabbit/LS-18516/FR
AB740220/HEV/Rabbit/rbIM199/JP

KJ013415/HEV/Rabbit/CHN-BJ/CHN
GU937805/HEV/Rabbit/ch-bj-n1/CHN

GU954430/HEV/Avian/CHN
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3  | RESULTS AND DISCUSSION

Out of 192 sheep serum samples tested, antibodies against HEV 
were detected in a total of 41 sera with an overall prevalence of 
21.3% (41/192; 95% CI 15.2–26.7%). All seven farms were sero‐
positive for HEV with rates ranging from 6.6% to 38.3% (Table 1). 
Molecular screening by qRT‐PCR detected HEV RNA in 20/192 
(10.4%) faecal specimens and in 3/192 (1.6%) serum samples, all 
deriving from animals that were also positive for the stool sample. 
Viral loads ranged from 2.9 × 102 to 5.8 × 106 copies/gram faeces 
and 1.9 × 102 to 2.3 × 103 copies/ml serum (cut‐off cycle threshold 
38.00). HEV RNA was detected in six out of seven farms investi‐
gated with rates ranging from 5.5% to 26.3% (Table 1). The highest 
prevalence was detected in the farm AQ4 (26.3%, 5/19), in which 
antibodies anti‐HEV were detected in 15.7% (3/19) of the animals, 
whilst the lowest prevalence (5.5%) was found in the farms AQ3 
(1/18) and AQ7 (1/18), in which the seropositivity rates were 11.1% 
(2/18) and 22.2% (4/18), respectively. In the farm AQ6, HEV RNA 
was not detected. In this flock it was also observed the lowest se‐
ropositivity (6.6%, 2/30). Interestingly, HEV antibodies were de‐
tected in 8/20 animals that had HEV‐RNA positive faecal samples 
and in 1/3 animals with HEV‐RNA positive serum samples. By using 
nested RT‐PCR (Wang et al., 2000) viral sequences were obtained 
from eight faecal samples. Upon sequence analyses (GenBank ac‐
cession no. MH719221‐MH719228), all the ovine amplicons shared 
94.4–100% nucleotide (nt) identity to each other and displayed the 
highest identities (96.4‐99.3%) to the goat (PB29/ITA, KX470598) 
and wild boar (P6‐15/ITA, KU508285) Gt3 HEV strains detected in 
Abruzzo (Di Martino et al., 2016; Di Profio et al., 2016). Also, high 
identity (93.8%–98.0%) was found to human Gt3 HEVs identified 
in blood donors and hepatitis patients from The Netherland and 
France (Lhomme et al., 2015; Smith et al., 2015) and to HEV strains 
detected in porcine blood products used in meat industry (Boxman 
et al., 2017) (Table 2). Nucleotide identity to Italian human Gt3 HEVs 
in this fragment was 77.5‐89.9%, with the best match (nt identi‐
ties 87.7%–89.9%) being to the strain Gt3 subtype c, Hu/771‐2/
IT (LN681545), identified in an Italian blood donor from Abruzzo 
(Lucarelli et al., 2016). After phylogenetic analysis, the Italian sheep 
sequences segregated within the Gt3 subtype c, together with other 
HEVs identified in humans and animals, being most closely related to 
sequences derived from wild boar and goat stool samples detected 
in Abruzzo (Figure 1). The strain Hu/771‐2/IT (Lucarelli et al., 2016) 
was more distantly related than were HEV strains from French and 
Dutch patients (Lhomme et al., 2015; Smith et al., 2015).

Thus far, data on the potential role of sheep as animal source 
of HEV infection for humans have been collected in rural areas 
of China located in the Shandong Province (Yan et al., 2016) and 
in the Xinjiang Region (Wu et al., 2015). HEVs belonging to the 
Gt4, that is predominant in Asia, were detected in liver and stool 
samples of sheep. The results obtained in this study provide firm 
evidence for the presence of Gt3 HEVs in sheep in Italy. These 
findings, along with the detection of HEV in goats (Di Martino 
et al., 2016), underline the importance of small domestic ruminants 

in the epidemiology of HEV, markedly in the Region investigated in 
this study. Furthermore, the circulation of highly genetically simi‐
lar strains amongst sheep, goats, wild boars and humans suggests 
that multiple inter‐species transmission of HEV might be occurring 
in the surveyed area.

Considering the importance of sheep as livestock animals in 
Southern Italy, characterized by an ideal environment for shepherds 
and their flocks, surveillance for HEV infections in potential risk 
groups, such as farmers and slaughterhouse workers, would be re‐
quired. Raw or/and undercooked pork meat are the most frequently 
reported food products associated with outbreaks of hepatitis E. In 
Southern Italy sheep is used to prepare some milk and meat prod‐
ucts such as fresh cheese and skewered mutton. It will be necessary 
to assess whether consumption of undercooked sheep meat or milk 
products could pose a risk for human health.
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