
Frequent zoonotic transmission of hepatitis E virus 
(HEV) has been suspected, but data supporting the animal 
origin of autochthonous cases are still sparse. We assessed 
the genetic identity of HEV strains found in humans and 
swine during an 18-month period in France. HEV sequences 
identifi ed in patients with autochthonous hepatitis E 

infection (n = 106) were compared with sequences 
amplifi ed from swine livers collected in slaughterhouses (n 
= 43). Phylogenetic analysis showed the same proportions 
of subtypes 3f (73.8%), 3c (13.4%), and 3e (4.7%) in 
human and swine populations. Furthermore, similarity of 
>99% was found between HEV sequences of human and 
swine origins. These results indicate that consumption of 
some pork products, such as raw liver, is a major source of 
exposure for autochthonous HEV infection.

Hepatitis E virus (HEV) is a causative agent of enterically 
transmitted acute hepatitis in humans (1). It is a major 
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public health issue in developing countries, where it causes 
large waterborne epidemics (2). In industrialized countries, 
it is an emerging problem, as an increasing number of 
sporadic cases for which the origins are still unclear (3) 
have been reported for patients who have not traveled to 
HEV-endemic areas.

HEV is a nonenveloped virus with a single-stranded 
positive RNA genome of 7.2 kb composed of 3 open 
reading frames (ORFs). HEV is the sole member of the 
family Hepeviridae (4) and has been classifi ed into 4 major 
genotypes and 24 subtypes. Genotype 1 is divided into 5 
subtypes (1a to 1e), genotype 2 into 2 subtypes (2a and 2b), 
genotype 3 into 10 subtypes (3a to 3j), and genotype 4 into 
7 subtypes (4a to 4g) (5). Although genotypes 1 and 2 are 
endemic to developing countries, genotypes 3 and 4 are the 
cause of sporadic cases. HEV is the only hepatitis virus that 
is also found in a wide variety of animals (6). Genotype 3 
can infect humans as well as swine, wild boar, deer, and 
mongoose (7–10). It is generally agreed that swine are 
widely infected all over the world (6). HEV seroprevalence 
varies greatly depending on countries; 22.7% to 88.4% of 
pigs are seropositive at 6 months of age (11,12). Among 
pigs slaughtered at ≈25 weeks of age, the prevalence of 
HEV fecal excretion ranges from 4% to 41% (13,14). Viral 
RNA sequences from pigs and humans can be closely 
related (15,16), and cross-species infection of genotypes 
3 and 4 from human to pig and pig to nonhuman primate 
has been demonstrated experimentally (17). To date, only 
2 cases of zoonotic transmission from consumption of raw 
or undercooked sika deer and wild boar meat have been 
clearly identifi ed in Japan with near or 100% homology 
between the sequences from the patient and the consumed 
meat (7,8).

A few reports have shown close phylogenetic 
relationships between sequences identifi ed in swine and 
in humans. However, these studies were based on limited 
numbers of sequences with little geographic or temporal 
data (18–21).

In France, HEV seroprevalence in the human 
population ranges from 3.2% to 16.6%, depending on the 
geographic regions studied (22,23). The number of reported 
viral hepatitis E cases is increasing. Although only 38 cases 
were reported in 2006, a total of 340 cases were diagnosed in 
2010, of which 70% were declared autochthonous with no 
recent history of patients traveling abroad (French National 
Reference Laboratory, unpub. data). In the swine reservoir, 
a recent nationwide survey performed at slaughterhouses 
showed high prevalence of HEV. HEV seroprevalence in 
swine ranges from 31% at the individual level to 65% at 
the farm level. In that study, HEV prevalence in pig liver 
was estimated at 4%, meaning that HEV-infected pig livers 
can enter the food chain (24). Moreover, it has been shown 
that regional products made from raw pig liver may contain 

HEV (25). In France, pork is the most widely eaten type of 
meat (26) and could represent an HEV reservoir with a high 
risk for zoonotic transmission.

To assess the zoonotic risk for transmission from 
swine to humans in France, we studied HEV sequences in 
both hosts. HEV sequences collected from every human 
autochthonous case of hepatitis E infection and HEV-
positive pig livers collected at slaughterhouses, both within 
18 months, were analyzed. Epidemiologic and spatial–
temporal data corresponding to phylogenetic analyses of 
partial ORF2 sequences were used to investigate whether 
swine are a major source of HEV contamination in France.

Materials and Methods

HEV Patients
Persons who had autochthonous hepatitis E virus 

infection during May 2008–November 2009 and had no 
travel history outside France were included in the study. 
RNA was extracted from patient serum or fecal samples by 
using a MagNA Pure LC RNA Isolation Kit (MagNA Pure 
LC Instrument; Roche Diagnostics, Basel, Switzerland) 
according to the manufacturer’s instructions. HEV RNA 
was amplifi ed by using a nested reverse transcription PCR 
for the ORF2 gene as described (27). Sequencing was 
performed on amplifi ed strands with an automated DNA 
sequencer (CEQ8000; Beckman-Coulter Inc., Fullerton, 
CA, USA). Patients’ demographic and epidemiologic 
features were collected anonymously from a questionnaire 
on age, sex, recent travel (within the past 4 months), and 
medical history.

Swine Sample Collection
As part of a national survey on the prevalence of swine 

infected with HEV, 3,715 liver samples were collected at 
slaughterhouses from May 2008 through November 2009. 
Pig farms were selected through random sampling from 
35 slaughterhouses accounting for 95% of the national pig 
production. Herds were selected randomly from a database 
table indicating dates and times of slaughter regardless of 
the herd size, leading to a random distribution of small and 
large types of farms (24). Thirty milligrams of liver was 
excised with sterile surgical blades. Tissues were disrupted 
in bead-milling tubes (FastPrep 24; MP Biomedicals, 
Illkrish, France). RNA was extracted by using the RNeasy 
Viral RNA extraction kit (QIAGEN, Courtaboeuf, France) 
according to the manufacturer’s instructions.

HEV RNA was detected by nested reverse transcription 
PCR with the same primers used for human HEV 
amplifi cation (27). Positive samples were sequenced by the 
Sanger method (Cogenics, Grenoble, France or Eurofi ns 
MWG Operon, Ebersberg, Germany).
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Phylogenetic Analysis
We deposited 106 HEV sequences from human patients 

(1 sequence/patient) in GenBank under accession nos. 
JF730329–JF730434 and 43 HEV sequences from swine 
livers (1 sequence/farm) under accession nos. JF718787–
JF718829. Human and swine HEV RNA sequences of 204 
to 306 nt were analyzed by using MEGA4 (28), with a set 
of sequences available from GenBank (online Appendix 
Table, wwwnc.cdc.gov/EID/article/17/11/11-0616-TA1.
htm), to determine genotypes and subtypes as described by 
Lu et al. (5). Alignment was performed by using ClustalW 
(MEGA4, www.megasoftware.net). Phylogenetic trees 
were built by using the neighbor-joining method with a 
bootstrap of 1,000 replicates.

Statistical Analyses
Statistical analyses were performed by using a χ2 

distribution with 1 df and the Fisher exact probability test 
to compare proportions between the 2 groups. Differences 
were considered to be statistically signifi cant when p<0.05.

Results

Epidemiologic Data
During May 2008–November 2009, hepatitis E was 

diagnosed for 305 patients in France. Only the 106 patients 
who had answered and returned the questionnaire and who 
had no recent history of traveling abroad were included in 
the study.

Of the 106 patients with HEV viremia, information on 
sex and age was available for 103 patients, of whom 72% 
were men; the mean age was 55 years (Figure 1). The 40–
69-year age group had a signifi cantly predominant number 
of male patients (81%). All patients had acute resolving 
hepatitis E, except for 1 in whom chronic hepatitis E 
developed after a liver transplant.

Geographic Distribution of Human Cases 
and HEV-positive Swine Herds

Geographic data on place of residence were available 
for 100 patients. Most human HEV cases were diagnosed 
in southern France (67%), especially in the southeastern 
region, Provence-Alpes-Côte-d’Azur, which accounted 
for 30% of the cases (Figure 2) and contains 7.6% of 
the national population. In northern France, where 33% 
of the cases were observed, a high density of HEV cases 
(11%) were clustered in the Paris region (Figure 2). The 
Paris area, Ile-de-France, is the most populated region 
and contains 18% of the total population (29). In contrast, 
most of the HEV-positive swine herds were found in 
northern France (77%), particularly in the western region, 
Brittany, which is the largest swine-producing region, 
accounting for 52% of national production (Figure 2). 

Fewer positive swine samples were found in southern 
France (23%), where there is a lower density of pig herds 
than in Brittany (24).

Human and Swine HEV Sequences
To characterize HEV circulating in humans and 

swine from May 2008 through November 2009, we 
subjected partial ORF2 HEV sequences, amplifi ed for 
both populations, to phylogenetic analysis. This ORF2 
genomic region seems to match the classifi cation of full-
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Figure 1. Distribution of age and gender for 103 hepatitis E virus 
(HEV) viremic patients, France, May 2008–November 2009. 

Figure 2. Geographic distribution of hepatitis E virus (HEV) 
subtypes recovered from humans (n = 100) and swine (n = 43), 
France, May 2008–November 2009. Black, human HEVs; red, 
swine HEVs; triangles, subtype 3c; squares, subtype 3e; dots, 
subtype 3f; diamonds, strains of undefi ned subtype. Regions with a 
high density of HEV are named.
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length HEV sequences according to Lu et al. (5) and gives 
similar phylogenetic topologies to the ORF1 region RdRp 
(30). For each human case, a single HEV sequence was 
retrieved (n = 106). One HEV RNA sequence from each 
positive farm was included when the same sequence was 
recovered from several pig livers from the same farm (n 
= 43). To defi ne genotypes and subtypes, we added 22 
reference sequences of human and swine origins to the 
analysis (online Appendix Table). Genotype 4 HEV was 
used as the outgroup.

Human and swine strains were scattered homo-
geneously on the phylogenetic tree (Figure 3); no specifi c 
cluster in relation to the host was considered. All sequences 
belonged to genotype 3 and more specifi cally to subtypes 
3f, 3c, and 3e. There was some diffi culty in identifying 
a specifi c subtype to a cluster of 12 sequences, 8 from 
humans and 4 from swine. These sequences were close 
to 7 subtypes (3a, 3b, 3c, 3d, 3h, 3i, and 3j) but shared 
<90% homology with any of them (5). The term undefi ned 
subtype was given to this cluster (Figure 3).

Subtype Proportions and Distribution
A comparison of subtype proportions in swine 

and human populations did not reveal any signifi cant 
differences (p>0.05) (Table 1). Subtype 3f was the largest 
cluster, accounting for 73.8% of the strains sequenced 
(72.6% in humans and 76.7% in swine). Subtype 3c was 
the second largest group, accounting for 13.4% of HEV 
strains (15.1% in humans and 9.3% in swine). The set of 
sequences of undefi ned subtype accounted for 8.1% of 
the total strains and was also homogeneously represented 
(no statistical difference in proportion) between human 
(7.6%) and swine strains (9.3%). Finally, the proportion 
of subtype 3e was smallest, 4.7% in the swine and the 
human groups.

Geographic distribution of subtypes showed that 3f 
was found all over the territory; 3c seemed to be missing 
in Brittany, where the largest number of samples was 
collected (1,760 livers). Most sequences of the undefi ned 
subtype originated from southern France (Figure 2).

Nucleotide Variations among Human 
and Swine HEV Sequences

To investigate whether some nucleotide positions 
would be host strain specifi c, a p-value was calculated 
for each nucleotide position. No signifi cant difference 
(p<0.05) between human and swine HEV was obtained 
for the short nucleotide sequence studied (data not shown). 
The same observation was made at the amino acid level, 
where there was no signifi cant difference at any position 
between human and swine HEV (data not shown).

HEV Sequence Similarities

Human Sequence Similarities
The 106 sequences recovered from human patients 

were compared with each other at the nucleotide level. The 
percentage of nucleotide sequence identities ranged from 
67.8% to 100% (Table 2). Four groups of 2–3 patients 
had 100% nt similarity. These sequences were detected 
in patients living in different regions, at intervals ranging 
from 6 days to 6 months (Figure 4).
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Figure 3. Phylogenetic tree of hepatitis E virus (HEV) detected in 
human and swine constructed by the neighbor-joining method with 
a bootstrap of 1,000 replicates based on the ClustalW alignment 
(MEGA4, www.megasoftware.net) of 204- to 306-nt sequences 
within open reading frame 2. The 106 HEV sequences recovered 
from patients from France are displayed as black dots (GenBank 
accession nos. JF730329−JF730434), the 43 HEV sequences 
recovered from swine from France are displayed as red dots 
(accession nos. JF718787−JF718829), and the 22 reference strains 
from GenBank are displayed as white dots (GenBank accession 
nos. in online Appendix Table, wwwnc.cdc.gov/EID/article/17/11/11-
0616-TA1.). Genotype 4, subtypes 3f, 3c, and 3e, as defi ned by Lu 
et al. (8), are encircled by a solid black line; undefi ned subtype 
is encircled by a dashed black line. Bootstrap values >70% are 
indicated on respective branches. Scale bar represents nucleotide 
substitutions per site.
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Swine Sequence Similarities
First, to evaluate HEV within-farm homology, 

we compared 10 sequences recovered on the same day 
from 10 animals from the same farm. Similarities of 
99% to 100% were found (Table 2). The 43 sequences 
recovered from independent farms all over France were 
then compared with each other. Similarities ranged from 
71.7% to 99.3% (Table 2). Three pairs of sequences were 
found with similarities of >99% (Figure 4). These pairs 
of sequences originated from neighboring farms (Figure 
4). Two pairs of sequences were sampled on the same day 
(August 30, 2008 or November 18, 2009), and the third 
pair was sampled at a 6-month interval (June 10, 2008, 
and November 24, 2008).

Similarities between Human and Swine Sequences
Similarities ranged from 68.4% to 99.3% (Table 

2). These minimum and maximum similarities do not 
signifi cantly differ from those found in each separate 
population (p<0.05).

Two pairs of sequences were found to have >99% 
similarity. In both cases, human and animal HEV sequences 
were identifi ed in different geographic regions at intervals 
of 5 months (human, August 3, 2008; and swine, April 9, 
2008) to 1 year (human, May 22, 2009; and swine, May 27, 
2008). In both cases, swine sequences were sampled fi rst, 
before the onset of the disease in the patient.

Discussion
Although zoonotic transmission of hepatitis E virus 

from swine to human has been well accepted, little 
data are available on HEV sequences circulating in 
human and swine populations within a country during a 
restricted period. We investigated a large number of HEV 
sequences, collected from 106 patients and 43 swine over 
an 18-month period. The patients were mostly male (72%) 

and >55 years of age. This fi nding is in agreement with a 
previous report on acute HEV infection in France, which 
found that men accounted for 68% (36/53) of the cases 
(31). The situation in industrialized countries contrasts 
with that in regions where attack rates for waterborne 
outbreaks of HEV genotype 1 are higher among young 
adults (15–40 years of age) (1). This observation suggests 
that the 2 epidemiologic profi les may involve different 
contamination routes. There are differences in hygiene 
and meat consumption habits in these regions. Moreover, 
no animal reservoirs have been yet described for the 
genotypes involved in waterborne outbreaks (genotypes 1 
or 2) (6), suggesting that zoonotic transmission might be 
limited in any HEV-endemic areas.

All 149 HEV sequences belonged to genotype 3 
and were divided into at least 3 subtypes according to 
the classifi cation elaborated by Lu et al. (5). Sequences 
sharing a minimum of 90% similarity were considered as 
belonging to the same subtype. Among these sequences, 
137 belonged to subtypes 3f, 3c, and 3e. For 12 
sequences, 8 human HEV and 4 swine HEV, there was 
some classifi cation uncertainty because they were close 
to 7 different subtypes but shared <90% homology. The 
diffi culty in classifying this undefi ned subtype might be 
because of partial sequencing of the strains identifi ed, 
although Lu et al. showed that the 5′ end of the ORF2 
region matches the complete genomic sequence for HEV 
classifi cation better than other regions of the HEV genome 
(5). Using the nucleotide BLAST database (http://blast.
ncbi.nlm.nih.gov/Blast), sequences from this undefi ned 
subtype are close but share <90% homology to 3a and 
3c sequences detected in the Netherlands or 3h and 3i 
sequences detected in Germany. This undefi ned subtype 
also clusters on its own (>90% homology) and could 
be a new subtype that is specifi c to France. Comparison 
of autochthonous HEV from France with HEV from 
neighboring countries shows that the same main 
subtypes are found: 3f is found all over Europe; 3c in the 
Netherlands, Italy, and Hungary; and 3e in the UK, the 
Netherlands, Germany, and Hungary (15,18,32–35). This 
fi nding suggests that some subtypes may have emerged 
and evolved locally through animal trading.

The proportion of each subtype in both species was 
then estimated, and the proportions of subtypes 3f, 3c, 
and 3e were found to be almost the same. Such a similar 
distribution of subtypes suggests an active circulation 
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Table 1. Proportions of subtypes of HEV strains identified in 106 humans and 43 swine, France, May 2008–November 2009* 

Sequences
No. (%) isolates 

Total no. Subtype 3c Subtype 3e Subtype 3f Undefined subtype 
Human HEV   16 (15.1)  5 (4.7)  77 (72.6)  8 (7.6) 106
Swine HEV   4 (9.3)  2 (4.7)  33 (76.7)  4 (9.3) 43
Total HEV   20 (13.4)  7 (4.7)  110 (73.8)  12 (8.1) 149
*HEV, hepatitis E virus. 

Table 2. Percentage nucleotide similarities of 204 to 306 HEV 
nucleotide sequences from 106 humans and 43 swine, France, 
May 2008–November 2009* 
Sequences Minimum Average Median Maximum
Human HEV 67.8 85.2 87.7 100
Swine HEV 
 Same farm 99.0 99.7 99.7 100
 Different farms 71.7 86.1 88.2 99.6
Human and swine HEV 68.4 85.4 87.6 99.3
*HEV, hepatitis E virus. 
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of the virus between the 2 host species in France. In the 
Netherlands, proportions of subtypes in human compared 
with animals or environmental strains were found to differ 
markedly, 6% versus 43% for 3f and 75% versus 35% for 
3c (18), suggesting a limited number of contamination 
events through these 2 possible contamination pathways in 
this country.

Although HEV is widely distributed across France, 
some geographic regions showed higher rates of infection 
in humans. Most (67%) cases of autochthonous hepatitis 
E were found in southern France and particularly in the 
Provence-Alpes-Côte-d’Azur region (30%). These results 
are consistent with HEV seroprevalence in blood donors 
being higher in southern (16.6%) than in northern France 
(3.2%) (22,23). Furthermore, this observation correlates 
with results of a previous national survey in France 
showing an increasing north-to-south gradient of acute 
hepatitis E (31). In contrast, in the animal reservoir, most 
HEV sequences were detected in the main pig-producing 
area located in northwestern France. Nevertheless, the low 
number (only 2) of human cases observed in this region 
with a high density of pig farms suggests that the number of 
contamination events through the environmental pathway 
is limited. In the Ile de France region (Paris area), a high 
number (11%) of cases of hepatitis E was also reported. 
This fi nding could be partially explained by the high 
population density (18%) in this area; a few cases were 
reported after traveling and eating uncooked pork products 
in southern France.

To further analyze sequence similarities between 
human and swine HEV strains, we determined the 
similarities in nucleotides between human and swine 
sequences. HEV has a high mutation rate because of its 
error-prone RNA-dependent RNA polymerase and is 
probably present as a quasispecies in an infected host (36). 
Thus, low (<1%) variability in nucleotides may correspond 
to a unique strain. Analyzing human HEV sequences, 100% 
nt similarity was found in 4 groups of 2–3 patients. These 
patients were not related, but they may have been exposed 
to an unknown common source of contamination.

Swine sequences amplifi ed from livers of animals 
within the same herd were found to be homogeneous, with 
a maximum difference of 3 nt along the 306 nt sequenced. 
Except for 3 groups of 2 herds, all the sequences were 
different (<99%). These 3 groups included herds that 
were sampled at the same time or 5 months apart and that 
were geographically close (a few kilometers). This high 
similarity of partial sequences might be explained by a 
possible exchange of animals between nearby herds, which 
is a common practice. However, it cannot be excluded that 
movements of farm workers and veterinarians or spreading 
of infected slurry might contribute to HEV transmission 
between herds. Swine HEV infection spreads easily within 

a herd through the fecal–oral route (37). This geographic 
clustering of HEV strains detected in animals was also 
observed in Sweden (19).

Because animals from the same herd can have a 
difference of 3 nt over the same amplifi ed sequence, human 
and porcine HEV sequences with >99% similarities may be 
considered as coming from related strains. A comparison 
of human and swine sequences showed that 2 pairs of 
sequences were similar (99.3%). In both cases, swine and 
human sequences were detected in different geographic 
areas. The swine sequences were identifi ed fi rst and later 
in humans. Pork meat is the most widely eaten meat in 
France (34.7 kg/inhabitant/year), and it is distributed and 
consumed throughout France (26). In our study, HEV 
sequences were amplifi ed from liver, but other meat might 
be a vector for HEV infection because it has been shown 
that other organs such as muscles can be HEV positive (38). 
Considering the geographic distances and the detection of 
these HEV sequences in animals fi rst, it seems reasonable 
to assume that foodborne infection may play a major role 
in autochthonous cases of hepatitis E. The high similarity 
observed suggests that these 2 cases could be the result of 
zoonotic transmission. Furthermore, because since these 
sequences are not geographically linked, contamination 
through environmental exposure can be ruled out.
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Figure 4. Geographic distribution and sampling date of human and 
swine hepatitis E virus (HEV) sequences sharing >99% identities, 
France, May 2008–November 2009. 
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In addition to the high degree of similarity observed 
between human and swine sequences and the identical 
proportion of each subtype in both hosts, no specifi c 
nucleotide substitutions have been identifi ed when 
sequences from different host species were compared. These 
results are in line with the possible absence of a species 
barrier for HEV strains of genotype 3. However, before 
concluding that there are no host restriction determinants, 
further analysis of longer sequences is required.

This unique large-scale study on human and swine 
sequences with spatial–temporal data suggests that zoonotic 
transmission of HEV is involved in autochthonous cases. 
The swine reservoir is widely infected with HEV, and 
infected livers enter the food chain. Living in southern 
France seems to be associated with more frequent exposure 
to HEV (67% of cases). This observation might be linked 
to cultural food habits specifi c to southern France and 
frequent consumption of products made from raw swine 
liver (25).

Slurry from swine is often spread onto local fi elds, but 
there are few (only 2) cases reported in Brittany compared 
with other regions. The spread of HEV into the environment 
may not have major consequences but cannot be ignored. 
Contact with animals; consumption of contaminated water, 
vegetables, or shellfi sh; or unknown routes of transmission 
need to be investigated. In conclusion, taken together, these 
results confi rm the major role played by the swine reservoir 
of HEV in autochthonous cases of hepatitis E. This study 
underlines the need for a surveillance and control plan, 
either at the level of pig production or at the level of food 
processing, to limit human exposure to HEV through 
consumption of pork products.
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