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Abstract : 
 
Pork ham muscle can be contaminated with HEV via blood vessels during viremia and represents a possible 
source of human contamination via the consumption of dried ham. This study evaluated the prevalence of 
HEV RNA in pork ham muscles and pork livers at slaughterhouses. Serology was determined on the 
corresponding serum samples. The apparent individual seroprevalence rate in the 49 pig farms studied was 
59% [55.5%–61.4%]. None of the 1134 ham muscles tested was positive for the presence of HEV. HEV 
prevalence in paired liver samples was 2.8% with a level of contamination of up to 1.46 108 copies/g. 
Sequences of viral strains isolated from positive livers belonged to genotype 3 and subtypes 3c, 3e, 3f and 3j. 
Our results confirmed that raw pork liver food products are a source of risk for humans but they also showed 
that there is a limited risk of human infection by HEV through the consumption of ham muscle. 

Highlights 

► Presence of Hepatitis E viral RNA in pork ham muscles and paired livers was evaluated. ► HEV was 
detected in 2,8% of the 1034 livers. ► None of the 1034 paired ham muscles was positive for the presence of 
HEV. ► The study showed a limited risk of contamination of ham muscles by HEV. 
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1. Introduction 

Hepatitis E virus (HEV) is responsible for acute entero-transmissible hepatitis in humans. 

Most HEV infections evolve favorably except in pregnant women who have a case fatality 

rate that can reach 20% with HEV genotype 1 in some endemic regions (tropical and 

subtropical areas) (Navaneethan et al., 2008; Purcell and Emerson, 2008). In France and more 

generally in Europe, the USA and Japan, infections are predominantly autochthonous and 

caused by genotype 3 (HEV-3) or 4 (HEV-4), in contrast to endemic regions (Asia, Africa), 

where genotypes 1 (HEV-1) and 2 (HEV-2) prevail (Adlhoch et al., 2016). In France, HEV is 

not a notifiable disease but the national reference center records single and grouped cases of 

viral hepatitis E. In France in 2014, 1825 cases of hepatitis E were reported among which, 

1813 were autochthonous (Adlhoch et al., 2016). Suspected for many years, it is now well 

established that HEV is also a zoonotic agent in industrialized countries with Suidae being the 

major animal reservoir of HEV-3 or HEV-4. Several reports describe human cases of 

Hepatitis E associated with foodborne transmission involving food products such as wild boar 

meat or offal and products containing undercooked raw pork liver (Li et al., 2005; Renou et 

al., 2014; Riveiro-Barciela et al., 2015). Pigs are asymptomatic carriers and become infected 

between 8 and 10 weeks of age after losing maternal immunity. The peak in fecal viral 

excretion is observed between 12 and 18 weeks of age (Pavio et al., 2010) and decreases 

gradually towards slaughter age (De Deus et al., 2008). Data available worldwide has 

confirmed a high level of HEV in pig herds (Pavio et al., 2010). Prevalence in pig herds 

ranged from 46% in Laos (Blacksell et al., 2007) to more than 98% in Spain, the USA or 

Mexico (Cooper et al., 2005; Jimenez et al., 2011; Meng et al., 1997; Seminati et al., 2008). A 

French survey conducted in 2009 estimated that 65% of pig farms investigated harbored 

infected animals and that 4% of pork livers entering the food chain were contaminated with 

HEV. The HEV viral load of pork livers was not determined (Rose et al., 2011). In 
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comparison, HEV was detected in 1.3%, 1.9%, 11% and 6.5% of pig livers sold in retail 

stores in England, Japan, the USA and The Netherlands respectively (Bouwknegt et al., 2007; 

Feagins et al., 2007; Yasaki et al., 2003). Available data regarding the viral load in livers 

ranged from 65 copies of HEV genome/g in The Netherlands (Bouwknegt et al., 2007) to 10
7
 

copies of HEV genome/g in Japan (Yasaki et al., 2003). Bouwknegt et al. (2009) showed after 

experimental infection, that biceps femoris, iliopsoas and longissimus could constitute 

possible sources of HEV transmission from pigs to humans. Di Bartolo et al. (2012) also 

showed that lingual muscles could be contaminated at the slaughterhouse. In contrast, in the 

UK in 2012, none of the 40 ventral abdomen muscles sampled at a processing plant by Berto 

et al. (2012) were HEV positive, nor were the 43 pork loins or 599 pork chops sampled in 

Canada at slaughter and retail (Leblanc et al., 2010; Wilhelm et al., 2015). Overall, data 

regarding the prevalence of HEV in muscles and the associated viral load are either scarce or 

lacking. The infectious oral dose for humans is estimated to be 10
5.5 

HEV RNA copies/g 

(French Agency for food, environmental and occupational health and safety (Anses) 2009), 

thus it is important to determine the level of contamination of pork meat. Ham muscles and in 

particular gluteus medius or semi-membranosus can be a source of risk as they are highly 

irrigated and likely to be contaminated by HEV through blood vessels or arteries.  

Therefore, the objective of this study was to evaluate the prevalence of HEV in ham muscles 

at the time of slaughter in order to evaluate if there is a risk of human contamination through 

consumption of dried pork meat. We also investigated the viral load of infected liver and 

whether there was a link with possible muscle contamination. 1034 paired samples of muscle 

and liver were analyzed for detection and quantification of HEV RNA. Serology was 

determined on corresponding serum samples to confirm HEV farm exposure of tested 

animals. Genotypes of positive HEV samples were characterized by phylogenetic analysis. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 5 

2. Materials and methods 

2.1 Sampling plan 

Considering a HEV prevalence in pork liver around 3 to 4% (Rose et al., 2011), we assumed 

that 0.3-0.4% of ham muscle could potentially be HEV positive. Using EpiTools we 

calculated that the sample size should be of 1109 (95% confidence interval) in order to detect 

this prevalence level (Sergeant, 2017). Thus, from August to October 2011, 49 herds of 

growing-finishing pigs were randomly selected in regions of France where 81% of French 

pigs were reared in 2011 (IFIP, 2013). Per herd, 19 to 25 triplet samples of muscle, liver and 

blood were collected on the slaughter line. Sampling was performed by both the Ifip and the 

Arepsa.  

 

2.2 Sampling methods 

A 5 mL blood sample as well as 5 g of liver and 5 g of ham muscle were collected aseptically, 

frozen, sent to Anses (-20°C) and stored at -80°C until analysis. A total of 1034 triplet 

samples of blood, liver and muscle were collected. The 1034 individual blood samples were 

collected at the bleeding stage. The corresponding pork livers were collected either before 

veterinary inspection when offal was removed or after inspection. The ham samples were 

collected at the end of the slaughter line before chilling. The muscles collected were either 

gluteus medius or semi-membranosus.  

 

2.3 Molecular detection of HEV 

RNA extraction from muscle was performed manually using the QIAamp Viral RNA 

extraction Mini kit (QIAGEN, Illkirch, France) on muscle juice, according to the 

manufacturer’s instructions except that 200 μL of sample was used. Muscle juices were 

recovered after one cycle of freeze and thaw at -20°C. The HEV recovery from muscle 
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juice and muscle homogenate (Fast-prep 24, MP Biomedicals, Illkirch, France) after 

spiking with a viral suspension of HEV3 (GenBank accession number EF494700), were 

compared and showed similar results. RNA extraction from liver was performed manually 

as described (Rose et al., 2011). HEV RNA detection in muscles and liver samples was 

performed using real-time quantitative RT-PCR as described previously (Barnaud et al., 

2012). The limits of detection (LOD) were estimated to be 6 600 genome copies/gram of 

liver and 1 000 genome copies/ml of muscle juice. Thus, negative samples could 

potentially be below these LOD. 

 

2.4 Serological detection of HEV  

The detection of anti-HEV antibodies was performed using the HEV ELISA 4.0v kit (MP 

Diagnostics, Illkirch, France) according to the manufacturer’s instructions, except for the 

quantity of serum used, 10 μL instead of 20 μL. This sandwich ELISA allowed the 

detection of all antibody classes (IgG, IgM and IgA) and used a recombinant antigen that 

is present in all HEV strains. Samples were positive when the optical density at 450 nm 

wavelength obtained for the sample was higher than the threshold defined as the mean for 

negative controls +0.3. 

 

2.5 Phylogenetic analysis 

Partial sequences of HEV ORF-2 capsid (Genbank accession numbers MF065990-

MF066010) were obtained after RT-nested PCR according to Rose et al. (2011) and 

compared to sequences available in Genbank. This genomic region is frequently used in 

phylogeny and reflects the diversity of HEV (Lu et al., 2006). After alignment with 

reference sequences for subtyping (Smith et al., 2016) and their closest sequences (Blast 5 
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best hits), a phylogenetic tree was constructed after alignment with Muscle using MEGA 

software (MEGA6, www.megasoftware.net). 

 

3. Results and discussion 

3.1 HEV seroprevalence  

The presence of antibodies against HEV was determined individually on 1034 serum 

samples. The apparent individual seroprevalence rate was of 60% [57.8%-63.7%] (Table 

1). Previous results obtained in France indicated a lower individual prevalence of 30% 

(Rose et al., 2011). This high seroprevalence could correspond to herds where HEV is 

enzootic, suggesting early infection of animals. Hepatitis E virus is highly prevalent 

among the domestic pig population in Europe. The individual seroprevalence in pigs over 

6 months of age varied from study to study: 96% (95/99) (Costanzo et al., 2015) in Italy, 

92.8% (584/629) in the UK (Grierson et al., 2015), 49% (97/200) in Switzerland 

(Wacheck et al., 2012), 61.6% (234/380) in Estonia (Ivanova et al., 2015) and 68.6% in 

Germany (354/516) (Wacheck et al., 2012b). In their review, Pavio et al., (2010) 

concluded that older pigs were usually associated with a higher seroprevalence rates. Our 

results are therefore consistent with these findings. 

 

3.2 HEV prevalence and quantification in pork livers 

The presence of HEV RNA was determined individually in 1034 livers. The apparent 

prevalence rate was of 2.8% [1.9%-3.9%] (Table 1). These results are consistent with 

results previously obtained in France (Rose et al., 2011). In Europe, similar prevalence 

rates have been reported: 6.5% in The Netherlands (Bouwknegt et al., 2007), 3% in the 

UK (Berto et al., 2012), 5% in the Czech Republic (Di Bartolo et al., 2012) and 4% in 

Germany (Wenzel et al., 2011). The viral load found in the 29 positive liver samples 
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ranged from 7.8 10
3
 copies/g to 1.46 10

8
 copies/g with a median value of 1.3 10

5
 copies/g 

(Figure 1). Since the human oral infectious dose of HEV is estimated to be over 10
5.5 

HEV 

RNA copies/g (Anses, 2009), we have confirmed the risk of transmission of HEV from 

pigs to humans through the consumption of food products containing raw pork liver.  

 

3.3 Phylogeny of HEV sequences from pork livers 

Of the 29 positive liver samples, 21 sequences were identified by RT-nested PCR 

(Genbank accession numbers MF065990-MF066010). Analysis of these sequences with 

reference HEV sequences, showed that all viral strains belonged to genotype 3 and 

subtypes 3c, 3e, 3f and 3j (Figure 2A). The presence of genotypes 3c, 3e and 3f has 

already been reported in France (Rose et al., 2011), but this is the first time that 3j has 

been detected in French pigs. The HEV-3j subtype (reference sequence AY115488) has 

only been described previously in North America (Canada) (Pei and Yoo, 2002). ). 

Sequences found within the same herd were very similar (>99%), suggesting that only one 

main HEV strain circulates per herd. In a previous study, Bouquet et al. (2011) showed 

that the majority of the French swine HEV strains were of subtype 3f, however in the 

present study 6 out 10 herds were infected by the subtype 3c. This is in agreement with 

the recent description of an increase in human cases of HEV-3c type hepatitis E in France 

(Lhomme et al., 2015). Phylogenetic analysis was also performed with one sequence from 

each herd (n=10) and the best hits in Genbank. Most of the HEV-3c sequences were 

highly similar (99%) to French human cases and one Italian case where the patient had 

recently returned from France, and also to food products (99%) (dried liver sausages) and 

to other swine sequences from the South of France (99%) (Figure 2B). The HEV-3j 

sequence was relatively close to swine HEV from Canada, but not to that found in human 

cases or food products. The 2 HEV-3f sequences were very similar to swine HEV from 
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Spain. The swine HEV-3e sequence (FR-SHEV-LA-18-9-2011) was close to human cases 

of Hepatitis E from France and the UK. Identical HEV sequences in pig herds from 

France and England might explain this observation (Figure 2B). Several sequences were 

similar to human cases observed in 2013-2014, which is after the sampling period of the 

present study (2011), but it has been shown that HEV can be stable in space and time in 

animal populations (Jori et al., 2016). Thus, this suggests that the same HEV strains are 

still circulating in the contaminated herds sampled in 2011. This molecular study confirms 

the crucial role of the swine HEV reservoir in the persistent contamination of food 

products and human infections. 

 

3.4 HEV prevalence in pork muscles 

In our study, 1034 ham muscles collected at the slaughterhouse were examined for the 

presence of HEV RNA and were found to be negative (Table 1). These results are consistent 

with the findings of Leblanc et al. (2010), Berto et al. (2012) and Wilhelm et al. (2015) who 

were unable to detect HEV RNA in loins, ventral abdominal muscles and pork chops 

respectively. Three percent of 112 lingual muscles sampled at the slaughterhouse were found 

to be HEV RNA positive in the study by Di Bartolo et al. (2012). However, the authors 

suggested that the presence of the HEV genome was probably due to cross-contamination 

during slaughtering rather than real virus replication in muscle. Furthermore, the detection of 

HEV RNA in muscles has been previously described following an experimental assay of one-

to-one exposure to infected pigs (Bouwknegt et al., 2009). However, the presence of HEV 

RNA on the surface of the muscle due to cross contamination with blood or within the tissue 

remains to be examined. Other studies identified the presence of HEV RNA in muscles 

following experimental intravenous contamination (Williams et al., 2001). In addition, the 

course of infection is different between contact-infection and intravenous inoculation, and 
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they do not reflect the natural routes of transmission of HEV in animals (Bouwknegt et al., 

2009; Kasorndorkbua et al., 2004).  

Our results showed that positive livers were not associated with positive ham muscles even 

when the viral load in the liver exceeded 10
6
 copies/g. These findings are reassuring since, on 

average, 39 425 tons of dried ham were produced per year in France between 2011 and 2015 

(French federation of industrial pork butchers, caterers and meat processors (FICT), 

http://www.fict.fr/notre-industrie/chiffres-cles/). 

 

4. Conclusions 

This is the first time that a study analyzing over 1000 triplet samples of blood, muscle and 

liver has been conducted in French slaughterhouses. Under natural conditions of infection, 

ham muscles were not positive for HEV. Thus, our results showed a limited risk of 

contamination of ham muscles by HEV. In contrast, consumption of uncooked pork livers was 

confirmed to be a source of risk in human infection. 
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Table 1: Seroprevalence and HEV prevalence estimates at the individual pig-level (49 herds, 

1034 triplet samples of blood, liver and muscle, France, 2011) 

 

Figure 1: HEV quantification in livers (HEV RNA copies per gram of liver) 

 

Figure 2: A) Phylogenetic tree of HEV sequences identified in pig samples. All 21 HEV 

sequences (GenBank accession numbers MF065990 to MF066010) corresponding to the 

ORF-2 capsid nucleotides 6044-6334 of the reference sequence AF082843, were obtained by 

Sanger dideoxy sequencing (grey circle). They were aligned with references sequences (Smith 

et al 2016) using Muscle (MEGA6, www.megasoftware.net). Reference sequences for HEV-3 

were: 3a AF082843, 3b AP003430, 3c FJ705359, 3e AB248521, 3f AB369687, 3g 

AF455784, 3h JQ013794, 3i FJ998008, 3j AY115488, AB290312, JQ953664, AB369689, 

AB290313, EU360977, KJ873911, EU723513. Countries of origin of the sequences used 

were CA: Canada; FR: France; GER: Germany; In JAVA: Indonesia; IT: Italy; JP: Japan; 

KY: Kyrgyzstan; MG: Mongolia; NL: the Netherlands; NW: Norway; SP: Spain; SW: 

Sweden; TH: Thailand; UK: the United Kingdom; the USA: United States of America. The 

origin of the host is indicated as followed: swine (S), wild boar (WB) and Human (Hu). B) 

Phylogenetic tree of HEV sequences from each pig herd and their best hits in Genbank. Ten 

HEV sequences (GenBank accession numbers MF065990, MF065992, MF065993, 

MF065994, MF065998, MF066001, MF066005, MF066006, MF066008 and MF066010) 

corresponding to the ORF-2 capsid nucleotides 6044-6334 of the reference sequence 

AF082843, were obtained by Sanger dideoxy sequencing (black circle). They were aligned 

with their 5 best hits in Genbank using Muscle (MEGA6, www.megasoftware.net). HEV 

sequences from humans: Hu (white diamond), food products: FIG: figatellu, SSF: dried liver 

sausage, SFF: fresh liver sausage (white triangle) or swine: S, are identified with their 
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accession number and year of detection. Both trees were constructed using the neighbor-

joining method with a bootstrap of 1,000 replicates. Bootstrap values of >70% are indicated 

on respective branches. Scale bar represents nucleotide substitutions per site. The two distinct 

clades and genotypes of HEV-3 are indicated by parentheses. 
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Table 1 

 

 Sample size 
positive 

samples 

Prevalence 

estimate (%) 

95% Confidence 

interval 

HEV serology 

 
1034 629 60 57.8-63.7 

HEV RNA 

(muscles) 

 

1034 0 0 0-0.003 

HEV RNA  

(liver) 

 

1034 29 2.8 1.9-3.9 
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Figure 1  
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