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Abstract 

Hepatitis E virus (HEV) and norovirus are known enteric pathogens which can 

cause a wide range of symptoms. Norovirus is estimated to cause 3 million 

cases in the UK annually, and whilst HEV cases are reported at much lower 

levels, it is considered to be an emerging pathogen within more economically 

developed countries and may be an underestimated health risk. However, the 

routes of transmission for HEV have not yet been fully elucidated. This PhD 

endeavours to identify whether the aquatic environment plays a significant role 

in the transmission of HEV, using norovirus for comparison of prevalence and 

risk. The studies within this PhD identified HEV and norovirus within sewage 

and shellfish samples and identified HEV within cetacean liver samples. 

Sequencing of these samples confirmed norovirus presence within sewage and 

confirmed HEV presence in sewage and shellfish samples. Additionally, a HEV 

sequence within a shellfish sample may be classified as a new subtype of 

genotype 3 and the norovirus genotypes identified within sewage suggest that 

wastewater monitoring of norovirus may be beneficial for identifying circulating 

norovirus genotypes. A risk assessment of norovirus and HEV presence in 

sewage and shellfish samples showed that the risk of norovirus illness from 

recreational water activities and shellfish consumption may be high, but that risk 

of HEV illness was very low in comparison. Overall, HEV is present within the 

aquatic environment in the UK, however the prevalence and levels of HEV in 

sewage and shellfish suggest that its presence provides little risk to public 

health. On the other hand, contamination of norovirus within the aquatic 

environment is a systemic problem in the UK, which is not without public health 

risk, and must be addressed through limiting release of raw sewage into the 

environment, standardisation of wastewater treatment practices to make them 

more effective for removal of viruses. 
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WWTP – Wastewater Treatment Plant 



24 

Chapter 1 

General Introduction 

General Overview 

Waterborne enteric viruses are a well-established threat to both human and 

animal health (Fong and Lipp, 2005). Within the many families of human viruses 

are enteric viruses which cause gastrointestinal illness, amongst other 

symptoms. Some enteric viruses infect only cells within the gut, leading to 

symptoms such as vomiting, diarrhoea, and fever. Others are capable of 

infecting not only the gut, but other organs, such as the liver, causing symptoms 

such as jaundice and hepatitis, leading to a range of symptoms which are often 

very diverse even for a single virus and are host dependent. Enteric viruses are 

generally spread through a faecal-oral route of transmission due to high titre 

virus shedding within faeces. As such there are many routes for outbreaks, 

from contaminated water to contaminated foods, or person to person 

transmission (Tang et al., 1991; Baert et al., 2009). Gastrointestinal pathogens 

are estimated to have caused 1.8 billion infections and 599,000 associated 

deaths in 2010, with 677 million of these cases attributed to norovirus alone 

(Pires et al., 2015). Whilst most cases of gastroenteritis are self-limiting, or even 

asymptomatic for some viruses (Abutaleb and Kottilil, 2020; Guillois et al., 

2015), they can be especially dangerous for people who are 

immunocompromised or elderly (Chen et al., 2016). Understanding the 

transmission routes of enteric viruses can be useful to create policies which limit 

the spread and enable the prevention of viral gastrointestinal illness. 
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Figure 1.1 Theoretical and confirmed transmission routes of HEV Treagus et 
al., (2021). 

 
The figure shows confirmed and theoretical routes of HEV transmission to humans. 
The theoretical routes of transmission include HEV infections contracted from the 
consumption of shellfish, sheep, and cows, as well as crops, drinking water and 
recreational water exposure, although no confirmed outbreaks from the latter sources 
have yet been identified. Illustration created using Adobe Illustrator and edited using 
GIMP. 

 

 

Figure 1.2 Confirmed transmission routes of norovirus 

The figure shows the confirmed transmission routes which genogroup I and II 
norovirus can take to infect humans. Transmission from animal sources has 
not yet been proven and is not included in the figure, but it is suspected. 
Illustration created using Adobe Photoshop and edited using GIMP. 
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Figure 1.1 shows the possible transmission routes for hepatitis E virus (HEV) 

which causes gastrointestinal and hepatic symptoms and Figure 1.2 shows the 

known transmission routes for norovirus, which causes enteric symptoms. 

Enteric virus transmission can follow many pathways (Figures 1.1 and 1.2). 

One pathway which has received attention in the past two decades, is 

transmission through the aquatic environment. As most enteric viruses infect 

cells within the gut, they are commonly shed in the faeces and urine, and 

sometimes also within vomitus in high concentrations. Sewage is discharged, 

either as treated effluent or as raw sewage (due to combined sewer overflow 

(CSO) use), into surface waters such as rivers, seas, and lakes. Wastewater 

treatment has been shown previously to be effective in reducing numbers of 

potentially harmful bacteria, with Campos et al., 2016 identifying an average 

5.3 log10 reduction of E. coli at WWTP A in Southern England . However, it has 

been shown to be generally less effective for removing viruses, with norovirus 

RNA still detected in tertiary UV treated effluent (a 2.3 log10 reduction for GI 

and a 2.6 log10 reduction for GII at WWTP A, see Table 1.1) (Campos et al., 

2016). This pattern of lesser reductions for norovirus in comparison to E. coli 

has also been observed by Flannery et al., 2012. However, it is unknown if this 

remaining norovirus was infectious. In addition to release of treated effluent 

into water courses, CSOs release raw sewage into surface waters during 

stormy weather conditions, as rainwater collects within sewer infrastructure. 

Without CSOs, sewer systems would overflow and flood into homes and 

businesses. However, in the UK, the Environment Agency released a report 

stating that across England in 2020, CSOs had been in operation for over 3 

million hours collectively, which suggests that contamination of the aquatic 

environment with raw sewage happens extensively (Environment Agency, 

2020a). In addition, farm run-off from farms housing animals or crop farms 

using manure-based fertilisers can also contaminate the aquatic environment. 

There are many viruses which are known to contaminate the aquatic 

environment, both within the UK and in other countries. Some examples 

include: norovirus, sapovirus, aichi virus, hepatitis A virus (HAV) and HEV. All 

of these are non-enveloped single stranded RNA viruses and are able to 

withstand environmental conditions, such as exposure to UV light and high 

temperatures, and therefore persist in the environment (aquatic or otherwise) 
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from days to months (Ngazoa et al., 2008; El-Senousy et al., 2014). 

HEV has gained increasing attention in the past decade due to a rapid 

increase in reported cases globally. HEV causes hepatitis (inflammation of the 

liver), however this pathogen is just one infectious agent which can cause this 

condition. Other pathogenic causes include HAV, hepatitis C virus, and 

Klebsiella pneumoniae as examples. HEV typically causes acute hepatitis with 

an incubation period of 2-6 weeks (Kamar et al., 2014) and is considered to be 

the most common cause of acute viral hepatitis in the UK (Dalton et al., 2008), 

as well as worldwide (Wang et al., 2019). There are currently eight classified 

genotypes (G1-8) of HEV (Smith et al., 2020b). G1, G2 and G4 generally 

spread via a waterborne route (faecally contaminated water), but G3 and G4 

(and potentially G7) can also spread via foodborne routes. Chapter 2 provides 

a review of the foodborne transmission of HEV to humans. Only five 

genotypes have so far been found to cause disease in humans (G1-4 and 

G7), with G1-4 causing the most diagnosed human cases worldwide. HEV G1 

and G2 alone were estimated to cause 2 million cases worldwide in 2005 

(World Health Organization, 2019). However, HEV cases are likely to be 

underestimated due to evidence of asymptomatic cases (Guillois et al., 2015; 

Yin et al., 2019). HEV causes a mortality rate of approximately 0.5% - 1% 

within infected people (Peron et al., 2007), but HEV G1 and G2 cause one in 

five mortalities in infected pregnant women (Kumar et al., 2017; Jin et al., 

2016; Kamar et al., 2014), underlining its clinical relevance. It is currently 

unknown if G3 and G4 HEV also cause this increased mortality rate during 

pregnancy. Deaths from HEV normally result from the development of 

fulminant hepatitis (acute liver failure) or from extrahepatic complications of a 

nephrological, haematological or neurological nature (Santos et al., 2013; 

Novel et al., 2017; Mallet et al., 2017). HEV is more dangerous in 

immunocompromised patients, causing chronic hepatitis with potentially fatal 

outcomes (Nijskens et al., 2016). 

In England and Wales, HEV cases have increased since monitoring began in 

2003 (Figure 1.3) (Public Health England, 2019), and the majority of these 

have been identified as autochthonous (originating in the UK) (Ijaz et al., 

2013). This indicates that HEV is endemic in the UK, providing an emerging 

health threat with cases increasing yearly. 
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Figure 1.3 Cases of Hepatitis E from 2003 to 2019 (data from The UK Health 

Security Agency (Public Health England (2019) 

Cases of human Hepatitis E virus between 2003 and 2019 have increased steadily; 
with the only declines seen in in the early 2000s and again in 2017. This could be a 
cyclical pattern but the dip in 2017 is more likely to be representative of the 
introduction of blood screening for HEV at the end of 2016, thereby eliminating the 
possibility of HEV transmission by blood transfusion. 

Another enteric virus, HAV, causes gastrointestinal and hepatic illness, and has 

six genotypes. Genotypes I – III infect humans, and genotypes IV – VI infect 

non-human primates (Wachtman and Mansfield, 2012). HAV is spread via 

faecal-oral routes, like HEV, however, unlike HEV, it is not zoonotic. HAV has 

also been found to spread via foodborne and waterborne routes, through faecal 

contamination (Tallon et al., 2008; Tang et al., 1991). HAV is considered to be 

endemic worldwide, though some countries appear to have a lower endemicity 

than others, with some countries in South America, Africa and Asia generally 

showing higher levels of endemicity (Kroneman et al., 2018). The main 

symptoms are nausea and sickness, jaundice, and fever, similar to HEV. It is a 

self-limiting disease with a case-fatality rate of around 0.1-0.5% (Chen et al., 

2016; Jung et al., 2010), and higher age and underlying health disease are 

known to be risk factors of more severe disease (Chen et al., 2016). HAV was 

once considered the most common form of acute viral hepatitis, although HEV 
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is now considered to be more prevalent (Wang et al., 2019) perhaps due to the 

introduction of HAV vaccines. Regardless, there are still an approximate 1.4 

million infections worldwide, and there were 503 cases in 2019 in England and 

Wales (Lapp and Rochling, 2013; Public Health England, 2021b); however 

cases may be underestimated due to asymptomatic infections which occur 

most commonly within children, and go unreported (Abutaleb and Kottilil, 

2020). 

Sapovirus is an enteric virus within the family Caliciviridae which infects cells 

within the gastrointestinal tract, causing symptoms such as nausea, vomiting 

and diarrhoea. The number of sapovirus cases worldwide yearly is unknown, 

as it is often not classed as a notifiable disease, which is true of the UK. There 

are 19 genogroups of sapoviruses currently classified, with genogroups GI, GII, 

GIV and GV capable of human infection (Oka et al., 2015), and the other 

genogroups infecting other animals, such as pigs (Sunaga et al., 2019). There 

has been no evidence of zoonotic or foodborne transmission of sapoviruses, 

and they are currently considered to spread through waterborne transmission 

(faecally contaminated water) (Kauppinen et al., 2019). The geographical 

distribution of sapovirus is unknown due to lack of data, however outbreaks of 

Sapovirus have occurred previously in countries such as Finland (Kauppinen et 

al., 2017), China (Li et al., 2020a), Japan (Iizuka et al., 2010), and the USA 

(Lee et al., 2012); which suggests a worldwide distribution. Sapovirus has been 

reported to infect children and the elderly more commonly, though infection in 

other age groups is possible (Svraka et al., 2010; Lee et al., 2012). 

Globally, norovirus, also part of the Caliciviridae family, is the single most 

significant cause of gastroenteritis, and was estimated to have caused 213,515 

deaths globally in 2010 alone (Pires et al., 2015). In the UK, from June 2018 to 

June 2019, 6172 norovirus cases were confirmed just in England, with 252 

hospital ward closures as a result of norovirus outbreaks (Public Health 

England, 2021a). However, due to under-reporting of cases and possible 

asymptomatic infection, it is probable that the actual number of norovirus 

infections is higher. Indeed, the European Food Standards Agency (EFSA) 

estimates that there are 3 million cases of norovirus in the UK annually 

(Gherman et al.); and Tam et al., (2012) estimated that only one in 288 

norovirus cases is reported to the UK national surveillance system. Norovirus 
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has ten classified genogroups (GI-GX), containing 48 genotypes; the majority of 

which are within genogroups I and II (Chhabra et al., 2019). GI, GII and GIV 

infect humans, whilst the other genogroups infect animals, and the majority of 

norovirus outbreaks are caused by GI and GII (Bruggink et al., 2017; Gao et al., 

2019). The virus causes nausea, vomiting, diarrhoea and fever within infected 

symptomatic individuals, however it can also be an asymptomatic infection (Qi 

et al., 2018). Norovirus is not reported to be a zoonotic virus, and there are 

currently no known animal reservoirs as a source of infection. Generally, 

norovirus causes outbreaks through faecally contaminated water, person-to- 

person transmission, and food contamination as it is highly infectious. Large 

foodborne outbreaks have frequently occurred where infected food handlers 

have contaminated the foods of patrons. In addition, contaminated water used 

to wash fruits can also lead to outbreaks. Another source of outbreaks is the 

consumption of raw or minimally cooked shellfish which have been 

contaminated with faecal pollution from surface waters. 

Enteric Viruses within Wastewater 

 
As stated previously, enteric viruses are normally shed in the faeces and urine 

of infected individuals. Wastewater can act as a good surveillance target for 

quantifying viral disease burden within a population, as it will include viruses 

shed from both symptomatic and asymptomatic individuals. Indeed, 

surveillance of wastewater for the presence of SARS-CoV-2 has been used 

during the COVID-19 pandemic, and this has also been used to identify 

variants within the population, and document increases in population infections 

as new cases arise, or before new cases become symptomatic (Medema et al., 

2020b). Wastewater surveillance can also give an idea of the potential 

pollutants and pathogens entering water courses, either through release of raw 

sewage from CSOs, or after treatment. 

Norovirus has been detected in wastewater in many countries, for example in 

Spain, GI noroviruses were detected in 32/46 (70%) of influent samples, and 

GII noroviruses were found in 35/46 (76%) (Santiso-Bellón et al., 2020). In 

Japan, norovirus GI and GII were detected year round, in 12/12 (100%) of 

samples (Thongprachum et al., 2018). In the UK, norovirus has been detected 

in wastewater at various stages of treatment, from influent through to tertiary 
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UV treated effluent. Four WWTPs with different treatment practices were 

investigated for their ability to remove E. coli and norovirus by Campos et al., 

2016, the results of which are summarised in Table 1.1. The lack of standard 

treatment practices between WWTPs leads to very variable results. The 

frequent occurrence of norovirus in raw and treated wastewater leads to 

contamination of the aquatic environment, and this surface water 

contamination has been detected in many countries, including Italy, France, 

Japan and the UK (La Rosa et al., 2017b; Sedji et al., 2018; Haramoto et al., 

2005; Wyn-Jones et al., 2011). 

Table 1.1 Summary of Campos et al., 2016 showing the total log reductions of 

E. coli and norovirus after different wastewater treatment practices 

Treatment 
level 

WWTP A WWTP B WWTP C WWTP D 

Preliminary 
treatment 

Screens and 
grit removal 

Screens and 
grit removal 

Screens and 
grit removal 

Screens and 
grit removal 

Primary 
treatment 

Primary 
settlement 

Primary 
settlement 

Primary 
settlement 

Primary 
settlement 

Secondary 
(biological) 
treatment 

Optimised 
activated 
sludge 
(modified 
Ludzack-
Ettinger) 

Trickling 
filters; humus 
tanks 

Trickling 
filters; humus 
tanks 

Trickling 
filters 
(biotower); 
biological-
aerated filters; 
humus tanks 

Tertiary 
treatment 

UV 
disinfection 

UV 
disinfection 

None None 

Log 
Norovirus 
removal  

GI 2.31 log10; 
GII 2.6 log10  

GI ND*; GII 
2.08 log10 

GI 1.8 log10; 
GII 2.4 log10 

GI 1.71 log10; 
GII 1.93 log10 

Log E. coli 
removal 

5.3 log10  4.7 log10  2.1 log10  2.4 log10 

* ND = Not Detected 

In addition, HEV has been detected in wastewater and surface waters in many 

countries. In Germany, HEV was detected in 114/134 (85%) of influent 

samples and 30/88 (34%) of effluent samples from four wastewater treatment 

works (Beyer et al., 2020). In 2020, a systematic study was published which 

identified HEV RNA in 74/1374 (5.4%) influent samples from wastewater 

treatment plants across Italy (Iaconelli et al., 2020). In Scotland, HEV was 

found in 14/15 (93%) of influent samples in Edinburgh (Smith et al., 2016). In 

Portugal, HEV was detected in 21/27 (78%) surface water samples (from a 

river and a dam) and in 24/36 (67%) of drinking water samples (Salvador et 



32 

al., 2020). This study also identified viable HEV from surface water and 

drinking water samples, using cell culture methods (Salvador et al., 2020). 

HEV was also detected in 2/12 (17%) of river samples from the Netherlands 

(Rutjes et al., 2009). These studies, plus several others, indicate a problem 

with wastewater treatment and surface water contamination. However, no UK-

wide systematic study has been performed to assess HEV presence in 

wastewater or surface waters. Chapter 4 describes novel research into the 

presence of HEV and norovirus within influent and effluent from Southern 

England. 

Viruses in the Aquatic Environment 

 
Contamination of the aquatic environment with raw sewage, treated effluent 

and animal waste can lead to contamination of bivalve shellfish that 

bioaccumulate chemicals and pathogens during filter feeding. This leads to an 

inherent human health risk, as most bivalve shellfish are consumed raw or 

minimally cooked. 

Bioaccumulation of pathogenic viruses within shellfish is perhaps best 

demonstrated by the widespread discoveries of norovirus presence in shellfish. 

In Italy, norovirus was detected in 36/253 (14%) of shellfish samples from 

harvesting areas (La Bella et al., 2017), whilst in France 35/387 (9.0%) 

samples of ready to eat shellfish were determined to be positive for norovirus 

(Schaeffer et al., 2013). In contrast, a study in the UK observed that 643/844 

(76%) of shellfish samples from harvesting areas were positive for norovirus 

(Lowther et al., 2012); and a later study then identified 433/630 (68%) of ready 

to eat shellfish samples to be positive for norovirus RNA (Lowther et al., 2018). 

The difference in the levels of norovirus between France and Italy and the UK 

is quite large and indicates a systemic problem in the treatment and release of 

sewage into surface waters in the UK. In addition to the prevalence of 

norovirus in shellfish worldwide, outbreaks have also been conclusively linked 

to shellfish. Bivalves were identified as the source of seven outbreaks 

between 2000 and 2007 (Baert et al., 2009). One study in France identified 

shellfish to be directly implicated in several norovirus outbreaks (Polo et al., 

2016). Another study in Canada identified two outbreaks to be linked to 

shellfish produce, leading to the closure of 12 oyster farms (Meghnath et al., 

2019). Other outbreaks from shellfish have also been reported in Italy, the UK, 
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and the USA (Prato et al., 2004; Smith et al., 2012; Alfano-Sobsey et al., 

2012), amongst other countries. Consumption of shellfish is estimated to 

cause 11,800 norovirus cases a year in the UK (Hassard et al., 2017), 

however, from June 2017 to June 2018, norovirus cases reached 6719 in 

England and Wales (Public Health England, 2018), indicating that many 

norovirus cases go unreported. As such, the number of observed and reported 

cases captured in national surveillance programmes for foodborne pathogens 

is often called the “tip of the iceberg” because the vast majority of infections 

are missed, through a variety of factors (Figure 1.4). 
 

 
Figure 1.4 Factors which can affect the reporting of gastroenteritis cases 

(provided by Craig Baker-Austin) 

 
Gastroenteritis cases are vastly under reported and this figure shows some of the 
factors through which they can be missed by health surveillance systems. A small 
amount of cases in the UK are correctly identified and reported, with the data made 
available, whilst a large proportion of cases may go unreported for a number of 
reasons, including the illness being short or self limiting, because it’s misdiagnosed as 

another illness, because testing of samples to identify the pathogen is not possible or 
too late, or even because the pathogen is not a notifiable agent which requires 
reporting to public health agencies. This leads to under-reporting of case numbers for 
gastrointestinal pathogens, such as norovirus. 

However, though norovirus is the most widely reported human pathogenic virus 
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in shellfish, there are others which have also been detected in shellfish, and 

some which have also caused outbreaks from shellfish consumption. HEV has 

been detected in shellfish in many countries. The countries which have 

detected HEV are summarised in Table 1.2. 

Table 1.2 HEV in shellfish in different countries 

 

Location  Study  Percentage of shellfish 
HEV-positive  

China Gao et al., (2015) 18% (22/126) of 
shellfish samples* 
of various species from 
production areas  

Italy  La Rosa et al., (2018) 2.6% (10/384) of 
shellfish samples* 
of various species from 
production areas  

Japan  Li et al., (2007) 6.3% (2/32) of Yamato- 
Shijimi clam samples*  

Scotland  Crossan et al., (2012) 85% (41/48) of individual 
wild mussels 

 O’Hara et al., (2018) 2.9% (9/310) of retail 
shellfish samples* (mussels 
and oysters) 

Spain Mesquita et al., (2016) 15% (12/81) of 
mussel samples* from a 
production area  

 Rivadulla et al., (2019) 24% (41/164) of mussel, 
clam, and cockle samples* 

 

*It was either stated or assumed that each “sample” was formed by ten or 
more shellfish individuals and is therefore technically a pooled sample. 

 
Though there have been no conclusive outbreaks of HEV from shellfish 

consumption, a retrospective study of a HEV outbreak on a cruise ship (a world 

cruise returning to the UK) identified that the most likely source was shellfish 

consumption (Said et al., 2009). However, the UK has not investigated HEV 

presence in shellfish in a systematic UK-wide study. 

HAV is another virus which has been associated with foodborne outbreaks, not 

only from shellfish but also other foods. Between 2012 and 2018, 12 foodborne 

outbreaks of HAV, causing 2,114 cases, occurred worldwide, and these 

outbreaks were sourced from frozen foods such as berries (Nasheri et al., 

2019). Shellfish (specifically clams) were also involved in a large outbreak of 

HAV in China, which affected around 290,000 people (Tang et al., 1991), and 
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have been reported to have caused other HAV outbreaks subsequently 

(Sánchez et al., 2002). HAV has been detected in shellfish in several 

countries. In France, 10/73 (14%) French mussel samples were identified to 

contain HAV RNA (Le Guyader et al., 2000). In Italy, two recent studies have 

identified HAV in bivalve shellfish samples, with Fusco et al., (2019) identifying 

26/289 (8.9%) contained HAV RNA, and La Rosa et al., (2021) detecting HAV 

in 102/746 (14%). In Spain, 29/68 (43%) cultured mussel samples and 40/92 

(44%) wild shellfish samples (various species) were identified to be HAV 

positive (Manso et al., 2010). HAV has also been detected in shellfish in other 

countries. 

Sapovirus has also been detected in shellfish in multiple countries and has 

caused several outbreaks associated with shellfish consumption in Japan. One 

outbreak of gastroenteritis in Japan was linked to noroviruses and sapoviruses 

within clams, where a sequence similarity of 99 – 100% was observed 

between sapoviruses isolated from clam packaging liquid and stool samples of 

people who had consumed the clams (Iizuka et al., 2010). Sapovirus RNA has 

been detected in shellfish in Italy, where 54/289 (19%) shellfish samples were 

sapovirus positive (Fusco et al., 2019). It has also been detected in the 

packaging of Japanese clams, specifically in 4/57 (7.0%) packages (Hansman 

et al., 2007). Spanish shellfish have also been shown to be contaminated, with 

detection in 30/80 (38%) mussel samples from Galicia (Varela et al., 2016a); 

as well as 30/168 (18%) of a range of shellfish species from Galicia (Varela et 

al., 2016b). Sapovirus RNA has also been detected within surface waters in 

Spain (Sano et al., 2011). The presence of sapovirus in shellfish and surface 

waters indicates a possible emerging or underestimated threat. 

Whilst it is important to investigate the presence of enteric viruses in the 

aquatic environment for the sake of human health, little consideration is made 

for how human faecal pollution may affect aquatic life. In Cuba, a study of 

captive dolphins (Tursiops truncatus) identified clinical HEV infections, and 

these were sequenced as G3 HEV, being most similar to sequences from 

humans in Germany and the Netherlands. The results were identified through 

qRT-PCR, serology and sequencing techniques (Villalba et al., 2017). It was 

theorised that perhaps the dolphins had contracted HEV infections from their 

food sources, and this study opens up the possibility that human viruses, shed 
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faecally, could potentially have harmful effects for aquatic life. 

Despite the global emergence of these viruses and the ability for them to 

potentially cause foodborne human outbreaks and illness in marine mammals, 

investigations into their presence in UK shellfish have been limited to studies 

focussing solely on norovirus, and no UK-wide systematic studies have been 

performed to assess HEV, HAV or Sapovirus presence in shellfish. In addition, 

no studies have investigated whether wild marine mammals may be infected 

by HEV. Chapter 5 investigates the presence of norovirus, sapovirus, HAV 

and HEV in shellfish from England and Scotland to provide an assessment of 

the presence of these enteric viruses in shellfish. Chapter 5 also investigates 

the presence of HEV in seal and cetacean liver samples donated by the 

Cetacean Strandings Investigation Program, which collects and performs 

post-mortem examinations on beached cetaceans and seals to identify the 

causes of their deaths and the causes of mass stranding events. 

Sources of Viral Contamination 

 
There are many sources of faecal contamination of the aquatic environment. 

Norovirus, Sapovirus and HAV, which can cause outbreaks from consumption 

of shellfish, originate purely from human faecal pollution as the genotypes or 

genogroups which infect humans are not zoonotic. However, assessing where 

in the world strains of these viruses have originated from can enable the 

tracking of pandemic strains and new variants, and this technology has been 

used most recently in tracking new variants of SARS-CoV-2 (Tyson et al., 

2020). However, HEV is an established zoonotic pathogen. The most common 

genotype of HEV in the UK is G3 (Ijaz et al., 2013), and the main host reservoir 

for this genotype is swine. HEV G3 is thought to spread mostly through a 

foodborne route of transmission, by consuming raw or undercooked pork 

products. Indeed, outbreaks of HEV have been directly linked to consumption of 

pork products (Rivero‐Juarez et al., 2017; Guillois et al., 2015). One study in 

the UK assessed the seroprevalence of HEV antibodies in swine at slaughter, 

and found that 584/629 (93%) of blood samples were seroprevalent (Grierson 

et al., 2015). They also found that 129 animals (21%) had current HEV 

infection at slaughter, defined by detection of HEV RNA in either blood or 

faecal samples. However, other animals are also capable of carrying the virus, 
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including deer, goats, cattle and rabbits (Kenney, 2019), and these animals 

may also act as foodborne transmission routes for the virus. 

With such a significant number of enteric virus cases and deaths annually, 

research must be done to better understand the pathogens which cause these 

illnesses. The aquatic environment has been identified as an important 

reservoir for enteric viruses, and as an indirect transmission route for some 

viruses to humans. Subsequently, research is needed to identify the sources of 

viral contamination, to better prevent human illness. Critically, the sources of 

contamination of the aquatic environment are numerous and can vary in both 

space and time. Human faecal pollution containing viruses can contaminate the 

aquatic environment when released as treated effluent, or when released as 

raw sewage during storm overflow events. In addition, where some viruses 

(such as HEV) are zoonotic, animal farm run off containing animal waste could 

also be a source of viral contamination. Wild animals which defecate near or in 

water sources could also contaminate surface waters, as could manure based 

fertiliser run-off from farms used for crop production. To identify the sources of 

contamination, sequencing can be utilised to compare sample sequences from 

various environmental and clinical sources. Traditionally, sequencing of virus 

genomes from food and environmental samples has been difficult due to factors 

such as low viral abundance of target sequences and RNA degradation. Whole 

genome sequencing (WGS) is especially difficult from such samples. However, 

in recent years, the development of whole genome amplicon sequencing (also 

known as tiling) has become a technique used not only for low levels of Zika 

virus in clinical samples such as plasma and urine (Quick et al., 2017), but also 

has become widely used during the COVID-19 pandemic for WGS of SARS- 

CoV-2 by the Artic Network, which is a part of the COVID-19 Genomics UK 

Consortium (COG-UK) (Tyson et al., 2020). 

Where whole genome data is not expected to be possible to obtain, next 

generation amplicon sequencing is becoming recognised as a useful tool. Next 

generation sequencing (NGS) can not only be more economical than 

traditional Sanger sequencing, but it can also be useful for obtaining more 

sequencing data. NGS can be used to sequence whole genomes within 

relatively short periods of time, or for sequencing of amplicons from many 

samples at once. 
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Two of the most used NGS sequencing technologies in the UK are Oxford 

Nanopore Technologies (ONT) and Illumina. Whilst the Illumina platform 

boasts high accuracy, it is only capable of short read lengths, and so 

genomes have to be fragmented prior to sequencing, and it is also expensive 

(Petersen et al., 2019). In comparison, the ONT platform provides sequencing 

data with lower accuracy, but has the capability of sequencing a whole 

genome from a single DNA molecule (Batista et al., 2020), and the potential 

for surveillance in resource-limited settings due to its portability (Petersen et 

al., 2019). It can also be established rapidly to monitor outbreaks, and this 

has been the case for sequencing of SARS-CoV-2 during the COVID-19 

pandemic, being used frequently by COG-UK (Tyson et al., 2020). It may also 

be the better platform for picking up sequences of lower abundance within 

samples (Petersen et al., 2019). 

NGS amplicon sequencing has been used for sequencing of Ilarviruses from 

trees in Australia (Kinoti et al., 2017), and on the Illumina platform for the 

sequencing of HEV from wastewater (Iaconelli et al., 2020). However, to our 

knowledge, ONT amplicon sequencing of HEV and norovirus has not been 

attempted on wastewater and shellfish samples previously, and this may be 

beneficial for resource limited settings, as well as in outbreak situations. This 

technique could allow an assessment of the main sources of faecal pollution of 

the aquatic environment (source apportionment) which may be critical to enable 

policies to be introduced to prevent this contamination. It may also provide a 

more robust framework on which to assess whether the aquatic environment is 

directly involved in the transmission of HEV back to humans, perhaps through 

consumption of shellfish or through recreational water activities. Such 

approaches can also provide knowledge on the origins of HEV RNA within 

marine mammals. Therefore, Chapter 6 used NGS in order to trace the 

sources of HEV and norovirus contamination, using a metabarcoding amplicon 

sequencing approach on the ONT MinION platform. 
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Assessment of the Risks to Human Health by Viruses in the Aquatic 

Environment 

Many studies worldwide have investigated the presence of enteric viruses 

within sewage and surface waters. For example, Beyer et al., (2020) identified 

HEV in 114/134 (85%) sewage samples, and in 48/161 (30%) of river water 

samples from Germany. In the Netherlands, 10/10 (100%) treated and 

untreated sewage samples and 8/8 (100%) river water samples contained 

enterovirus, norovirus, reovirus and rotavirus RNA (Lodder and de Roda 

Husman, 2005). Some studies have also attempted to provide an estimate of 

the risk to human health by contamination of the aquatic environment with 

faecally derived pathogens. Prüss, (1998) reviewed 22 studies to identify that 

the relative risk between swimming in polluted vs clean water was often 

significant. In addition, Leonard et al., (2018) found that there is a higher 

chance of contracting gastrointestinal illnesses in persons who undertake 

recreational water activities (odds ratio 1.29). However, Arnold et al., (2013) 

identified that there was no association between bacterial indicators of water 

quality and increased risk of illness, and with the identification that bacterial 

faecal indicators are not always adequate indicators of virus presence in 

sewage (Kitajima et al., 2014), water (Gibson et al., 2011), and bivalve shellfish 

(Sharp et al., 2021), this suggests that microbial risk assessments which focus 

on bacteria only may be underestimating the risk which viruses may pose to 

human health from recreational water activities, especially as many of the 

symptoms of gastrointestinal illness reported suggest viruses as possible 

causes. Risk assessments which have focussed on viruses within recreational 

waters have often identified an increased risk to human health from 

recreational water activities, with Vergara et al., (2016) identifying the probable 

risk of illness from norovirus and Bortagaray et al., (2020) identifying the daily 

risk of infection from rotaviruses in recreational waters. 

In the UK, Leonard et al., (2015) conducted a review in order to calculate the 

volumes of water ingested during water related activities, and by extension, 

calculate the amount of antibiotic resistant Escherichia coli ingested. No 

studies, as far as we are aware, have yet investigated the risk of illness from 

aquatic environment contamination of HEV, using quantitative data. Using risk 

assessments which have investigated the infectious dose response of 
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norovirus in human challenge and outbreak settings (Teunis et al., 2008b; 

Thebault et al., 2013), we aimed to assess the risks of aquatic environment 

contamination from norovirus and HEV. Chapter 7 uses data derived from 

previous chapters, and formulae from published papers to calculate the likely 

levels of virus particles ingested during recreational water activities, and the 

likelihood of contracting illness from these activities, and the consumption of 

shellfish. 

This PhD has examined whether the enteric viruses mentioned are present in 

the aquatic environment in the UK, and if so, looked to identify their sources 

and whether they may have wider impacts on marine mammals. It also aimed 

to assess the risk that contamination of the aquatic environment may have for 

causing human illness. 
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Chapter 2 

The Foodborne Transmission of Hepatitis E Virus to Humans 

Abstract 

Globally, Hepatitis E virus (HEV) causes over 20 million cases worldwide. HEV 

is an emerging and endemic pathogen within economically developed countries, 

chiefly resulting from infections with genotype 3 (G3) HEV. G3 HEV is known to 

be a zoonotic pathogen, with a broad host range. The primary source of HEV 

within more economically developed countries is considered to be pigs, and 

consumption of pork products is a significant risk factor and known transmission 

route for the virus to humans.  However, other foods have also been implicated 

in the transmission of HEV to humans. This review consolidates the information 

available regarding transmission of HEV and looks to identify gaps where 

further research is required to better understand how HEV is transmitted to 

humans through food. 

Introduction 

 
Globally, hepatitis E virus (HEV), of the family Hepeviridae, is considered the 

most common cause of acute viral hepatitis. There were an estimated 20 million 

infections worldwide annually in 2005 from genotype 1 (G1) and 2 (G2) HEV 

combined (Rein et al., 2012), and 44,000 recorded fatalities due to the virus in 

2015 (World Health Organization, 2019). Generally, HEV causes an acute, self- 

limiting infection which resolves within a few weeks; however, in some persons 

(such as the immunocompromised) it can cause chronic infections, fulminant 

hepatitis (acute liver failure) and extrahepatic manifestations (infections in other 

organs), which can be fatal. Table 2.1 shows a summary of the pattern of 

infection of the different HEV genotypes, demonstrating the variable clinical 

manifestations and factors such as average age of infection and gender, where 

these are known. There is limited data to be able to estimate the number of 

infections worldwide, but with a high level of asymptomatic infections seen in 

numerous outbreaks it is probable that more infections occur worldwide than 

estimated in 2005 (Guillois et al., 2015; Yin et al., 2019); especially considering 

that this estimate was made only considering G1 and G2. 
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Table 2.1 Pattern of infection for the different genotypes of HEV, adapted from (Centers for Disease Control and Prevention, 2020) 
 

Genotype Transmission 
in humans? 

Transmission 
Routes 

Geographical 
distribution 
pattern 

Extrahepatic manifestations Age groups 
at higher 
risk 

Sex more 
commonly 
affected 

Lethality 

1 Yes Faecal-oral; 
Waterborne; Blood 
transfusion; Organ 
donation 

Economically 
developed and 
developing 
countries 

Pancreatic Differs by 
country [a,b]

 

Differs by 
country [a,b]

 

0.5-1%[c]; 
20% in 
pregnant 
women [d,e,f] 

2 Yes Faecal-oral; 
Waterborne; Blood 
transfusion; Organ 
donation 

Economically 
developing 
countries 

Unknown Young 
adults 

Unknown 0.5-1%[c]
 

3 Yes Foodborne; Blood 
transfusion; Organ 
donation 

Economically 
developed and 
developing 
countries 

Chronic infections in 
immunocompromised patients. 
Neurological, haematological, 
immunological, and renal 
manifestations[g]

 

Older adults 
(>40 years) 

Males 0.5-1%[c]
 

4 Yes Foodborne; Blood 
transfusion; Organ 
donation 

Economically 
developed and 
developing 
countries 

Unknown Young 
adults 

Possibly 
males 
(limited 
data)[h]

 

0.5-1%[c]
 

5 No Faecal-oral Unknown Unknown Unknown Unknown Unknown 

6 No Faecal-oral Unknown Unknown Unknown Unknown Unknown 

7 Yes Foodborne; Faecal- 
oral; Blood 
transfusion? 

Unknown Unknown Unknown Unknown Unknown 

8 No Faecal-oral Unknown Unknown Unknown Unknown Unknown 
[a]Pathak and Barde, (2017), [b]Spina et al., (2017), [c]Peron et al., (2007), [d]Kumar et al., (2017), [e]Jin et al., (2016), [f]Kamar et al., (2014), 
[g]Horvatits et al., (2019), [h]Mizuo et al., (2005) 
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HEV was once thought only to be endemic to certain economically developing 

countries within Asia and Africa, but research over the past decade has 

highlighted the emergence of HEV within higher income countries. The virus 

spreads through a faecal oral route, making it easily transmissible through 

faecally contaminated water. Indeed, this is thought to be the main transmission 

route within China, where G1 and genotype 4 (G4) HEV are dominant (Wang et 

al., 2001). However, it is also possible for the virus to be transmitted through 

foodstuffs such as pork, due to the ability for some HEV genotypes to infect 

non-human animals. Currently, the virus is classified into eight genotypes, with 

G1-4 and genotype 7 (G7) capable of infecting humans. There is, however, a 

diverse host range for the different genotypes, with G1 and G2 generally only 

infecting humans and non-human primates, but genotypes 3-8 infecting many 

other animals, such as pigs, deer, camels, rabbits, and dolphins. A summary of 

the different host species of HEV was published recently (Kenney, 2019), and is 

summarised briefly in Table 2.2. Genotype 3 (G3) HEV has been found to be 

the most geographically diverse of the viruses thus far (Pérez-Gracia et al., 

2015), and is the genotype which has emerged in the past two decades in many 

developed countries. The geographical distribution of genotypes 1-4 can be 

seen in Figure 2.1. 
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Table 2.2 Summary of HEV host species by genotype adapted from Kenney, 

2019 
 

Genotype Hosts identified 

(common names) 

Species infected 

1 Humans, 

Chimpanzees, 

Monkeys, Horses 

Homo sapiens, Pan troglodytes, Chlorocebus sabaeus*, 

Chlorocebus pygerythrus*, Erythrocebus patas*, Macaca 

mulatta, Macaca radiata, Macaca fascicularis, 

Semnopithecus entellus, Aotus trivirgatus*, Saguinus 

mystax mystax*, Saimiri sciureus*, Equus caballus ferus 

2 Humans, Monkeys Homo sapiens, Chlorocebus pygerythrus*, Erythrocebus 

patas*, Macaca mulatta, Macaca fascicularis, Aotus 

trivirgatus*, Saguinus mystax mystax*, Saimiri sciureus* 

3 Humans, Monkeys, 

Hares and Rabbits, 

Rats, Minks, 

Mongooses, Pigs, 

Goats and Sheep, 

Deer, Dolphins, 

Horses, Vultures 

Homo sapiens, Erythrocebus patas, Macaca mulatta, 

Macaca fascicularis, Macaca fuscata, Lepus europaeus, 

Oryctolagus cuniculus domesticus, Rattus norvegicus, 

Neovison vison, Herpestes javanicus, Sus scrofa, Sus 

scrofa domestica, Capra hircus aegagrus, Ovis aries 

orientalis, Cervus elaphus, Cervus nippon, Capreolus, 

Tursiops truncatus, Equus africanus, Equus caballus ferus, 

Gyps himalayensis 

4 Humans, Monkeys, 

Gerbils, Dogs, 

Bears, Leopards, 

Pigs, Cows, Goats, 

Deer, Cranes, 

Pheasants 

Homo sapiens, Macaca fascicularis, Macaca mulatta, 

Meriones unguiculatus*, Canis lupus familiaris, Ursus 

thibetanus, Neofelis nebulosa, Sus scrofa, Sus scrofa 

domesticus, Bos taurus primigenuis, Bos grunniens, Capra 

hircus aegagrus, Ovis aries orientalis, Cervus nippon, 

Elaphodus cephalophus, Muntiacus reevesi, Balearica 

regulorum, Lophura nycthemera 

5 Monkeys, Pigs Macaca fascicularis, Sus scrofa 

6 Pigs Sus scrofa 

7 Humans, Camels Homo sapiens, Camelus dromedarius, 

8 Camels Camelus bactrianus 

*Infections instigated through experimental conditions 
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Figure 2.1 The geographical distribution of HEV genotypes 1-4 

 
This figure shows the genotypes of HEV which are endemic to each country, where enough 

data was available. For graphs which are compatible with the conditions protanopia, 

deuteranopia and achromatopsia please see supplementary data 2.1 and 

2.2. Maps created in ArcMap using the World Countries (generalized) layer package by 

esri_dm and visualised in GIMP. 
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G3 HEV is thought to be spread primarily through the consumption of 

undercooked pork products from infected pigs, however it is unknown if all 

transmission routes to humans have been identified. The current theories and 

known routes of transmission can be seen in Figure 2.2. This review will 

discuss theoretical routes of HEV transmission to humans through foodstuffs 

and identify areas which require further research for better understanding of 

the virus. 

 

 

Figure 2.2 Theoretical and confirmed transmission routes of HEV 

 

The figure shows confirmed and theoretical routes of HEV transmission to humans. The 
theoretical routes of transmission include HEV infections contracted from the consumption of 
shellfish, sheep, and cows, as well as crops and drinking water, as no confirmed outbreaks 
from these sources have yet been identified. Illustration created using Adobe Illustrator and 
edited using GIMP. 

 

HEV in Pigs and Pork Products 

Over the past two decades, evidence has accumulated implicating pigs and other 

animals in the zoonotic transmission of G3 HEV to humans (Tei et al., 2003; Guillois 

et al., 2015; Lhomme et al., 2013; Rivero‐Juarez et al., 2017). In 1998 it was shown 

that a HEV strain isolated from an acute HEV patient in the USA was capable of 
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infecting pigs, and that a genetically similar strain isolated from pigs was capable of 

infecting non-human primates; suggesting a significant possibility that pigs could act 

as a zoonotic source of HEV (Meng et al., 1998). Since this study, many countries 

have noted the emergence of HEV cases. At this stage, it was thought that HEV was 

only endemic in developing countries; (such as those in Asia, Africa, and central 

America) and that HEV cases in non-endemic areas were obtained through travel. 

However, studies such as those by Dalton et al., (2007) and Fraga et al., (2017) 

identified that indigenous cases of HEV were occurring in economically developed 

countries such as the UK and Switzerland. It is now widely accepted that pigs are a 

zoonotic source of HEV transmission to humans and may be at least partially 

responsible for increasing cases worldwide annually, though increased detection and 

awareness of HEV may also play a small role in the observed increase in cases. 

Outbreaks of HEV have directly been linked to pork product consumption, including 

an outbreak in Spain linked to consumption of wild boar (Rivero‐Juarez et al., 2017), 

and another outbreak associated with consumption of a spit-roasted piglet in France 

(Guillois et al., 2015).Consumption of pork products is now considered a significant 

risk factor for developing HEV infection, which is concerning considering the 

seroprevalence levels in European pigs (Said et al., 2014; Slot et al., 2017). Table 

2.3 shows a non-exhaustive list of countries that have detected anti-HEV antibodies 

in pigs, and HEV RNA in pork products. 
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Table 2.3 A list of the seroprevalence levels of anti-HEV antibodies in pigs and 

the percentage of pork products found to be HEV-positive by RT-PCR in those 

locations 

Location Pig sample population 

anti-HEV antibody 

seroprevalence 

Percentage of tested 

foodstuffs HEV-

positive by RT-PCR 

Brazil 63.6%  of 357 pigs (Vitral 

et al., 2005) 

1.7% of 118 

slaughterhouse livers 

(Gardinali et al., 2012)  

Canada  59.4% of 998 pigs (Yoo 

et al., 2001) 

8.8% of 283 livers, 1.0% 

of 599 pork chops 

(Wilhelm et al., 2014) 

47.0% of 76 pork pâtés 

and 10.5% of 19 retail 

raw pork livers 

(Mykytczuk et al., 2017) 

France 31.0% of 6565 pigs 

(Rose et al., 2011); 60% 

of 1034 pigs (Feurer et 

al., 2018) 

4.0% of 3715 

slaughterhouse livers 

(Rose et al., 2011)  

2.8% of 1034 

slaughterhouse livers 

(Feurer et al., 2018)  

30.0% of 140 figatelli 

and fitone, 29.0% of 169 

liver sausages, 25.0% of 

55 quenelles or quenelle 

paste, 3.0% of 30 dried 

salted livers (Pavio et al., 

2014) 

58.3% of 12 raw liver 

sausage (Colson et al., 

2010) 

Germany 49.8% of 1072 pigs 

(Baechlein et al., 2010)  

4.0% of 200 retail livers 

(Wenzel et al., 2011) 
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20.0% of 70 raw 

sausages and 22.0% of 

50 liver sausages 

(Szabo et al., 2015) 

Italy 45.1% of 2700 pigs 

(Mughini-Gras et al., 

2017)  

20.8% of 48 

slaughterhouse livers (Di 

Bartolo et al., 2011)  

6.0% of 33 

slaughterhouse livers (Di 

Bartolo et al., 2012) 

13.3% of 15 fresh liver 

sausages, 7.1% of 14 

dried liver sausages (Di 

Bartolo et al., 2015a) 

Japan 57.9% of 2500 pigs 

(Takahashi et al., 2003) 

1.9% of 363 retail livers 

(Yazaki et al., 2003) 

Netherlands 89.0% of 417 organic 

pigs, 72% of 265 

conventionally farmed 

pigs, 76% of 164 free 

range pigs (Rutjes et al., 

2014) 

6.5% of 62 commercial 

pork livers (Bouwknegt 

et al., 2007) 

12.7% of 79 livers, 

70.7% of 99 liver 

sausages, 68.9% of 90 

liver pâté samples 

(Boxman et al., 2019) 

Spain 20.4% of 1441 pigs (de 

Oya et al., 2011) 

6.0% of 93 sausages, 

3.0% of 39 

slaughterhouse livers (Di 

Bartolo et al., 2012) 

Switzerland 62.3% of 1001 pigs in 

2006, 53.8% of 999 pigs 

in 2011 (Burri et al., 

2014) 

1.3% of 160 

slaughterhouse livers 

(Müller et al., 2017) 

11.8% of 102 raw liver 

sausages (Giannini et 

al., 2017) 
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11.7% of 90 pork liver 

and raw meat sausages 

(Moor et al., 2018) 

UK 92.8% of 629 pigs, with 

20.5% viraemic at 

slaughter (Grierson et 

al., 2015) 

10.0% of 63 sausages, 

3.0% of 40 

slaughterhouse livers 

(Berto et al., 2012) 

USA 21.9% of 182 pigs 

(Owolodun et al., 2013) 

11.0% of 127 retail liver 

(Feagins et al., 2007) 

 

Considering Table 2.3, it is possible that the HEV prevalence in pork sausages 

may be over- or under-estimated by the fact that the sample sizes for some of 

these studies are relatively small. It is also important to note that different 

methods have been used between studies, some of which have been shown to 

be less sensitive for detecting HEV than others. Interestingly, the 

seroprevalence of HEV in pigs is significantly higher than the prevalence of 

HEV RNA in pork products in most cases; this discrepancy is expected as not 

all pigs would be viraemic at slaughter. 

It has been found that HEV generally infects swine asymptomatically at an early 

point in their life (prior to 6 months of age (de Oya et al., 2011)), and that 

because of this, many pigs are seropositive at the time of slaughter (Grierson et 

al., 2015; Rose et al., 2011; de Oya et al., 2011). The slaughter age of pigs is 

normally slightly before one year of age. The transmission between pigs is 

suspected to be through a faecal-oral route and this is likely to be due to the 

high shedding that is seen in pig faeces and urine (Bouwknegt et al., 2009; 

Halbur et al., 2001). Infection with HEV early in life means that there is a lower 

chance of the pigs being viraemic at slaughter, and they are therefore less likely 

to be capable of HEV transmission to humans through the pork food chain. 

However, whether HEV causes life-long immunity in swine after recovery has 

been open to debate. In rhesus macaques and humans, the anti-HEV IgG 

antibodies (characteristic of long term immunity) wane over a variable number 

of years until they are undetectable, and the period for which individuals may be 

IgG-positive for varies (Arankalle et al., 1999; Lee et al., 1994). This may not be 

an issue in pigs as they are normally slaughtered before a year of age, so early 

life infections would likely allow immunity against subsequent HEV challenge 
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over their lifetime. However, it has been shown that animals can be re-infected 

by different HEV strains (De Deus et al., 2008), and whether or not one strain 

can confer protective immunity to all other HEV strains has also been 

contested. It has been shown that after infection with one strain of G3 HEV, 

pigs developed some protective immunity against other strains within the same 

genotype, and also within G4 (Sanford et al., 2011). However, in rhesus                

monkeys, it was shown that infection with one strain from a genotype could not 

confer protective immunity to a strain in a different genotype upon subsequent 

challenge; and that in some cases, infection with a different strain from the 

same genotype could also not confer protective immunity (Huang et al., 2008). 

If there is genetic or environmental variation in host development of immunity to 

HEV, and some strains of HEV may not provide protection against others, then 

farms with multiple circulating HEV strains could be more likely to have viraemic 

pigs at the time of slaughter. This would therefore mean that there could be a 

higher likelihood of contracting HEV from undercooked pork products or food 

products containing raw pig components from these sources. 

It has been reported that 21% of pigs in the UK tested positive for HEV RNA at 

the time of slaughter (Grierson et al., 2015), and that in the USA 6.3% of pigs 

from slaughterhouses were HEV RNA positive (Sooryanarain et al., 2020). As 

such it is probable that the consumption of raw and undercooked pork products 

is acting as a transmission route of HEV to humans. 

Table 2.4 summarises studies that have investigated the thermal inactivation of 

HEV in non-food matrix samples. Inactivation condition combinations found 

sufficient to inactivate virus in these studies are shown in Figure 2.3. Results 

vary between the different studies, and several factors make comparison 

difficult. The studies use a variety of different units or expressions of 

reduction/inactivation. In the study by Huang et al., (1999) a temperature of 

56°C for 30 minutes was reported to completely inactivate the virus; however 

the virus was only left to grow for a relatively short period of time (72 hours). 

However, it was shown that HEV was still viable following similar heat 

treatments in cell culture studies with longer growth periods (Emerson et al., 

2005; Tanaka et al., 2007). Schielke et al., (2011) used RNase treatment in an 

attempt to remove viral RNA that had broken from the capsid after heat 

treatment, assuming this would remove RNA from non-viable virus. However, it 
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is unknown if any RNA from viable virus could have been lost during this 

treatment, and the standard deviations seen within the results were relatively 

large. Without a cell culture component, it is not possible to say with 100% 

certainty that remaining detected RNA was from viable virus. In addition to 

these limitations, it is known that HEV is difficult to culture effectively in vitro, 

often requiring large titres of virus to begin the culture, and therefore it is 

possible that the inactivation requirements for HEV have been underestimated 

as treatments sufficient to eliminate infectivity in vitro may not completely 

eliminate in vivo infectivity. Some researchers have investigated different cell 

lines and strains of HEV which appear to be more efficiently cultured in vitro 

due to insertions within the HEV genome, however culturing these strains still 

requires large titres of virus to begin the culturing process (106 copies/ml) 

(Johne et al., 2014; Schemmerer et al., 2016). 
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Table 2.4 A summary of studies investigating thermal inactivation treatments for 

HEV in non-food matrix samples 

 

Study Cell culture Genotype Heat treatment  Growth Inactivation/ 

 or  Temperature Time period Reduction 

 molecular 

detection? 

 (°C) (mins)   

Emerson 

et al., 

Cell culture, 

HepG2/C3A 

1 (strain 

Akluj1) 

56 60 5-6 days >80% 

reduction 

(2005) cells 1 (strain 

SAR552) 

56 60 5-6 days ~50% 

reduction 

  2 (strain 

Mex143) 

60 60 5-6 days 96% reduction 

Huang et Cell culture, 3 (strains 56 30 72 hours <1.0 

al., (1999) A549 cells G93-1*, G93-    (TCID50/0.025 

  2*, G93-3*,    ml) 

  G93-4*)     

Johne et 

al., (2016) 

Cell culture, 

A549/D3 

3 (strain 

47832c6) 

55 1 35 days ~1 log 

reduction in 

 cells     focus forming 

      units 

   70 2  “no infectious 

      virus” 

Schielke 

et al., 

Molecular 

detection 

3 (strain 

wbGER275) 

56 15 N/A 74.07% 

reduction 

(2011)  3 (strain 

wbGER275) 

56 60 N/A 99.90% 

reduction 

Tanaka et 

al., (2007) 

Cell culture, 

PLC/PRF/5 

3 (strain 

JE03-1760F4) 

70 10 35 days “no infectious 

virus” 

 cells      

  3 (strain 

JE03-1760F4) 

56 30 50 days “still infectious” 

*Accession numbers unknown; 1AF107909; 2M80581.1; 3KX578717.1; 

4AB437319.1; 5FJ705359.1; 6KC618403.1 
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Figure 2.3 A summary of the reported thermal inactivation requirements for 

HEV from different studies 

This graph summarises the observed HEV inactivation requirements for five different 

studies investigating the effect of heat treatment over time on HEV viability, with the 

highest reported inactivation requirements being 70°C for 10 minutes, and the lowest 

being 56°C for 30 minutes. Graph created in R studio. 

It is possible that interactions of HEV with organic molecules in food matrices 

may cause the thermal inactivation temperature to be higher. Some studies 

have investigated the thermal inactivation of HEV within food stuffs, such as 

liver and pork sausage (summarised in Table 2.5). These studies have all taken 

different approaches to heat inactivation of the virus and the food types used, 

and therefore it is difficult to compare the results and form a definitive answer 

for the heat treatment required to inactivate the virus within foodstuffs. Feagins 

et al., (2007) identified that boiling or stir-frying infected pig liver to an internal 

temperature of 71°C for 5 minutes could prevent infection when the liver was 

then fed to pigs. However, though the pigs were not infected by this oral dose, it 

is known that pigs commonly require a high dose of HEV to become infected 

through the faecal-oral route (Kasorndorkbua et al., 2004), of approximately 106 

genome copies (Andraud et al., 2013), and therefore it is possible that lower 

doses of active virus were still present in these food stuffs. The oral infectious 

dose for humans is unknown. Intravenous inoculation of pigs with the cooked 



 

65 

foodstuffs as carried out by Barnaud et al., (2012) is likely to have provided a 

more accurate estimate of whether viable virus still existed, especially as 

intravenous inoculation of pigs has been reported to require much lower HEV 

doses to cause infection (Dähnert et al., 2018). Imagawa et al., (2018) reported 

similar inactivation requirements to Feagins et al., (2007). However, the limit of 

detection for the cell culture system was 104 – 105 genome copies, and 

therefore, as with the previous study, viable virus remaining in the minced pork 

may not have been detected in the cell culture system. In addition, the different 

food preparations between the studies may have influenced viral stability, as 

could the different strains of G3 HEV used. The initial viral titre used could also 

have influenced the results and explain why a longer treatment time was 

needed in some studies. 
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Table 2.5 A summary of studies investigating thermal inactivation treatments for 

HEV in foodstuffs 

 
 

Study Food stuff Cooking 

method 

Temperature 

(°C) 

Time 

(mins) 

Measurement 

of 

HEV 

inactivated? 

     inactivation  

Barnaud Pâté Water bath 62 5 Intravenous No 

et al., preparation   20 administration No 

(2012) (spiked with   120 to pigs No 

 108 HEV  68 5  
 

 

No 

 genome   10  No 

 copies)   
 

 

20 
 

 
 

No 

   71 5  No 

    10  No 

    20  Yes 

Feagins et Pig liver Incubation 56 60 Oral No 

al., (2008) (naturally Boiling ≥71 (internal) 5 administration Yes 

 infected) Stir fry ≥71 (internal) 5 to pigs Yes 

Imagawa Minced Boiling or 63 1 Cell culture No 

et al., meat roasting  5  No 

(2018) (spiked with   30  Yes 

 1010 HEV  65 1  
 

 

No 

 genome   5  Yes 

 copies)  70 1  
 

 

No 

    5  Yes 
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Further research is clearly required to investigate HEV inactivation within foods. 

This may require a more efficient cell culturing method and an assessment of 

different foods, cooking methods and HEV strains. However, taking the results 

of studies conducted in non-food and food (pork product) samples together, a 

conservative measure would be to cook pork products for longer than 20 

minutes at temperatures higher than 72°C. 

In addition to the potential for HEV to survive some cooking processes, raw 

pork products are used in some consumables. Raw blood products are 

commonly used in ready-cooked foods such as processed ham (fibrinogen) and 

other blood proteins are used as food additives such as emulsifiers. Spray-dried 

plasma powder (SDPP) is also used in domestic and farm animal foods but this 

has some heat processing prior to use. SDPP is commonly fed to weaned 

piglets; although a previous study reported no transmission of HEV in pigs fed 

spray dried plasma products that were positive for HEV RNA (Pujols et al., 

2014), and therefore the heating of spray dried plasma may be sufficient to 

inactivate the virus present. However, as other porcine products are not 

subjected to heat processes before they are used, they could constitute a 

transmission risk to humans through use in food. A study conducted in 2017 

found that of 36 liquid porcine products derived from blood, 33 were positive for 

HEV RNA, and seven of 24 spray dried plasma products were also positive for 

HEV RNA (Boxman et al., 2017). This is especially significant when blood 

products from multiple animals are commonly pooled together, meaning that 

products from one viraemic animal could contaminate a batch and lead to 

widespread HEV transmission through many different food products. 

Pork product consumption has been considered to be a major risk factor in the 

development of HEV due to the connection to foodborne outbreaks and the fact 

that HEV in pork products can reach high levels (e.g. 7x104 genome copies/g in 

liver pâté in the Netherlands, (Boxman et al., 2019)). However, pigs are not the 

only animals consumed which can act as reservoirs for the virus. 

 
 

HEV in other Land Animals and Animal Products 

In addition to pigs, deer have been reported to be infected with HEV in many 

different countries (summarised in Table 2.6). It is important to identify the 
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transmission risk that deer may have to humans, as HEV outbreaks have been 

directly linked to the consumption of raw deer meat. For example, in Japan, 

multiple people who had consumed raw Sika deer meat contracted HEV 6-7 

weeks later (typical of the HEV incubation period), with the HEV sequence 

confirmed as 100% identical between the meat and infected patients (Tei et al., 

2003). With the presence of HEV in deer being so variable between studies 

(perhaps due to study limitations such as sample size), further research is 

required to identify the level of active HEV infection within deer populations 

through larger prevalence studies. However, with the number of countries that 

have detected HEV in deer, and the occurrence of foodborne outbreaks from 

deer meat, deer could be acting as another reservoir for HEV. 
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Table 2.6 Summary of studies investigating the prevalence of HEV in deer 

 
Study Location Deer species ELISA 

observed 

RT-PCR 

prevalence 

   seroprevalence  

Weger et al., 

(2017) 

Canada Odocoileus 

virginianus 

8.8% ND†
 

  (White-tailed 

deer) 

  

  Odocoileus 

hemionus (Mule 

4.5% ND†
 

  deer)   

  Rangifer tarandus 1.7% ND†
 

  groenlandicus 

(Barren-ground 

  

  caribou)   

  Rangifer tarandus 

(Woodland 

5.2% ND†
 

  caribou)   

Zhang et al., China Cervus nippon 5.4% ND†
 

(2015)  (Sika deer)   

Anheyer- Germany Capreolus (Roe 0.0% 6.4% 

Behmenburg et  deer)   

al., (2017)  Cervus elaphus 0.0% 3.5% 

  (Red deer)   

Neumann et al., 

(2016) 

 Cervus elaphus 

(Red deer) 

2.5% 3.7% 

  Capreolus (Roe 

deer) 

6.5% 0.0% 

Reuter et al., 

(2009) 

Hungary Capreolus (Roe 

deer) 

ND†
 12.2% 

Di Bartolo et al., Italy Cervus elaphus 13.6% 11.0% 

(2017)  (Red deer)   
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Sonoda et al., 

(2004) 

Japan Cervus nippon 

(Sika deer) 

2.0% 0.0% 

Matsuura et al., 

(2007) 

 Cervus nippon 

(Sika deer) 

2.6% 0.0% 

Tomiyama et al., 

(2009) 

 Cervus nippon 

yesoensis (Yezo 

deer) 

34.8% ND†
 

Spancerniene et 

al., (2018) 

Lithuania Capreolus (Roe 

deer) 

ND†
 22.6% 

  Cervus elaphus 

(Red deer) 

ND†
 6.7% 

Medrano et al., 

(2012) 

Mexico Odocoileus 

virginianus 

(White-tailed 

deer) 

62.7% ND†
 

Rutjes et al., 

(2010) 

The 

Netherlands 

Cervus elaphus 

(Red deer) 

8.0% 15.0% 

  Capreolus (Roe 

deer) 

12.5% 0.0% 

Boadella et al., 

(2010) 

Spain Cervus elaphus 

(Red deer) 

10.4% N/A* 

Kukielka et al., 

(2016) 

 Cervus elaphus 

(Red deer) 

12.9% 11.1% 

Roth et al., (2016) Sweden Capreolus (Roe 

deer) 

7.0% 0.0% 

  Cervus elaphus 

(Red deer) 

7.0% 0.0% 

* did not test full sample population which were tested for seropositivity; ND† not 

done 

 

 
There have been reports of HEV infections in cattle (Bos taurus) from China, 

where both antibody seroprevalence and HEV RNA of G4 has been identified in 

multiple studies. Hu and Ma, (2010) showed the presence of G4 HEV RNA in 

8.8% of cattle from Xinjiang Autonomous Region. A subsequent study then 
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identified that 37.1% of tested dairy cows in Yunnan Province were HEV RNA 

positive, and that 100% of the HEV-positive cows were producing milk that 

contained HEV RNA (Huang et al., 2016). A further study in Shandong Province 

also found 3% of yellow cattle to be G4 HEV RNA positive, with 47% 

seroprevalent for anti-HEV antibodies (Yan et al., 2016). A study in Turkey 

identified HEV from G1, G3 and G4 in 20.3% of raw milk samples from various 

domestic animals (cows, sheep, goats, donkeys) (Demirci et al., 2019). Other 

studies investigating HEV in cattle have produced negative or mixed results; a 

study in Beijing, China identified 29.4% of cattle were seroprevalent for HEV, 

but no HEV RNA could be detected (Chang et al., 2009). A study in Burkina 

Faso also found 26.4% of 72 cattle to be seroprevalent for HEV (Ouoba et al., 

2019). Another study in Germany testing 400 milk samples found no evidence 

of HEV RNA; although G4 HEV is much less commonly reported in Europe than 

in Asia (Baechlein and Becher, 2017). Likewise, a study in Belgium also found 

no evidence of HEV RNA in cow milk or faeces (Vercouter et al., 2018). In the 

USA, Yugo et al., (2019) identified that of 983 cows, 20.4% were seroprevalent 

for anti-HEV antibodies; however HEV RNA could not be detected in any of the 

cows. The authors concluded that this may have been because of an 

antigenically similar relative to HEV rather than due to HEV itself, which could 

be possible as G4 HEV is not thought to be endemic to the USA; however, this 

would call into question the specificity of ELISA assays and studies 

investigating HEV seroprevalence. Notwithstanding the significant number of 

studies with negative findings, these results are concerning as meat and dairy 

from cows are consumed worldwide by humans, and the possibility that cows 

could be a HEV reservoir could have a significant impact on our understanding 

of HEV transmission to humans. More research worldwide is therefore needed 

to identify which HEV genotypes are capable of infecting cattle, and to find the 

prevalence of HEV in cattle and dairy products. This will help to identify the risk 

of transmission of HEV from cattle to humans. 

 
Goats have also been shown to be potential reservoirs for HEV infection, which 

is important due to goat meat, milk, and cheese production. In Italy in 2016, 

9.2% of goat faecal samples from six farms were found to be positive for HEV 

RNA, belonging to G3 strains which were highly related to strains found in pigs 

and humans (Di Martino et al., 2016). Also, in Yunnan province, China, Long et 
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al., (2017) found 70.3% of goat faecal samples to be positive for HEV RNA, with 

milk samples from these animals also positive for HEV RNA. The strains 

obtained from these animals were from G4 HEV; and the Huang et al., (2016) 

and Long et al., (2017) studies highlight that farms with mixed animals may 

demonstrate a higher risk of HEV transmission. Another study in the Tai’an 

Region in China identified 4% of goat livers to be HEV positive, with G4 HEV 

that was similar to cow HEV detected in the same region (Li et al., 2017). In 

Turkey, 18.5% of goat milk samples were reported positive for HEV RNA 

(Demirci et al., 2019). Meanwhile in Burkina Faso, 28.4% of 81 goats were 

found to have anti-HEV antibodies (Ouoba et al., 2019). In the USA however, 

Sanford et al., (2013) suggested that a HEV-related agent was causing HEV in 

goats after discovering a seroprevalence of 16% but a lack of any HEV RNA; 

however this again calls into question the accuracy of HEV ELISAs. In addition, 

no HEV RNA was detected by conventional RT-PCR in goats that had been 

experimentally infected with three different HEV strains from G1, G3 and G4 in 

this study; however the sensitivity of this PCR may be lower than previously 

reported HEV PCR assays, as assays which target a larger amplicon are 

generally observed to have lower sensitivity (Debode et al., 2017), and qRT- 

PCR has generally been observed to be more sensitive for amplicon detection 

of HEV and other amplicon targets (Zhao et al., 2007; Zemtsova et al., 2015). 

 
Dromedary camels have been implicated in the transmission of G7 HEV to 

humans. In one case, a patient who regularly consumed camel meat and milk 

contracted chronic G7 HEV after a liver transplant (Lee et al., 2016). This 

chronicity is likely to have been opportunistic and influenced by 

immunosuppressive medication to prevent organ rejection. In a separate paper, 

HEV was demonstrated to be seroprevalent in 23.1% of dromedary camels 

which originated in Sudan and Saudi Arabia (El-Kafrawy et al., 2020). Due to 

the recent discovery of this genotype of HEV, and its implication in human 

infection, further research is warranted to investigate how widespread camel 

HEV is within countries which regularly consume camel products to determine 

the risk such products may have for the foodborne transmission of HEV. 

 

Rabbits and related species e.g., hares are also gaining increasing attention for 

their potential to transfer HEV to humans through consumption of meat. In 
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France, five cases of rabbit HEV (defined within Orthohepevirus A, G3ra) were 

identified in confirmed HEV-positive patients out of 919 from 2015-2016 

(Abravanel et al., 2017). Several countries have identified rabbits to be 

seroprevalent and RNA positive for HEV (table 2.7). The number of 

observations and the apparent ability of humans to contract rabbit HEV 

suggests that it is a source of zoonotic HEV transmission. However, with most 

human cases worldwide belonging to other genotypes and sub-genotypes, 

rabbits are likely to be the cause of only a minority of cases. Studies have 

shown mixed results in terms of the ability of rabbits to carry other sub- 

genotypes of HEV. Zhang et al., (2017) has shown that though rabbits are 

capable of carrying sub-genotype 3ra, attempts to cause infections with another 

sub-genotype (3b) were unsuccessful; however, Hammerschmidt et al., (2017) 

identified a wild rabbit with HEV sub-genotype 3g. Further research is therefore 

needed to identify which genotypes or sub-genotypes of HEV are capable of 

infecting rabbits. An interesting observation from the studies summarised in 

table 2.7 is that concordance in HEV prevalence between different samples 

from the same animals is often lacking. For example, Burt et al., (2016) found 

that 60% of liver samples from 32 animals were HEV positive, however only 

16% of these 32 animals were faecally shedding the virus. It may therefore be 

wise to identify standardised testing methods worldwide for identification of 

infected animals, with a decision made on what samples to test and which 

assays are best to use, to avoid underestimating HEV prevalence. 
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Table 2.7 A summary of studies identifying HEV (genotype 3ra) in rabbits and 

hares 

 

Country Study Seroprevalence RNA prevalence 

Burkina 

Faso 

Ouoba et al., 

(2019) 

60.0% of 100 

rabbits, 52.6% of 

19 hares 

ND† 

Canada Xie et al., (2017) ND† 5.0% of 63 

companion rabbit 

faecal samples, 

0.90% of 114 

commercial rabbit 

faecal samples 

China Geng et al., 

(2011a) 

54.6% of 119 

farmed rabbits 

7.0% of 119 farmed 

rabbit serum 

samples 

 Geng et al., 

(2011b) 

15.4% of 1094 

farmed rabbits 

2.0% of 1094 

farmed rabbit serum 

samples 

 Xia et al., (2015) ND† 5.0% of 492 rabbit 

faecal samples 

 Li et al., (2020b) ND† 15.0% of 120 rabbit 

faecal samples 

 Li et al., (2020c) 7.1% of 70 farmed 

rabbits 

11.4% of 70 farmed 

rabbit faecal 

samples 

France Izopet et al., (2012) ND† 7.0% of 200 farmed 

rabbit bile samples, 

23.0% of 205 wild 

rabbit liver samples 

Germany Eiden et al., (2016) 30.8% of 13 wild 

rabbits 

30.8% of 13 wild 

rabbit serum 

samples 
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 Hammerschmidt et 

al., (2017) 

37.3% of 164 wild 

rabbits, 2.2% of 

669 wild hares 

17.1% of wild rabbit 

serum samples, 

0.0% of wild hare 

serum samples 

 Ryll et al., (2018) 25% of 72 wild 

rabbits 

34.7% of 72 wild 

rabbit liver samples 

 Corman et al., 

(2019) 

0.04% of 2389 

wild hares 

2.6% of 2389 wild 

hare serum samples 

Italy Di Bartolo et al., 

(2016) 

3.4% of 206 

farmed rabbits, 

6.6% of 122 pet 

rabbits 

0.0% of 7 IgG 

positive farmed 

rabbit serum 

samples, 0.0% of 

122 pet rabbit serum 

samples 

The 

Netherlands 

Burt et al., (2016) ND† 23.0% of 35 petting 

farm rabbit faecal 

samples, 0% of 10 

farmed rabbit liver 

and faecal samples, 

60.0% of 32 wild 

rabbit liver samples 

and 16% of wild 

rabbit faecal 

samples 

Poland Bigoraj et al., 

(2020) 

6.0% of 482 

farmed rabbits 

14.9% of 482 

farmed rabbit liver 

samples 

South 

Korea 

Ahn et al., (2017) ND† 6.4% of 264 rabbit 

faecal samples 

USA Cossaboom et al., 

(2011) 

36.5% of 85 

rabbits 

16.5% of 85 serum 

samples, 15.3% of 

85 faecal samples 

ND† not done 
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Despite identifying that animal product consumption is a risk factor in the 

transmission of HEV it is quite possible that there are other food transmission 

routes. One study in the Netherlands showed that though seroprevalence of 

HEV antibodies was higher in meat-eaters (22.8%), vegetarians still displayed a 

relatively high seroprevalence (13.8%) (Slot et al., 2017). This suggests that 

either they became HEV-positive before becoming vegetarian through animal 

meat, or they were infected through other transmission routes. Figure 2.2 shows 

the known and theorised routes of HEV transmission. One transmission route, 

which is much more tightly controlled now, was the transmission of HEV through 

blood transfusion (Hewitt et al., 2014), which may be one way to explain         

the seroprevalence levels in vegetarians. Another explanation could be 

consumption of dairy products such as milk. It is also possible to contract HEV 

through organ transplant with an infected organ (Pas et al., 2012), and organ 

transplant-associated cases commonly result in chronic infections due to 

immunosuppression medication. 

Contamination of the Aquatic Environment 

 
In addition to medical routes of transmission, it is important to consider the 

impact that HEV within animal farm run off and sewage has on the aquatic 

environment. It has been suggested that human and farm sewage may have a 

part to play in other HEV transmission routes, potentially through farm run-off 

from animal slurry stores or application of animal slurry to crops; and through 

contamination of surface waters used for irrigation and shellfish farms. Raw 

human sewage collected at two week intervals in 2014-15 from a sewer which 

serves the whole of Edinburgh was found to contain HEV in 93% of the samples 

collected (Smith et al., 2016), and many other countries have also detected 

HEV in human sewage influent, such as Spain, Switzerland, Portugal and 

France (Clemente-Casares et al., 2009; Clemente-Casares et al., 2003; 

Rodriguez-Manzano et al., 2010; Matos et al., 2018; Masclaux et al., 2013). 

This could therefore mean that when storm overflows discharge into water 

courses such as rivers and seas, HEV contamination can occur. Because there 

are many different types of wastewater treatment practises, and many 

combinations of practices between wastewater treatment plants, it is difficult to 

know which wastewater treatment plants will be more effective at removing 

viruses from wastewater. However, other viruses such as adenovirus and 
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norovirus are commonly found in treated sewage (Bofill-Mas et al., 2006; 

Campos et al., 2016). It is therefore possible that in addition to storm overflows, 

inadequate treatment of sewage could result in HEV pollution of the aquatic 

environment, especially considering that HEV is a single stranded RNA non- 

enveloped virus like norovirus. Pig farm and slaughterhouse sewage has also 

been found to be positive for HEV in multiple countries, for example, HEV RNA 

was detected in sewage from one of twelve slaughterhouses in Spain (Pina et 

al., 2000), whilst 75% of swine slurry samples collected from Italian pig farms 

were HEV positive (La Rosa et al., 2017a), and both fresh swine faecal material 

and pooled stored slurry from pig farms in the USA were shown to contain HEV 

(Kasorndorkbua et al., 2005). Human sewage, pig farm run off and abattoir 

outflows could also therefore be contaminating water courses with HEV, which 

is supported by studies in Italy, the Philippines and Cambodia, showing river 

water contamination with HEV (Iaconelli et al., 2015; Li et al., 2014; Baez et al., 

2017; Rodriguez-Manzano et al., 2010). 

Countries within the European Union must conform to EU regulations on how 

farm manure, animal carcasses and digestive tract content are processed, 

transported, stored, used as crop fertiliser, and disposed of. The sewage and 

wastewater that originates on farms must either be discharged to public sewers 

or treated in a sewage treatment plant on the farm before the effluent can be 

discharged to surface waters, and a permit is required for the processing and 

disposal of sewage and wastewater in this way. However, it is possible for 

farms within EU countries to use sewage and slurry that has been produced on 

a farm to be spread on crops at the same farm, without prior processing, for the 

sake of fertiliser or soil quality improvement (European Commission, 2001). 

Accordingly, the United States also allows manure originating on one farm to be 

spread on crops from that farm (Environmental Protection Agency, NA). 

However, manure use and farm practises are likely to be more diverse and 

potentially problematic in countries within Asia, Africa, and South America. 

Previous studies have shown that sewage treatment processes such as long 

term fermentation and composting are likely to be capable of removing HEV 

from sewage (García et al., 2014). A study in Switzerland also identified HEV 

positive influent samples from wastewater treatment plants, but no HEV positive 

effluent samples, suggesting effective wastewater treatment using a cleaning 
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and activated sludge process (Masclaux et al., 2013). However, Loisy-Hamon 

and Leturnier, (2015) detected HEV in treated pig sewage samples from France 

that had been treated using one of: sawdust composting, slurry dehydration or 

anaerobic digestion. Other studies have found that river water close to pig farms 

and pig processing plants had been contaminated with HEV, for example, in 

Scotland and Italy (Crossan et al., 2012; Idolo et al., 2013; Marcheggiani et al., 

2015). Therefore, it is possible that leachate (liquid leaching from solids into the 

environment) from stored manure and yard run off from farms and abattoirs may 

be polluting surface waters such as rivers. However, it is unknown whether all of 

the virus leaching into the environment is viable – for example, viral RNA 

detected in treated sewage may not indicate viable virus, but remaining RNA. 

 
Crop Contamination 

 
 

Surface waters from sources such as rivers and groundwater are commonly 

used as crop irrigation sources throughout the world (Food and Agriculture 

Organisation, 2011; Food and Agriculture Organisation, 2016). Due to the 

potential contamination of such water with HEV and other pathogens from 

faecal matter (whether from human or animal sources), this could cause 

contamination of irrigated crops. Animal waste (that can potentially be 

contaminated with HEV as shown above) is also used as crop fertiliser for 

farms. A small number of studies have found some evidence of crop 

contamination with HEV. In France, two out of 230 herb and spice samples 

were positive for HEV RNA (Loisy-Hamon and Leturnier, 2015), a study testing 

125 lettuce samples from Greece, Serbia and Poland detected four positive 

samples (Kokkinos et al., 2012), and in Italy, six of 911 “pre-washed and ready 

to eat” vegetable samples tested positive for HEV RNA (Terio et al., 2017). 

Another study in four European countries (Czech Republic, Finland, Poland and 

Serbia) also detected HEV RNA in one frozen raspberry sample of 38 tested 

(Maunula et al., 2013). However, it is important to note that no foodborne 

outbreaks of HEV from contaminated crops have been reported, and the 

quantities of virus found on the crops is also low enough to call into question 

whether they would cause illness when consumed. It is also unknown whether 

the HEV RNA detected originated from viable virus. 
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HEV in Bivalve Shellfish and other Aquatic Animals 
 
 

Bivalve molluscs are filter feeding organisms, meaning that they can 

accumulate and concentrate pathogens from their environment within their 

tissues. In the EU, bivalve shellfish are tested regularly for faecal 

contamination, using a faecal indicator, Escherichia coli, in accordance with 

food safety regulations. However, studies have shown that though it functions 

well as a bacterial faecal indicator, E. coli can be a poor indicator of the 

presence of faecally-derived viruses. Lowther et al., (2012) found that norovirus 

RNA was present in 76.2% of total UK oyster samples 

from commercial harvesting areas, with 73.9% of those samples giving E. coli 

results compliant with the end product standard of ≤230 E. coli/100g shellfish 

flesh. Norovirus within oysters is linked to human faecal pollution that has 

originated from storm overflows and CSOs, or sewage that has received 

insufficient treatment (Campos et al., 2013; Campos et al., 2016). CSOs release 

untreated sewage into surface water to prevent overflows within mains 

drainage, but outfall events can last for several hours or days and are often 

poorly monitored (Marine Conservation Society, 2011). Considering that farm or 

abattoir run off, combined sewer overflows, and inadequately treated sewage 

could be polluting watercourses with HEV, it is also possible for aquatic 

organisms, such as shellfish, to be affected by HEV contamination. Indeed, 

studies around the world have found HEV to be present within bivalve shellfish, 

these are summarised in table 2.8. The study by Rivadulla et al., (2019) also 

showed shellfish to have as much as 1.1 × 105 RNA copies per gram of shellfish 

tissue, which is close to the pig ID50, but the human infectious dose is still 

unknown. It is important to note however, that not all RNA found in the shellfish 

may have been associated with viable virus. To date, there have been no 

proven foodborne outbreaks of HEV from shellfish consumption, although an 

outbreak of HEV on a cruise ship was theorised to have been caused by 

consumption of shellfish on the basis of a retrospective risk analysis (Said et al., 

2009). 
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Table 2.8 The presence of HEV in shellfish in different countries 
 

Location Study Percentage of shellfish 

HEV-positive 

China Gao et al., (2015) 17.5% of 126 

shellfish samples* 

of various species from 

production areas 

Denmark Krog et al., (2014) 0% of 29 mussel samples* 

from 19 production areas 

France Grodzki et al., (2014) 0% of 286 

shellfish samples* 

of various species from two 

production areas 

Italy La Rosa et al., (2018) 2.6% of 384 

shellfish samples* 

of various species from 

production areas 

Japan Li et al., (2007) 6.3% of 32 Yamato- 

Shijimi clam samples* 

Scotland Crossan et al., (2012) 85.4% of 48 individual wild 

mussels 

 O’Hara et al., (2018) 2.9% of 310 retail 

shellfish samples* (mussels 

and oysters) 

Spain Mesquita et al., (2016) 14.8% of 81 

mussel samples* from a 

production area 

 Rivadulla et al., (2019) 24.4% of 164 mussel, 

clam, and cockle samples* 

*Where the study states that samples of shellfish were tested, it was either 
stated or assumed in each publication that each “sample” would have been 
formed by ten or more shellfish individuals and is therefore technically a pooled 
sample. 
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HEV has also been found in other aquatic organisms, including dolphins, who 

present clinical symptoms of HEV infection. A study of 31 dolphins at the 

National Aquarium, Cuba, found that 32.2% of their dolphins 

were seroprevalent for HEV during two different studies (Villalba et al., 

2017). The cause of the infections within the dolphins was unknown, however, it 

is possible that contamination of food items such as fish may be the cause, 

making an investigation of the presence of HEV in such animals important to 

determine whether there is any risk of HEV to humans from the consumption of 

fish. It may also be important to investigate the presence of HEV in aquatic 

mammals as they are used as a food source in some countries. 

 
Conclusion 

 
 

In summary, the host range of HEV appears to be diverse, having been found 

within pig, deer, rabbit, cattle, goat, and camels, amongst other animals. HEV 

has also been detected in shellfish meat because of contamination of their 

growing waters. Therefore, there is a risk of contracting HEV from undercooked 

products from these animals (although it is important to note that 

epidemiological evidence of foodborne transmission for many of these is 

currently lacking), and there is also potential for other livestock species to be 

unidentified hosts for the virus. Generally, foodstuffs containing raw meat or 

shellfish products are more likely to cause a foodborne infection than cooked 

foods or crops due to no thermal inactivation of the virus through cooking. 

Cooking in such a way that a minimum internal temperature of 72°C is reached 

for at least twenty minutes is likely to completely inactivate any HEV present, 

however this is likely to produce unwanted deterioration of organoleptic qualities 

in some risky food types e.g., shellfish. 

 
In addition to animal meat, milk from cows, sheep, goats, donkeys, and camels 

has also been found to contain HEV in some countries, but studies investigating 

the presence of HEV in milk are much more limited. Because of this, the true 

risk of HEV transmission from animal milk is yet unknown and requires further 

research. However, if proven to be a prominent transmission route for the virus, 

a worrying consideration is that high temperature short time (HTST) 

pasteurisation of milk products, which is commonly used in the UK and USA, 
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may be insufficient to reduce infectious HEV within milk, as generally the heat 

treatment used for HTST pasteurisation is only 72°C for 15 seconds. Other 

pasteurisation methods, such as ultra-high temperature pasteurisation which 

utilise treatments of around 135°C for 2-4 seconds, should be more capable of 

removing viable virus from milk products due to the higher temperature. 

 
Though crops can also become contaminated with HEV, it seems that the risk 

of contracting HEV from them is much less likely, as confirmed outbreaks from 

crops have not been identified, and the HEV RNA prevalence and copies of 

viral RNA present are lower for these foods. However, it may be safe to conduct 

further research into the contamination of irrigation water, and the presence of 

HEV in crops from other countries to better assess the risk of contracting HEV 

from crop contamination. 

 
It has also been shown that marine mammals can be infected with HEV, which 

is concerning both from an ecosystem and a seafood point of view. If marine 

mammals are becoming infected naturally, it could be possible that fish and 

other seafood also become contaminated or infected. Considering that shellfish 

in many countries have been found to be contaminated with HEV, this is 

perhaps something that warrants further investigation. 

 
Due to mixed conclusions between and within countries about HEV presence 

within different hosts or matrices, it appears that there needs to be not only 

standardised and improved methods for the purpose of HEV detection, but also 

that further research through larger studies around the world are required to 

identify the full host range of HEV and the risk of each potential host to transmit 

the virus to humans (through food or other means). In particular, the suggestion 

that a HEV-related virus may be causing seroprevalence estimates to be higher 

than they genuinely are requires investigation. 

 
Further studies identifying both the seroprevalence and the presence of HEV 

through ELISA and RT-PCR techniques respectively (or similar techniques 

identifying RNA presence) would be best equipped to identify both the 

prevalence of the virus within animal populations and the number of active 

infections within the populations at that point in time. However, sequencing 
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technologies such as nanopore RNA sequencing within human and animal 

populations would also be useful to identify similarities between HEV 

sequences, enabling the identification of infection sources. Some studies 

investigating the evolution of the virus have already been performed, but are 

often biased by the large amount of HEV sequences derived from humans 

(Forni et al., 2018). 

 
Investigations of HEV within food and environmental matrices using whole 

genome sequencing approaches have been limited so far due to the general 

observation of low genome copy numbers and fragmented HEV RNA within 

these matrices. However, techniques utilising methods such as multiplexing 

RNA extracted samples to obtain a full genome from multiple amplicons, 

followed by MinION next generation sequencing, which has been successfully 

applied to sequencing of low levels of zika virus (Quick et al., 2017), could be 

instrumental in future efforts to identify low levels of HEV in a variety of 

matrices, including foods. 

 
Globally, HEV is an under-recognised viral threat, which causes an increasing 

case incidence annually. The best way to tackle a virus is to understand its 

sources and modes of transmission. Therefore, further research and better 

understanding of HEV will allow a better assessment of the risk that animal 

products and other foods may have in the transmission of HEV to humans. In 

turn, this may allow the introduction of legislative controls to prevent and control 

the spread of the virus. 
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Chapter 3 

Methods for the Detection of Hepatitis E virus 

Abstract 

This chapter establishes the development and refinement of materials and 

methods that were used in the subsequent chapters for detection and 

quantification of Hepatitis E virus. The detection methods used for other 

viruses within the thesis were already established elsewhere. The chapter 

describes a previously published HEV detection method, and the materials 

developed and used alongside it. It focuses particularly on the development of 

synthetic controls needed for the quantitative reverse transcription polymerase 

chain reaction (qRT-PCR). Synthetic DNA and RNA oligonucleotide strings of 

specific concentrations were created to enable the accurate detection and 

quantification of HEV within a variety of matrices; as seen in the later chapters 

utilising this assay. The method refinement also included testing two different 

probe types, and natural HEV RNA from cell culture to observe the efficacy of 

the qRT-PCR. 

Introduction 

 
RT-PCR is a commonly used tool in the detection of viruses from many different 

sample matrices, including environmental water samples, sewage, blood, and 

tissue samples. Though the assays for testing of norovirus and HAV have been 

developed and standardised for ISO 15216-1:2017, there is currently no “gold 

standard” HEV detection method which enables 100% of infected or 

contaminated samples to be detected from clinical and environmental matrices. 

Many studies have created new quantitative and nested RT-PCR methods in 

attempts to develop more sensitive and accurate assays, with varying success. 

One of the most highly used assays was published by Jothikumar et al., (2006); 

which became popular for its high sensitivity for sequences within HEV 

genotypes 1-4. With a modification to the qRT-PCR probe by Garson et al., 

(2012), utilising a minor groove binder quencher, this method became used 

routinely for HEV detection in many matrices and published studies. It has been 

used by institutions worldwide, including UK Health Security Agency’s blood 

screening through the National Health Service (NHS) (Oeser et al., 2019). 

HEV blood screening was introduced selectively to the UK in 2016 and became 
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universal for all blood products in 2017 due to increasing cases. Generally, HEV 

causes a mild illness, including symptoms such as nausea and jaundice, which 

people generally recover from without treatment after approximately six weeks. 

However, some people, such as those who are immunocompromised, can 

develop chronic HEV infection or complications such as acute liver failure, 

which can be fatal. Therefore, HEV is classified as a Hazard Group 3* (HG3*) 

organism; with the ‘*’ meaning that it would be fully classified as a HG3 

pathogen if it were to spread through a respiratory route of transmission. 

HG3* classification of HEV means that screening for HEV can be performed in 

Containment Level 2 laboratories (CL2) but intentional work with the virus must 

only be done in Containment Level 3 (CL3) laboratories. Therefore, samples 

identified as HEV-positive could not be utilised as positive control material for the 

qRT-PCR assay, as CL3 laboratories were unavailable during this PhD. In 

addition to this, sourcing natural HEV RNA was difficult, and obtaining enough to 

use for controls for each test was not possible. This led to the design and 

synthesis of DNA and RNA controls for the qRT-PCR assay, in a similar manner 

to the design of synthetic controls within international standard ISO 15216- 

1:2017 for the testing of norovirus and HAV in shellfish (International 

Organization for Standardization, 2017). 

HEV, being an RNA virus, requires a reverse transcription step to enable the 

PCR to amplify the viral cDNA and determine the quantity within samples. This 

meant that two positive controls were required for this process: DNA and RNA. 

The DNA control was used to show whether the PCR step was successful and 

to quantify the amount of HEV in samples through an established PCR standard 

curve. The RNA control was both to show whether the reverse transcription and 

PCR steps were successful, and to identify if inhibitors within the samples were 

impairing the reverse transcription or PCR. As genotype 3 HEV is the most 

common genotype in England and Wales (Ijaz et al., 2013), but detection of 

genotypes 1-4 was desired, DNA controls were synthesised for sequences from 

each of the four genotypes to ensure that the assay could detect all four. To 

obtain viral RNA and cDNA, samples were first subjected to RNA extraction. 

These methods are matrix specific and detailed in later chapters. 
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Method Development for the HEV qRT-PCR 

 
Method details 

 
Testing of total RNA samples within the subsequent chapters required a HEV 

qRT-PCR assay and the combined qRT-PCR methods published by Jothikumar 

et al., (2006) and Garson et al., (2012) were suggested by colleagues within UK 

Health Security Agency  (formerly Public Health England) and the Marine Institute 

(Ireland). Mengo virus was used as an extraction control and was also quantified 

using qRT-PCR. The qRT-PCR systems used the recipe in Table 3.1 to generate 

mastermixes of adequate volume for the number of samples being tested. This 

would, for one well in a PCR plate, yield a mastermix of 20 µl, with 5 µl of RNA 

extract or DNA control material then added to the mastermix in the plate well. 

Table 3.1 Mastermix recipes for a single qRT-PCR reaction 

 
Volume required (µl) 

Reactions 1 

5’ primer 0.25 

3’ primer 0.45 

Probe 1.25 

5x Reaction mix 5.00 

1:10 ROX 
reference dye 

0.50 

Enzymes mix 1.25 

H2O 11.3 

Total 20 
 
 

The primer and probe sequences for the HEV qRT-PCR and the mengo virus 

qRT-PCR are shown in Table 3.2, as are the cycling parameters for both assays. 

The final primer concentrations were 0.625 µM for the forward primer and 1.125 

µM for the reverse primer. The final probe concentration was 3.125 

µM. These concentrations were based on the primer and probe concentrations 

used for GI norovirus within ISO 15216-1:2017 (International Organization for 

Standardization, 2017). The annealing temperature for the Jothikumar et al., 

(2006) assay was modified to be the same as the mengo virus assay (increased 

from 55°C to 60°C). This was to ensure the annealing temperature was specific 

to the Invitrogen RNA UltraSense™ One-Step Quantitative RT-PCR System 
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(calculated to be 61.6°C on the ThermoFisher Tm calculator), and to enable the 

HEV and mengo virus assays to be run on the same PCR plate, therefore 

reducing costs for the qRT-PCR assays. 

 

Table 3.2 Primer and probe sequences and details for the qRT-PCR methods 

 
Method Primer and Probe Sequences Cycling 

parameters 
Publication 

HEV 
qRT- 
PCR 

FWD: 
5’-GGTGGTTTCTGGGGTGAC -3’ REV: 
5’-AGGGGTTGGTTGGATGAA -3’ 
PROBE: 
5’- TGATTCTCAGCCCTTCGC-3’ 
5’-FAM 3’-MGB 

55°C 60 
minutes 
95°C 5 minutes 
45 cycles of: 
95°C 15 
seconds 
60°C 1 minute 
65°C 1 minute 

Jothikumar 
et al., 
(2006); 
Garson et 
al., (2012) 

mengo 
virus 
qRT- 
PCR 

 
 
 
 

  

FWD: 
5’- GCGGGTCCTGCCGAAAGT -3’ REV: 
5’- 
GAAGTAACATATAGACAGACGCACAC 
-3’ PROBE: 
5’- ATCACATTACTGGCCGAAGC -3’ 
5’-FAM 3’-MGB 
  

55°C 60 
minutes 
95°C 5 minutes 
45 cycles of: 
95°C 15 
seconds 
60°C 1 minute 
65°C 1 minute 

Pintó et al., 
(2009) 

 
Mengo virus was used as an RNA extraction control, using a relative 

quantification method. The mengo virus was cultured within mammalian cells 

(FRhK-4) by members of Cefas staff, and used as a whole virus extraction 

efficiency control, rather than an RNA only control (due to RNA stability). This 

meant that the quantity of mengo virus RNA could not be determined using 

instruments such as the Invitrogen Qubit or Thermo Scientific Nanodrop due to 

the presence of mammalian RNA. Therefore, mengo virus supernatant from the 

cell culture was seeded into each sample and a molecular grade water only 

control (reference extraction) prior to RNA extraction. The reference extraction 

was then used to create a standard curve to assess the relative quantity of the 

mengo virus within the samples. This standard curve is a dilution series (1:10) 

from the neat reference extraction to a concentration of 10-3. Samples had to 

reach an extraction efficiency percentage of ≥0.5% to be deemed to give reliable 

quantitative data. The extraction efficiency threshold was less than the usual 1% 

threshold set in ISO 15216- 1:2017 (International Organization for 
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Standardization, 2017). This was due to an issue with the mengo virus batch 

which had been cultured for use. When compared to previous culture batches, 

the batch in use consistently under-estimated the extraction efficiency. Therefore, 

as a temporary measure, the extraction efficiency when using this batch was 

reduced to 0.5% instead of 1%. Under the guidelines in ISO 15216-1:2017, 

samples under the 0.5% extraction efficiency threshold that gave positive results 

for one or more target virus were considered valid positive results but were non-

quantifiable. 

A standard curve was also included for the HEV assay, using synthetic control 

DNA at concentration 21.8 pg/µl, corresponding to 105 copies/µl. The control was 

diluted serially (1:10) to 10 copies/µl. It also acted as a positive PCR control for 

quantification of HEV RNA in samples. The creation of the synthetic control DNA 

is described below. Standard curves for both mengo virus and HEV had to 

conform to r2 ≤ 0.99 and a slope between -3.1 and -3.6 for sample test results to 

be deemed acceptable; values outside of these ranges were deemed to be 

caused by human error in preparation of the qRT-PCR mastermix and the 

assays were repeated. CT values were calculated based on the specific samples 

being tested and can be seen in the subsequent chapters. 

Additionally, a control for measuring inhibition of the sample matrix to the RT- 

PCR was also performed, utilising wells distinct to the sample HEV detection 

wells, which contained 5 µl of sample, 20 µl of HEV mastermix, and 1 µl of the 

synthetic HEV RNA control (4.97x104 copies/µl). CT values resulting from these 

reactions were then compared to the CT value obtained from a well containing 5 

µl of molecular grade water, 20 µl of HEV mastermix, and 1 µl of the synthetic 

RNA control. 

The difference in CT values was converted into an inhibition percentage by 

referring to the standard curve. Samples had to have an RT-PCR inhibition of 

≤75% for the quantification to be considered reliable. Under the guidelines in ISO 

15216-1:2017, samples over the 75% inhibition threshold that gave positive 

results for one or more target virus would be regarded as a valid positive 

detection, but non-quantifiable. ISO 15216-1:2017 was followed in this regard 

because HEV is a single stranded non-enveloped virus like norovirus and HAV; 

though it must be noted that the method is not accredited for HEV. In addition to 

the positive controls, the extracted negative control was tested for both mengo 
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virus and HEV (acting as a control for cross contamination during RNA 

extraction), and a negative water control was also tested for mengo virus and 

HEV (acting as a control for cross contamination during plate preparation). An 

example plate showing the different controls can be seen in Figure 3.1. Sample 

preparation, qRT-PCR plate preparation and the qRT-PCR itself were all 

performed in separate rooms. 

 

 

Figure 3.1 Example qRT-PCR plate for HEV and mengo virus showing the 

different controls 

The controls used for an example sample on a 96 well PCR plate. The wells selected in 
dark blue are the mengo virus qRT-PCR mastermix and the light blue wells are the  HEV 
qRT-PCR mastermix. Where standard curves are shown: N = Neat concentration; 
-1 = 10-1 dilution; -2 = 10-2 dilution; -3 = 10-3 dilution, -4 = 10-4 dilution. 
 

 
The HEV assay was originally reported to have a detection limit of 4 genome 

copies (Jothikumar et al., 2006). We were unable to confirm the sensitivity of the 

assay within the Cefas or University laboratories as this would have required 

multiple Hepatitis E virus strains, which could not be handled within the CL2 

facilities available. The assay was determined to be specific to HEV in the study 

by Jothikumar et al., (2006), which tested RNA from five viruses (22 different 

strains) with the assay primers and probe. They found that the assay generated 

no false positive results. In addition, an in silico analysis using the alignment tool 
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Clustal Omega (EMBL-EBI CLUSTAL multiple sequence alignment (Madeira et 

al., 2019) showed no evidence of correct alignment of primers or probe to 

genomes of other viruses (Table 3.3). The alignment files can be found as FASTA 

files in the in the supplementary data 3.1 – 3.8. 
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Table 3.3 Specificity of the HEV assay primers and probe against other viruses 

that could be present in sample matrices 

 
 

Test In vitro or in 

silico 

analysis 

Positive result? Study 

 
 

Adenovirus In vitro No Jothikumar et al., 

Enterovirus In vitro No 

Hepatitis A virus In vitro No 

Norovirus In vitro No 

Rotavirus In vitro No 

(2006) 

Astrovirus In silico 

alignment 

Coronavirus In silico 

alignment 

Epstein-Barr virus In silico 

alignment 

Does not align This PhD 
 

 
Does not align 

 

 
Does not align 

Human betaherpes 

5 

In silico 

alignment 

Does not align 

Mengo virus In silico 

alignment 

Does not align 

MS2 Escherichia 

phage 

In silico 

alignment 

Does not align 

Sapovirus In silico 

alignment 

Does not align 

Piscine 
novirhabdovirus 

In silico 

alignment 

Does not align 
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Synthetic Control DNA Strings 

 
Fifty-seven sequences were chosen for each of the first four genotypes of HEV 

from the NCBI nucleotide database. The sequences were chosen based on 

locations, with an aim to capture the diversity seen between different countries 

around the world. These were aligned alongside the primer and probe 

sequences of the qRT-PCR assay by Jothikumar et al., (2006) to identify 

mismatches. Most sequences within the alignment were genotype 3 as this is 

the primary target and G3 HEV is also highly diverse. There were only two 

genotype 2 sequences due to a lack of publicly available sequences. The 

alignment was created again using Clustal Omega (Madeira et al., 2019), which 

was viewed in MEGA7. The mismatches can be viewed in Figure 3.2. Overall, 

12/57 of the sequences may not have been detected by the primer or probe due 

to a single mismatch in these sequences and one sequence may not have been 

detected due to one mismatch in each of the forward primer region and the 

probe region. The mismatches were relatively rare, and it was theorised that 

even with these single mismatches, primers and probes should still be able to 

bind. 
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Figure 3.2 Sequence alignment of 57 strains from HEV genotypes 1-4 (G1-4) 

and the Jothikumar et al., (2006) qRT-PCR primers and probe 

Alignment for 57 HEV strains from four genotypes alongside the Jothikumar et al., 

(2006) forward primer probe, and reverse primer. The reverse primer is reverse 

complimented. Accession numbers for genotype 1 strains in order of appearance: 

D11093; M80581; JF443724; JF443726; NC_001434; LC225387. Genotype 2 strains 

in order of appearance: MH809516; KX578717. Genotype 3 strains in order of 

appearance: AB630970; M73218; AF082843; FJ956757; FJ653660; FJ527832; 

FJ426404; FJ426403; EU723515; EU723514; EU723513; EU723512; EU495148; 

EU375463; EU360977; AY115488; AP003430; AB481229; AB481228; AB481226; 

AB369691; AB369687; AB301710; AB291963; AB291962; AB291961; AB291960; 

AB290313; AB290312; AB248522; AB248521; AB248520; AB246676; AB189070; 

AB089824; KY780957; AB073912. Genotype 4 strains in order of appearance: 

JF915746; LC022745; JQ655736; LC037955; AB097812; DQ279091; FJ763142; 

AB602439; AB480825; AB220979; KC163335; AB602440. 

 

 

To create the controls for each genotype for the qRT-PCR assay, a single 

sequence from each of the four genotypes was aligned using a new multiple 
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sequence alignment alongside the Jothikumar assay primers and probes 

(Figure 3.3). These sequences were then used to design the synthetic DNA and 

RNA. DNA strings and plasmids were ordered from GeneArt by ThermoFisher 

Scientific (United Kingdom). 

 
 

 

 

Figure 3.3 Sequence alignment of the area that the qRT-PCR primers and 

probe will bind to for genotypes 1-4 

Alignment of four strains from each of the four target genotypes with the Jothikumar et 

al., (2006) primers and probe. The Jothikumar row shows the forward primer, probe 

and then reverse primer. The reverse primer is reverse complimented. Accession 

numbers for strains: Genotype 1 D11093. Genotype 2 KX578717. Genotype 3 

EU360977. Genotype 4 AB097812. 

 
 
 

The genotype 1 (G1) and 2 (G2) control DNA sequences were ordered as 

synthetic DNA strings; however, the genotype 3 (G3) and 4 (G4) sequences 

were ordered as inserts within plasmids due to high GC content. All sequences 

consisted of the HEV amplicon region in addition to a primer region for 

conventional PCR amplification, and the plasmids contained the SfiI restriction 

enzyme site for the G3 and G4 plasmids to enable them to be linearised for 

more efficient PCR amplification of the insert. The primers which were used for 

the conventional PCR amplification are summarised in Table 3.4, and the full 

annotated sequences for the DNA controls can be seen in supplementary data 

3.9. The plasmid maps for G3 and G4 can be seen in supplementary data 3.10 

and 3.11. 
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Table 3.4 Primers for conventional PCR amplification of region of interest from 

strings and plasmids 

 

Method Primer Sequences Cycling 
parameters 

Publication 

DNA 

amplification 

FWD: 
5’- 
GCTATGACCATGATTACGCCAA- 
3’ 
REV: 
5’- 
TGTAAAACGACGGCCAGTGAA-3’ 

94°C for 3 
minutes 
40 cycles of: 
94°C 1 minute 
55°C 1 minute 
72°C 1 minute 
Then: 
72°C for 7 
minutes 

  4°C hold 
  

Maguire et 
al., (1999) 

 
 

DNA strings (genotypes 1 and 2) were resuspended in 100 µl of 1% Tris-EDTA 

buffer (100% Tris-EDTA buffer solution, Sigma-Aldrich) and were serially diluted 

(1:10) from neat to 10-9. These were then subjected to PCR (by the method 

stated in Table 3.4) and gel electrophoresis to visualise the PCR products. The 

gel result of the best amplified concentrations can be seen in Figure 3.4. The 

correct sized band (216bp) was excised from the gel and purified using the 

Qiagen QIAquick Gel Extraction kit according to the manufacturer’s instructions. 
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Figure 3.4 A gel to show the PCR products produced from the G1 and G2 

strings 

Gel electrophoresis showing the PCR products yielded from the 10-2 concentration of 
the G1 DNA and the 10-3 concentration of the G2 DNA alongside a Promega 100 bp 
DNA ladder. 

 

 
After purification, the DNA was quantified using an Invitrogen Qubit 3.0 with the 

Qubit dsDNA high-sensitivity (HS) kit. The genome copies per microlitre 

(copies/µl) were calculated and the DNA was diluted to 105 copies/µl for use as 

standards for the qRT-PCR standard curve. The DNA was tested, in the form of 

a standard curve, using the HEV detection qRT-PCR and was determined to be 

adequate for use as standard curve DNA control material. 

Synthetic Control DNA Plasmids 

 
The genotype 3 and 4 control DNA were ordered as plasmids due to high GC 

content in parts of the sequence. The plasmids were dissolved in 50 µl of 

Molecular Grade water. They were then linearized using the ThermoFisher 

Scientific SfiI restriction enzyme and purified using the Qiagen QIAquick PCR 

Purification kit. 

The linearised plasmids were then subjected to the PCR stated in Table 3.4, 

and gel electrophoresis to identify amplified bands. The gel picture showing the 

G3 and G4 conventional PCR products, in addition to a repeated conventional 

PCR of gel extracted G1 and G2 products, can be seen in Figure 3.5. 
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Figure 3.5 A gel showing the PCR products from G1 and G2 gel strings, and 

G3 and G4 digested and undigested plasmids 

Gel electrophoresis showing PCR products from genotypes 1-4. From left to right, the 
first lane is a 100 base pair ladder, beginning at 100 bp. Lane 2, labelled G1, is for 
genotype 1 and lane 3, labelled G2, is for genotype 2. Genotypes 1 and 2 were a 
repeated PCR on gel extracted PCR products from Figure 3.4 to identify if non-specific 
binding PCR products could be removed using a gel extraction. This was not the case, 
so the previous gel extracted products were used as the controls (Figure 3.4). Lanes 
four and five, labelled G3 D, are for a genotype 3 digested plasmid (linearized). Lanes 
6 and 7, labelled G3 P are for undigested (non-linearised) genotype 3 plasmid. Lanes 
8 and 9, labelled G4 D, were for digested genotype 4 plasmid. Lanes nine and ten, 
labelled G4 P, were for undigested genotype 4 plasmid. Lane 11 was a PCR negative 
control containing water instead of plasmid material. The digested plasmids gave 
better desired bands at around 216 bp and less non-specific binding products. These 
were therefore used as controls. 

 
The desired bands from the digested plasmids were excised from the gel and 

purified using the Qiagen QIAquick Gel Extraction kit. The products were 

analysed on an Invitrogen Qubit 3.0 using the Invitrogen Qubit dsDNA high 

sensitivity kit to identify the DNA concentration. The DNA copies/µl were then 

calculated (using http://cels.uri.edu/gsc/cndna.html) and diluted to 105 copies/µl 

before a standard curve was tested using the HEV qRT-PCR. The results 

showed the DNA was adequate for use as standard curve material; the 105 

copies/µl concentration of the DNA gave a CT value of ~20. Due to HEV in the 

UK belonging mostly to genotype 3 HEV; the G3 control DNA was henceforth 

used for qRT-PCR testing of samples. 

http://cels.uri.edu/gsc/cndna.html
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Synthetic control RNA 

 
A synthetic plasmid was used to create an RNA control. It contained a T7 

polymerase promoter region to allow transcription, in addition to the same 

region of interest as the G3 synthetic DNA, and an XBaI restriction site. The 

insert sequence can be seen in supplementary data 3.12, and the plasmid map 

can be seen in supplementary data 3.13. The following steps were performed 

according to the manufacturer protocols. The plasmid was dissolved in 50 µl of 

molecular grade water and digested using the Thermo Scientific XBaI restriction 

enzyme. It was purified using a Qiagen QIAquick PCR purification kit. The 

linearised plasmid was then transcribed using an Invitrogen MAXIscript™ T7/T3 

Transcription Kit for T7 bacteriophage. DNA contamination was removed using 

a Qiagen RNeasy mini kit with a DNase step (using Qiagen RNase-free DNase 

Set). RNA was quantified using the Invitrogen Qubit 3.0 with the Invitrogen 

Qubit RNA High Sensitivity kit. RNA was then diluted to a concentration of 

4.97x104 copies/µl for use as the inhibition control RNA. 

A DNA contamination check was performed prior to the inhibition control use, 

where a qRT-PCR mastermix was prepared and split into two aliquots. One 

aliquot was subjected to 95°C for 5 minutes, and one was not heat treated. The 

heat step for aliquot one denatures the reverse transcriptase to assess whether 

there is DNA amplification using the heated mastermix (suggesting DNA 

contamination). The results showed no DNA contamination when tested. It was 

subsequently concluded the transcribed RNA could be used for the RNA 

control. The full control sequences for the DNA and RNA controls can be seen 

in Figure 3.6. 
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Figure 3.6 The full control sequences for the synthetic DNA controls and 

synthetic RNA control 

The full sequences for the DNA and RNA controls synthesized for use in the HEV 
qRT-PCR assay, beginning with the DNA strings and then the DNA plasmid insert. 

 

Experiments with FAM-TAMRA and FAM-MGB probes 

 
Many laboratories use the Jothikumar et al., (2006) assay with Garson et al., 

(2012) probe modification as using an FAM-MGB-NFQ probe instead of a FAM- 

TAMRA probe reduced the risk of false negative results whilst also giving 

improved amplification curves. FAM is the fluorophore 6-Carboxyfluorescein, 

whilst TAMRA is the quencher Tetramethylrhodamine and MGB-NFQ is a 

‘Minor Groove Binder Non-Fluorescent Quencher’. A comparison of the FAM- 

TAMRA and FAM-MGB-NFQ probes revealed that CT values for the FAM-MGB- 

NFQ assay were often slightly lower (despite the same serially diluted 

standards being used for each mastermix) and that for some genotypes (G1 

and G3), the 10-4 concentration appeared to have amplified better under the 

FAM-MGB-NFQ probe than the FAM-TAMRA probe (see Table 3.5). 

Therefore, the FAM-MGB-NFQ probe was chosen for sample testing as a 

refinement to the HEV qRT-PCR. 

  



 

114 

 

Table 3.5 Results of the probe comparisons for synthetic DNA controls 

Genotype FAM-TAMRA 

probe CT average 

MGB-NFQ probe 

CT average 

CT Difference 

1 39.52 36.885 2.635 

2 36.7 36.4 0.3 

3 39.565 37.67 1.895 

4 36.945 36.555 0.39 

 

 

Use of the qRT-PCR on natural HEV RNA 

 
Cultured HEV RNA was used to test the qRT-PCR method (kindly provided by 

Reimar Johne and Eva Trojnar from Bundesinstitut für Risikobewertung). This 

HEV strain was originally obtained from an infected patient. The concentration 

of the RNA was unknown, but had a neat CT value of ~20, which is lower than 

the neat standard curve DNA control (CT ~21). The RNA was diluted serially 

(1:10) from neat to 10-4 and then tested to determine how well the natural HEV 

was amplified and how sensitive the assay was when compared to the synthetic 

DNA used in the standard curve. The assay could detect the 10-4 dilution of the 

RNA, giving CT values of ~34 for this RNA concentration. The results can be 

seen in table 3.5. 

Table 3.6 CT values for the natural HEV RNA in comparison to the synthetic 

dsDNA 

Dilution dsDNA 
average CT 

Natural HEV 
RNA average 
CT 

Neat 21.73 20.29 

10-1 25.61 24.07 

10-2 29.54 27.42 

10-3 32.97 31.12 

10-4 36.05 34.75 

 

 
 
  



 

115 

Discussion 

 
Originally the methods published by Jothikumar et al., (2006) and Garson et al., 

(2012) were suggested by colleagues within UK Health Security Agency  

(UKHSA)and the Marine Institute (Ireland). The combined methods have been 

used in many other institutions and for many different purposes, such as 

universal blood screening for HEV in the UK (Oeser et al., 2019), the detection 

of HEV in pigs in Italy (De Sabato et al., 2019), and the detection of HEV in 

shellfish in Spain (Mesquita et al., 2016); plus many other recorded uses. 

Because of the popularity of the assay, the professional recommendations, and 

its reported sensitivity, it was decided that synthetic control material (DNA and 

RNA) would be created to test the method. 

The synthesised DNA and RNA were to act as controls for the HEV qRT-PCR 

and were created in a similar format to the controls used for norovirus and 

hepatitis A virus testing within ISO 15216-1:2017. The synthetic control 

materials were created not only because the laboratories available during this 

PhD were not of a high enough containment level to allow HEV-positive 

samples to be used, but also because a significant source of natural HEV RNA 

extracted from cell culture would have been needed otherwise; and this could 

not be obtained. We were able to successfully create synthetic DNA and RNA 

control materials for the HEV qRT-PCR for the purposes of sample testing. 

Additionally, we found that using a MGB-NFQ probe could slightly improve the 

curves and CT values given for the 10-4 dilution of some genotypes of HEV. 

This modification was the same as that used by Garson et al., 2012 to improve 

the binding of the probe to HEV DNA. Garson et al., 2012 showed that the 

increased temperature difference between the primers and probe (introduced 

by using the minor groove binder) made the probe less susceptible to providing 

false negative results when tested against different HEV sequences. They also 

observed improved amplification curves, with higher plateau values. We 

therefore determined that the FAM-MGB-NFQ probe was a good refinement to 

the method. 

A possible limitation of this method is that there are some sequences which 

show some different bases in the probe binding region. This may lead to 

reduced probe binding and therefore lower sensitivity of the method. However, 

when Garson et al., 2012 used a MGB-NFQ probe instead of a FAM-TAMRA 
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probe, they found that the probe was less sensitive to mismatches at singular 

loci within the probe binding region, and less false negative results. To avoid 

changing the detection sensitivity, reported by Jothikumar et al., 2006 to be four 

genome copies, I decided not to change the probe sequence. This was under 

the consideration thatt the MGB-NFQ probe may account for such singular 

mismatches. 

In summary, I have outlined the method which will be used for the detection of 

HEV, using qRT-PCR, in subsequent chapters. I have selected this HEV qRT-

PCR detection method for several reasons. There is very high homology 

between HEV sequences in the primer and probe regions; the assay has been 

previously reported to have a very high sensitivity; and it has been used by 

many different studies and programs previously. This method was chosen to be 

the HEV detection method for the variety of different matrices within the 

subsequent chapters of this PhD. I was able to successfully create DNA and 

RNA control materials and run tests of the type of probe which would maximise 

the chances of obtaining true positive results. I also used the synthetic control 

materials and limited amounts of natural HEV RNA to test the qRT-PCR 

method and show that this is a sensitive and specific qRT-PCR method which 

would be useful in subsequent studies to detect and quantify these viruses 

potentially in various matrices. 
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Chapter 4 

 
Surveillance of faecally-derived viruses within sewage 

Abstract 

Norovirus causes an estimated 3 million cases in the UK each year, and whilst the 

reported number of HEV cases in the UK have been increasing yearly since 2003, the 

true burden of HEV cases is unknown due to asymptomatic illness. Norovirus and 

HEV are shed in the faeces and urine of infected individuals, and sewage can provide 

an estimate of the pathogenic burden of viruses (as demonstrated during the SARS-

CoV-2 pandemic). Sewage also provides an onwards transmission risk as, unlike 

SARS-CoV-2, these viruses can be infective in excreta. In this study, we investigated 

the presence of HEV and norovirus in sewage from wastewater treatment plants in 

Southern England. All influent samples (70) and 62/70 (88.6%) effluent samples 

tested positive for the presence of norovirus RNA, whilst 32/70 (45.7%) influent 

samples and 11/70 (16.4%) of effluent samples were HEV positive. A positive 

correlation was observed between GI and GII norovirus, and total norovirus and HEV. 

We also showed that three of seven wastewater treatment plants had ineffective 

treatment practices for removing norovirus RNA from sewage. This is the first study to 

our knowledge to identify the presence of HEV in sewage in England and considering 

the recent publication of sewage spill data from combined sewer overflows, suggests 

that HEV in sewage could be entering the aquatic environment. 

Introduction 

 
Enteric pathogens impose a significant burden on global healthcare, with a study by 

the World Health Organization identifying that nine major pathogens caused 1.8 billion 

cases of gastroenteritis in 2010, and 599,000 deaths (Pires et al., 2015). Identifying 

the routes of transmission of these pathogens and understanding how to prevent 

transmission is an essential part of reducing gastroenteritis cases and deaths. 

Sewage has long been known to harbour many pathogens, as they are often spread 

through a faecal-oral route of transmission. Faecal shedding of these pathogens leads 

to their presence in sewage at high concentrations, which can then lead to the 

contamination of aquatic environments during treated or raw sewage release into 

surface waters. 
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In 2010, norovirus was estimated to have caused 677 million cases and 213,515 

deaths globally (Pires et al., 2015). In comparison, the World Health Organization 

estimates that HEV causes 20 million infections globally per year, and 44,000 deaths 

in 2015 (World Health Organization, 2019). In 2005, hepatitis E virus (HEV) genotypes 

1 and 2 alone were responsible for 2 million hepatitis cases (World Health 

Organization, 2019). Norovirus is a well-known enteric pathogen, which has been 

identified in sewage and surface waters in many countries. In the Netherlands, 

norovirus was detected in river water as well as treated and untreated sewage in high 

quantities (maximum concentrations of 4.9x106, 7.5x106 and 8.5x108 PCR detectable 

units per millilitre respectively) (Lodder and de Roda Husman, 2005). In Japan Iwai et 

al., (2009) found that GI norovirus reached a maximum of 2.3x109 copies/ml of raw 

sewage, and GII reached 7.1x1010 copies/ml. In the UK, GI norovirus was found to 

have a maximum of 5.6x104 copies/ml of sewage influent, and GII was found to have 

a maximum of 4.5x105 copies/ml (Campos et al., 2016). The concentrations of 

norovirus in sewage and surface waters varies considerably between country and 

depends on season. Studies have also identified that norovirus RNA is difficult to 

remove from sewage, and that some wastewater treatment processes are more 

effective than others (Campos et al., 2016; Kingsley et al., 2017; Sima et al., 2011). 

The release of treated sewage and raw sewage from storm overflows is a common 

occurrence, with a report from the Environment Agency in the UK identifying that 

combined sewer overflows operated for over 3 million hours collectively in 2020 

(Environment Agency, 2020a). This can lead to contamination of surface waters with 

norovirus (Di Bartolo et al., 2015b; La Rosa et al., 2017b; Sedji et al., 2018; Haramoto 

et al., 2005; Wyn-Jones et al., 2011). This release of norovirus into aquatic 

environments can then lead to the contamination of recreational waters, and shellfish 

harvesting areas (Smith et al., 2012). In the latter case, bivalve shellfish can 

bioaccumulate norovirus from their growing waters, and this can lead to foodborne 

outbreaks and sporadic cases of norovirus. It is estimated that there are 11,800 cases 

of shellfish-borne norovirus in the UK per year (Hassard et al., 2017). In addition, 

consumption of surface waters (for drinking) can also lead to norovirus outbreaks (Di 

Bartolo et al., 2015b). Furthermore, norovirus outbreaks from recreational use of 

surface waters such as lakes and canals have also been reported (Kauppinen et al., 

2017; Schets et al., 2018; Wade et al., 2018; Zlot et al., 2015). 
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Hepatitis E virus (HEV) has also been detected in sewage in many different 

countries. HEV in sewage can originate from humans and other hosts of the virus, 

including pigs, deer and rabbits (Kenney, 2019), where wastewater treatment plants 

(WWTPs) also serve farms or abattoirs. In India, 55.6% of 144 sewage influent 

samples were positive for genotype 1 (Vivek et al., 2013). In Italy, 16% of 118 

influent samples were positive for genotype 1 and 3 (La Rosa et al., 2010). And in 

the UK, genotype 3 was found in 93% (14/15) of WWTP influent samples in 

Edinburgh (Smith et al., 2016). Surface waters have also been identified to be 

contaminated with HEV in some countries; this can be due to sewage release into 

surface waters, contamination with farm run-off, or possibly even from wild animals. 

A study in Germany identified 27/90 (30%) samples of water from two rivers to be 

HEV positive (Beyer et al., 2020); whilst a study in Iowa, USA identified 9/20 (45%) 

river water samples to be HEV positive before and after pig manure application to 

nearby fields (Givens et al., 2016). Similar to norovirus, HEV has been identified in 

both influent and effluent as well as shellfish in previous studies (Beyer et al., 2020; 

Rivadulla et al., 2019; O’Hara et al., 2018). HEV has also been detected in pig slurry 

samples from UK farms, having been identified in two of nine pig slurry lagoons in the 

UK (McCreary et al., 2008). Contamination of water courses and ground water with 

HEV from animal slurry and human sewage is a common concern. However a UK-

wide investigation into the presence of HEV in sewage and environmental waters 

has not yet been completed. 

Surveillance of wastewater is increasingly seen as a useful tool to monitor the 

emergence of outbreaks of disease. Sewage is likely to be a good representation of 

the true transmission of viruses within the population as many viruses (including 

SARS-CoV-2, HEV and norovirus) can cause asymptomatic infections, which are 

likely to be missed by surveillance. The sewerage system is used by  by 

approximately 96% of the population, with the remainder served by private treatment 

works, cesspits and septic tanks (DEFRA, 2002). Therefore they may be used to 

identify new outbreaks before symptomatic cases arise (Medema et al., 2020a). 

During the SARS-CoV-2 pandemic, sewage surveillance has been used to not only 

track outbreaks as they are happening, or before symptomatic cases are reported 

(Medema et al., 2020b; Agrawal et al., 2021), but also for monitoring of variant 

abundance within the population and comparison to other areas (Martin et al., 2020; 

Crits-Christoph et al., 2021). Identifying viruses such as SARS-CoV-2, HEV and 
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norovirus within sewage could also be used to identify if contamination of surface 

waters with treated or untreated sewage could lead to infections in persons who use 

surface waters for recreational activities, and who consume shellfish. An 

investigation into HEV and norovirus in sewage is an important step towards our 

understanding of the transmission of these viruses in the UK. Due to previously 

identified presence of HEV in sewage in Scotland (Smith et al., 2016), the aim of this 

study was to test WWTP influent and effluent samples from Southern England for 

HEV, and to provide a comparison of its presence with that of norovirus. We also 

aimed to identify whether the treatment processes used by the WWTPs were 

effective for norovirus and HEV removal. 

Materials and Methods 

 
Sewage study samples 

 

We collected 140 paired samples, comprising of 70 influent and 70 effluent samples, 

from seven WWTPs in Southern England between October 2019 and February 

2020. Each influent sample consisted of a litre of coarsely screened influent, and 

each effluent sample was one litre of final effluent. Ten pairs of influent and effluent 

samples were collected from each WWTP over the collection period. Samples were 

collected weekly during this period, or fortnightly due to holiday periods. Details of 

the WWTPs are shown in Table 4.1 (sites and locations have been anonymised). 

Samples were stored in cooled boxes during transport to the Cefas Weymouth 

laboratory on the same day. Upon arrival at the laboratory, samples were either 

stored overnight at 4°C, or frozen at -20°C for a maximum of two weeks before 

processing. The counties which the samples were collected from can be seen in 

Figure 4.1. 
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Figure 4.1 Counties from which the influent and effluent samples were collected for 

HEV and norovirus testing 

Figure showing the South of England with counties outlined. The counties highlighted in pink 
are those containing WWTPs involved in the study, and those in green were not included but 
may have formed part of the catchments of some of the WWTPs. 
 

Table 4.1 Characteristics of the WWTPs involved in the studies 
 
 

WWTP 

number 

Population 

equivalent 

Dry weather 

flow (m3/day) 

Treatment level 

(type) 

1 33,822 9,450 Secondary (trickling 

filter) 

2 166,837 40,486 Tertiary (UV) 

3 178,531 55,000 Tertiary (UV) 

4 166,931 47,700 Tertiary (sand filter 
and UV) 

5 141,213 40,007 Secondary 

(activated sludge) 

6 22,352 4,910 Tertiary 

(membrane 

filtration) 

7 93,303 32,141 Secondary 

(aeration) 

 

Sewage treatment occurs within two or three stages, depending on the size of the 
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population equivalent being served by the WWTP. All WWTPs use a primary treatment 

of coarse filters and grit screens to remove solids, which go to landfill. The next stage 

is a secondary treatment, which usually involves a biological digestion stage using 

bacteria which are used to break down the sewage and possibly remove nitrogen and 

phosphorus, followed by a settlement stage where the clear water is separated from a 

sludge layer. This sludge layer is then treated before being used to generate biogas, or 

to generate fertilizer. However, some WWTPs use a secondary filtration option to 

break down or separate sewage. Some WWTPs then use a tertiary treatment if they 

are considered to be large enough, this can be in the form of a UV treatment, or it can 

be additional filtration or nutrient removal (usually nitrogen and phosphorus) (Severn 

Trent Water, none). Table 4.1 provides the available information on the types of 

treatments used in the WWTPs in this study, where data is lacking it is unavailable.  

Sewage concentration 
 

Samples were concentrated using a modified ultracentrifugation method (Puig et al., 

1994; Cross, 2004). Briefly, 40 ml of sewage sample was mixed by vigorous inversion 

then split equally into two ultracentrifuge bottles. Mengo virus (10 µl) was then added 

to both tubes to act as a control to measure the RNA extraction efficiency later. The 

sample bottles were then spun at 152,000 x g at 4°C for one hour and the 

supernatant was discarded. The pellet from one of the sample bottles was 

resuspended in 2ml of 0.25M glycine buffer (pH 9.5; glycine powder from Sigma-

Aldrich). This suspension was then added to the pellet from the second sample 

bottle and the second pellet resuspended with the first. The sample was then put on 

ice for twenty minutes before adding 2ml of cold (4°C) phosphate buffered saline 

(PBS) (137 mM sodium chloride, 2.7 mM potassium chloride, and 10 mM phosphate 

buffer; PBS tablets from VWR). Samples were then spun in the ultracentrifuge at 

6090 x g for 20 minutes and at 4°C. The supernatant from the bottles was then 

transferred to clean bottles, and 18ml of cold PBS added before a final spin at 

152,000 x g for one hour at 4°C. The pellet from this final spin was resuspended in 

1ml of cold PBS before it was used in subsequent RNA extraction. 

 
Virus and RNA extraction 

 

The total RNA extraction began by adding 500 µl of the concentrated sewage pellet to 

2 ml of lysis buffer (Biomerieux), and this was left to incubate at room temperature 
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for 10 minutes. The method for RNA extraction is then the same for that used for 

extraction of viral RNA from shellfish, described in Lowther et al., (2012). Following 

the lysis buffer incubation, 50 µl of magnetic silica beads from the NucliSENS 

Magnetic Extraction Reagents kit (Biomerieux) were added, and the mixture was left 

to incubate for ten minutes at room temperature. The sample was then centrifuged at 

1500 x g for 2 minutes and the supernatant discarded. The silica beads remaining 

were washed in buffers whilst held in a NucliSENS Minimag (Biomerieux). Wash 

buffer 1 was applied and removed using an aspirator after 30 seconds of wash 

spinning within the Minimag; and this step was repeated. Wash buffer 2 was then 

applied in the same way and repeated. Wash buffer 3 was applied for 15 seconds of 

wash spinning and removed, and finally 100 µl of elution buffer was added to 

resuspend the magnetic beads. The elution mix was incubated on a thermoshaker at 

60°C and 1400 rpm for five minutes, before applying to a magnet to separate the 

buffer (containing extracted RNA) from the silica beads. The 100 µl of RNA extract 

was then transferred to a clean tube for use in subsequent qRT-PCR. A reference 

extraction was performed alongside the samples, consisting of 10 µl of mengo virus 

(same batch as used in the ultracentrifugation) in 500 µl of molecular grade water; 

and a negative extraction control of 500 µl of molecular grade water was also 

included during each extraction. 

 
qRT-PCR methods 

 
Sewage RNA extracts were tested for the mengo virus extraction control and 

presence of HEV and norovirus using qRT-PCR. The mengo virus and norovirus 

assays are described within the international standard for quantification of viruses in 

foods ISO 15216-1:2017. The details for these assays and the HEV assay are 

shown in Table 4.2. Reagents from the Invitrogen RNA UltraSense™ One-Step 

Quantitative RT-PCR System were used to prepare qRT-PCR mastermixes, and 

amplification was carried out using a QuantStudio 3 Real-Time PCR System. Two 

(technical) replicatesof RNA extract were tested for each target virus detection 

assay, and one technical replicate was tested for the extraction control assay. Each 

technical replicate in each assay consisted of 20 µl of mastermix with 5 µl of RNA 

extract as template. For all qRT-PCR assays the final primer concentrations were 

0.625 µM for the forward primer and 1.125 µM for the reverse primer. 
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Table 4.2 Primer and probe sequences and details for the qRT-PCR methods 

 
Target Primer and Probe Sequences Cycling 

parameters 
Paper 

HEV FWD: 
5’-GGTGGTTTCTGGGGTGAC-3’ 
REV: 
5’-AGGGGTTGGTTGGATGAA-3’ 
PROBE: 
5’- TGATTCTCAGCCCTTCGC-3’ 
5’-FAM 3’-MGB-NFQ 

55°C 60 minutes 
95°C 5 minutes 
45 cycles of: 
95°C 15 
seconds 
60°C 1 minute 
65°C 1 minute 

Jothikumar 
et al., 
(2006); 
Garson et 
al., (2012) 

Norovirus 
GI 

FWD: 

5’-CGCTGGATGCGNTTCCAT-3’ 
REV: 
5’-CCTTAGACGCCATCATCATTTAC-3’ 
PROBE: 
5’-TGGACAGGAGATCGC-3’ 
5’-FAM 3’-MGB-NFQ 

55°C 60 min 

95°C 5 minutes 
45 cycles of: 
95°C 15 
seconds 
60°C 1 minute 
65°C 1 minute 

da Silva et 
al., (2007); 
Svraka et 
al., (2007); 
Hoehne 
and 
Schreier, 
(2006) 

Norovirus 
GII 

FWD: 
5’- 
ATGTTCAGRTGGATGAGRTTCTCWGA- 
3’ 
REV: 
5’-TCGACGCCATCTTCATTCACA-3’ 
PROBE: 
5’-AGCACGTGGGAGGGCGATCG-3’ 
5’-FAM 3’-TAMRA 

55°C 60 min 
95°C 5 minutes 
45 cycles of: 
95°C 15 
seconds 
60°C 1 minute 
65°C 1 minute 

Loisy et al., 
(2005); 
Kageyama 
et al., 
(2003) 

Mengo 
virus 

 
 
 
 
 
 
  

FWD: 
5’-GCGGGTCCTGCCGAAAGT-3’ 
REV: 
5’- 
GAAGTAACATATAGACAGACGCACAC- 
3’ 
PROBE: 
5’-ATCACATTACTGGCCGAAGC-3’ 
5’-FAM 3’-MGB-NFQ   

55°C 60 min 
95°C 5 minutes 
45 cycles of: 
95°C 15 
seconds 
60°C 1 minute 
65°C 1 minute 

Pintó, 
Costafreda 
and Bosch, 
(2009) 

 
 

Several controls were included within the qRT-PCR to minimise experimental error. 

Mengo virus was used as an extraction control for all samples through a relative 

quantification method. The mengo virus was cultured within mammalian FRhK-4 cells 

and was used as a whole virus extraction efficiency control after harvesting by spiking 

into sewage prior to concentration and RNA extraction. A reference extraction 

(molecular grade water with 10 µl mengo virus) was performed alongside, and the 

RNA from this was used to prepare a standard curve (serially diluted by a factor of 10, 
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to 10-3) to assess the extraction efficiency of samples. One technical replicate for each 

of the four dilutions were tested. The extraction efficiency threshold was set to 0.5% as 

discussed in chapter 3. Samples under the extraction efficiency threshold that gave an 

otherwise valid positive virus target result were regarded as positive, but non-

quantifiable; under the guidelines in ISO 15216-1:2017. 

A standard curve was also included for the norovirus and HEV assays, using synthetic 

control linear dsDNA preparations, which acted as positive PCR controls and 

calibration standards for absolute quantification of virus RNA. The synthetic DNA 

controls for norovirus (GI and GII) were created following the ISO 15216-1:2017 

guidelines, and the same principles were applied for creating the HEV synthetic DNA 

in chapter 3. The sequence composition for the norovirus (GI and GII), and HEV 

control material are detailed in the annex, within supplementary data 4.1 and 3.9 

respectively. 

For detection assay standard curves, control DNA of concentration 105 copies/µl was 

diluted serially (by a factor of 10) to 10 copies/µl. Two technical replicates for each of 

the five dilutions were tested, using 20 µl of mastermix with 5 µl of standard DNA. 

Standard curves had to conform to an r2 value of 0.99 and a slope of between -3.1 

and -3.6 to be deemed valid. Non-conformance to these values was deemed to be 

caused by human error in preparation of qRT-PCR mastermixes and assays were 

repeated. Virus concentrations (in copies/ml) were calculated from sample CT values, 

utilising the slope and intercept of the standard curves, in addition to the volume of 

concentrated sewage tested (500 µl), and the concentration factors employed during 

the concentration and extraction methods. The calculation of copies/ul of template 

from CT values can be seen in supplementary data 4.2. 

In addition, controls for measuring inhibition to the norovirus and HEV qRT-PCRs, 

caused by the sample matrix, were also included, utilising synthetic RNA. Additional 

reaction wells (separate to those for virus detection) were prepared, containing 5 µl of 

sample RNA extract, 20 µl of mastermix, and 1 µl of synthetic RNA control (creation of 

the HEV RNA control is described in chapter 3, following the same method used in 

ISO 15216-1:2017 for creation of the norovirus RNA controls). CT values for these 

reactions were then compared to the CT value obtained from a well containing 5 µl of 

molecular grade water, 20 µl of mastermix, and 1 µl of the synthetic RNA control. The 

difference in CT values was converted into an RT-PCR inhibition percentage by 

reference to the standard curve. Sample qRT-PCR inhibition had to be ≤75% 
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(approximately 2 CT values difference). Samples over the 75% inhibition threshold 

were not considered to provide reliable quantitative data, however an otherwise valid 

positive result within such samples would be regarded as a positive detection, but 

non-quantifiable, as outlined in ISO 15216-1:2017. 

For negative controls, an extracted negative control was tested for mengo virus, HEV 

and norovirus (a control for cross contamination during RNA extraction), and a 

negative qRT-PCR control was also tested (a control for cross contamination during 

plate preparation). Sample preparation, qRT-PCR plate preparation and the 

thermocycling all occurred in separate laboratory rooms to minimise contamination 

risk. 

Statistical Analysis 

All statistical analysis and graphs were produced in R version 3.4.3 (R Core Team, 

2018). All data was initially tested for normality using the Shapiro-Wilk test (Shapiro 

and Wilk, 1965). The data was found not to be normally distributed when log10 

transformed, or when untransformed, and zeroes were meaningful data, therefore 

data was analysed using non-parametric tests throughout. 

Mean virus copies/ml sewage was calculated using the absolute quantification values 

obtained for all samples, including negative samples (0 copies/ml sewage). Total 

norovirus refers to the addition of GI and GII copies/ml sewage. 

Spearman’s rank correlation was used to check for correlation between levels of GI 

and GII norovirus, and total norovirus and HEV in samples, and to determine if there 

were correlations between WWTP population equivalent and average total norovirus, 

average HEV, and number of HEV positive samples (Jerrold, 2005). Fisher’s exact 

test was used to identify if norovirus or HEV positive samples were more likely to 

originate from certain WWTPs (Fisher, 1934). A Kruskal-Wallis test was used to 

identify if there were significant differences in the distribution of total norovirus and 

HEV levels between the WWTPs (Kruskal and Wallis, 1952). A paired one-tailed 

Wilcoxon test was also used to identify if the median norovirus in influent was greater 

than the median norovirus in treated effluent to determine whether the sewage 

treatment practices for each WWTP were adequate for removal of norovirus RNA. 

Additionally, we used a one-tailed (greater) Wilcoxon test to determine whether the log 

reduction of norovirus levels was larger for WWTPs using tertiary sewage treatment 

methods than those using secondary methods. Log reductions were calculated for 

pairs of influent and effluent samples collected on the same day from the same 
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WWTP. To enable the log reduction to be calculated for pairs where effluent samples 

were negative for norovirus, these samples were given a censored value of 0.5 

copies/ml, which is slightly lower than the lowest positive result. 

Results 

 
Extraction efficiency and Inhibition 

 
Of the 140 samples collected from the seven WWTPs, four gave invalid extraction 

results (<0.5%) and three different samples gave invalid inhibition percentage results 

(>75%). These samples were re-extracted from the concentrated sewage pellet but 

still failed the quality control parameters on retesting. Two of these invalid samples 

were influent samples which tested positive for HEV and GI and GII norovirus. Three 

of the invalid samples (one effluent and two influent samples) tested positive for GI 

and/or GII norovirus. The two remaining invalid samples were effluent samples 

which were negative for all viruses. This left 133 samples for quantitative data 

analysis. The range of extraction efficiency values obtained for these 133 samples 

was 0.53 – 65.1% and the range of percentage inhibition for these samples was 0.0 

– 74.6%. The extraction efficiencies for the samples can be seen in supplementary 

data 4.3. Of these 133 samples, 66 were influent samples and 67 were effluent 

samples. 

Norovirus and HEV in sewage 

 
For norovirus, all influent samples (70) and 63/70 (90%) of effluent samples tested 

positive for the presence of RNA from at least one norovirus genogroup. GI 

norovirus RNA was detected in 67/70 (95.7%) and 58/70 (82.9%) of influent and 

effluent samples respectively; whilst GII norovirus RNA was detected in 69/70 

(98.6%) and 60/70 (85.7%) of influent and effluent samples. For HEV, 32/70 

(45.7%) of influent samples were HEV positive, as were 11/70 (16.4%) of effluent 

samples. Table 4.3 shows the percentage of influents and effluents from each site 

which tested positive for at least one genogroup of norovirus, or HEV, utilising all 

data (including samples which were positive but non-quantifiable). 
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Table 4.3 Virus detection results by WWTP 

 
 
 

WWTP Population 
Equivalent 

Effluents 
GI 
norovirus 
positive 

Influents 
GI 
norovirus 
positive 

Effluents 
GII 
norovirus 
positive 

Influents 
GII 
norovirus 
positive 

Influents 
HEV 
positive 

Effluents 
HEV 
positive 

1 33822 100% 
(10/10) 

88.89% 
(8/9*) 

100% 
(10/10) 

100% 
(9/9*) 

33% (3/9*) 10% (1/10) 

2 166837 100% 
(10/10) 

100% 
(10/10*) 

100% 
(10/10) 

100% 
(10/10*) 

70% 
(7/10) 

20% (2/10) 

3 178531 90% (9/10) 100% 
(10/10) 

80% 
(8/10) 

100% 
(10/10) 

50% 
(5/10) 

10% (1/10) 

4 166931 100% 
(10/10) 

100% 
(10/10*) 

100% 
(10/10) 

90% 
(9/10*) 

67% (6/9*) 10% (1/10) 

5 141213 77.78% 
(7/9*) 

100% 
(10/10*) 

100% 
(9/9*) 

100% 
(10/10*) 

50% 
(5/10*) 

33% (3/9*) 

6 22352 22.22% 
(2/9*) 

100% 
(10/10*) 

33.33% 
(3/9*) 

100% 
(10/10*) 

50% 
(5/10) 

22% (2/9*) 

7 93303 100% 
(10/10*) 

90% 
(9/10) 

100% 
(10/10*) 

100% 
(10/10) 

10% 
(1/10) 

11% (1/9*) 

Totals N/A 82.8% 
(58/70) 

95.7% 
(67/70) 

85.7% 
(60/70) 

97.1% 
(68/70) 

45.7% 
(32/70) 

16.4% 
(11/70) 

*Samples which failed quality controls and were negative for target viruses not included. 
Samples with invalid quality controls but positive target virus detections are included as they 
are positive detections but are non-quantifiable according to ISO 15216-1:2017 (International 
Organization for Standardization, 2017). 

 
 

The presence of both GI and GII norovirus was common within the influents and 

effluents, with 66/70 (94.3%) and 56/70 (80%) of influents and effluents respectively 

containing both genogroups. All three target viruses (HEV, GI and GII norovirus) were 

detected in 30/70 (42.9%) of influents and 9/70 (12.9%) of effluents. All samples 

containing HEV also contained GII norovirus. Only one influent sample and two 

effluent samples containing HEV and GII norovirus did not also contain GI norovirus. 

Figure 4.2 shows the comparison of GI and GII norovirus and HEV quantities found in 

the influent and effluent samples. A significant positive correlation was found between 

GI and GII norovirus levels within both influent and effluent samples (Spearman’s 

rank correlation, effluent Rho= 0.74, P < 0.0001; influent Rho= 0.62, P < 0.0001). 

Significant positive correlations were also observed between levels of total norovirus 

and HEV (effluent Rho= 0.46, P < 0.0001; influent Rho= 0.57, P < 0.0001). 
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Figure 4.2 Comparison of levels of GI and GII norovirus and total norovirus and HEV 

within the influent and effluent samples collected 

A and B show the comparison of GI and GII norovirus levels in influent and effluent samples 
from Southern England. C and D show a comparison of total norovirus and HEV levels in 
influent and effluent samples. The axes have all been logged to better present the data. 
Where samples had no detected virus, a value of 0.000001 was assigned for log calculations, 
giving a result of -6. 
 

Considering only the samples with valid results, the average GI norovirus was 112 

copies/ml and 26 copies/ml in influent and effluent respectively. For GII, the average 

was 638 copies/ml and 105 copies/ml in influent and effluent respectively. The mean 

total norovirus was 751 copies/ml for influents, and 131 copies/ml for effluents. For 

HEV, the averages were 4.4 copies/ml and 0.27 copies/ml in influent and effluent 

respectively. The minimum GI and GII norovirus and HEV in influent and effluent 

samples was 1 copy/ml of sewage. The maximum GI was 1,345 and 559 copies/ml of 

sewage for influent and effluent respectively (GI CT range 29-41). The maximum for 

GII was 8,984 and 2,460 copies/ml of sewage in influent and effluent samples 
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respectively (GII CT range 27-41). For HEV, the maximum was 113 copies/ml and  

copies/ml in influent and effluent respectively (CT range 34 – 44). The minimum total 

norovirus in positive influent and effluent samples was 2 copies/ml and 1 copy/ml 

respectively, whilst the maximum was 9,034 copies/ml and 2,634 copies/ml in influent 

and effluent samples respectively. The raw data for norovirus and HEV in the influent 

and effluent samples can be seen in supplementary data 4.4 – 4.7. Figure 4.3 shows 

the mean total norovirus by the WWTPs they were sourced from. The average 

norovirus levels from all WWTPs, in influent or effluent samples, were correlated with 

the population equivalents from all WWTPs. Additionally, the average HEV levels from 

all WWTPs were also correlated with the population equivalents. No significant 

correlation was observed between the average total norovirus or HEV and the 

population equivalent for either influent or effluent samples (see Table 4.4). 

Table 4.4 Results of correlation between average total norovirus or HEV and 

population equivalent 

 

Virus Sample type Rho value p value 

Norovirus Influent -0.39 0.396 
 Effluent -0.11 0.840 

HEV Influent -0.14 0.783 
 Effluent -.043 0.354 
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Figure 4.3 The mean total norovirus and HEV in the influent and effluent samples 

from each WWTP 

The graphs A and B show the mean total norovirus observed from each WWTP, with SEM 
error bars. Graphs C and D show the mean HEV observed from each WWTP, also with SEM 
error bars. The axes for HEV are lower than those for norovirus due to the lower levels seen 
for this virus. 

For norovirus, a Fisher’s exact test to identify if certain WWTPs were more likely to 

provide norovirus positive samples was not possible on the influent data as all 

samples were norovirus positive, but there was no significant association for the 

effluent samples (Fisher’s exact test, p = 0.143). No WWTPs were more likely to 

provide HEV positive samples either (Fisher’s exact test, p values 0.371 and 0.114 for 
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influents and effluents respectively). We observed no significant difference in total 

norovirus or HEV levels between WWTPs. For norovirus, the p values obtained were 

0.088 and 0.229 (Kruskal-Wallis tests) for the influent and effluent tests respectively, 

for HEV, the p values obtained were 0.358 and 0.810 for influent and effluent 

respectively (Kruskal-Wallis tests). 

We identified that four of the WWTPs involved in the study showed a significant 

difference in the median levels of norovirus between paired influent and effluent 

samples (one-tailed Wilcoxon tests). Table 4.5 shows the p values obtained from 

these Wilcoxon tests. The same test was not performed for HEV data due to the low 

quantities observed in the sewage samples. Significant differences were seen only for 

WWTPs 1, 2, 3, and 4. In an assessment of whether secondary or tertiary sewage 

treatment was more effective for reducing norovirus from influent to effluent, the log 

difference between paired influent and effluent samples was calculated and showed 

that tertiary treatment had a greater effect on the removal of norovirus than secondary 

treatment (one-sided Wilcoxon test p = 0.042). The average log reduction of norovirus 

for each WWTP can also be seen in Table 4.5. 

Table 4.5 Statistical significance of the difference in median norovirus levels between 

influent and effluent samples for each WWTP 

 

WWTP Treatment level (type) p value Average log 
reduction of 
norovirus 

1 Secondary (trickling filter) 0.0059 1.18 

2 Tertiary (UV) 0.0020 1.50 

3 Tertiary (UV) 0.0186 1.44 

4 Tertiary (sand filter and 
UV) 

0.0273 0.86 

5 Secondary (activated 
sludge) 

0.0820 0.94 

6 Tertiary (membrane 
filtration) 

0.2305 1.58 

7 Secondary (aeration) 0.0820 0.43 
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Discussion 

 
Norovirus in sewage 

 
Within sewage we observed that 100% of influent and 90% of effluent samples were 

positive for the presence of norovirus from either or both GI and GII. GI was identified 

in 95.7% and 82.9% of influent and effluent samples respectively, whilst GII was 

identified in 98.6% and 85.7%. These results are very similar to those in a previous 

study on WWTPs in England by Campos et al., (2016), which identified GI norovirus in 

94.7% of influent samples, and GII norovirus in 98.7%. These results show the 

ubiquitous nature of norovirus in sewage, and are likely to be a result of the estimated 

3 million cases which occur in the UK each year (Gherman et al., 2020). However, this 

is likely to be a result of the time of year in which the study was done, as norovirus is 

known to have a pattern of seasonality, with much higher cases in the winter months 

than summer months. This has been observed not only within human cases, but also 

sewage and shellfish (Public Health England, 2021a; Campos et al., 2016; Lowther et 

al., 2012). Therefore, these results may not be representative of summer months. We 

identified that GII was present at higher average and maximum concentrations than 

GI in both influent and effluent, but that the prevalence of the two genogroups in 

influent and effluent was almost identical. It is possible that the higher levels of GII are 

the result of more GII noroviruses circulating within the population than GI, and indeed 

GII noroviruses have been the dominant genogroup detected within reported cases in 

2019 (Public Health England, 2020). GI cases are comparatively few. However, the 

similar prevalence of GI and GII noroviruses within these sewage samples suggests 

that there is still a significant presence of GI noroviruses within the community, which 

could perhaps be explained by asymptomatic GI cases. The fact that both GI and GII 

noroviruses were detected in 94.3% and 80% of influents and effluents respectively 

also indicates a large amount of community transmission of both genogroups of 

norovirus. The significant correlations observed between levels of GI and GII norovirus 

in influent and effluent samples suggest that risk factors for both genogroups within the 

population are the same. 

We observed no significant correlation between the population equivalent served by 

the WWTPs and the average total norovirus observed for each WWTP; this was 

surprising as it was expected that WWTPs serving lower population equivalents would 

observe less average total norovirus. This may be a result of similar proportions of 
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infected and non-infected people within the communities served by the smaller and 

larger WWTPs, leading to similar concentrations of norovirus seen in samples 

between WWTPs. Several factors may influence the dynamics of norovirus infections 

within the local community, such as population density and the origins or nature of the 

outbreak – for example an outbreak caused by a contaminated water supply may 

affect more people than an outbreak from consuming oysters in a restaurant (Riera- 

Montes et al., 2011; Coutts et al., 2017). We did not observe any WWTPs to be more 

likely to provide norovirus positives than others, or any significant variation of total 

norovirus levels between WWTPs, although mean norovirus levels varied from 189 – 

1,326 copies/ml in influent samples and 27 – 348 copies/ml in effluent samples. 

These results could be explained by the high variability of norovirus levels on a 

weekly basis within individual WWTPs, similar proportions of infected and non-

infected people within populations served by both smaller and larger WWTPs, or 

perhaps could be influenced by factors such as rainfall dilution of sewage, and 

population density within the areas served by each WWTP; though there is no 

evidence to suggest any particular cause. However, the data is limited by the fact that 

there is limited information on what was being fed into the WWTPs. Some of the 

catchments had hospitals which may have fed into the WWTPs (five of the seven 

WWTPs) however it is also possible that these hospitals may have had their own 

sewage treatment facilities. Additionally, some WWTPs were in more industrial and 

urban areas (the larger WWTPs) and some were in more community-based rural 

areas. Additionally, the study was undertaken only over the winter months and was 

not conducted over a full year to observe the effects of seasonality.  

We also identified that 100% of influents from each WWTP and all effluent samples 

from all WWTPs, bar one (WWTP 6), were norovirus positive. Of the seven WWTPs, 

four had significantly lower median total norovirus in their treated effluent than 

untreated influent. This means that these sites had more efficient treatment practises 

for removal of norovirus RNA than the other three. Of these four WWTPs, three had a 

tertiary level of treatment, including UV, and one had a secondary level of treatment, 

including a trickling filter. This suggests that the methods of wastewater treatment 

employed by these WWTPs were more effective for removing norovirus RNA from 

sewage. An analysis of the percentage reduction of norovirus in paired samples from 

WWTPs using secondary and tertiary treatment showed that tertiary treatment of the 

sewage resulted in greater percentage reductions of norovirus within the sewage. 
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These results are in agreement with the study by Campos et al., (2016), which found 

that use of tertiary UV treatment following biological treatment was the most effective 

for removal of norovirus RNA from sewage. Other studies have also identified limited 

success when using secondary treatment practices to remove viruses, including 

Lodder and de Roda Husman, (2005) in the Netherlands. This same pattern was also 

observed for E. coli, where geometric mean E. coli levels were 3.2 log10 higher in 

secondary treated effluent that tertiary (UV treated) effluent (Campos et al., 2016). 

Sima et al., (2011) in France also observed a generally more limited ability for 

secondary treatment practices to remove norovirus than E. coli in colder months. 

Sewage treatment practices vary widely not only between WWTPs in the UK, but also 

between countries. Some countries have limited wastewater treatment practices (such 

as Libya) or may not fully comply with wastewater treatment laws (such as Portugal) 

and often discharge raw sewage into surface waters (Alsadey and Mansour et al., 

2020; European Commission, 2007). The USA, uses similar systems to the UK, 

implementing a primary, secondary and possible additional advanced level of 

treatment (United States Government, 2018). However, Japan commonly uses small 

scale aeration-filtration systems (known as Gappei-shori Johkaso (Mizuochi et al., 

2008). Removal of viruses and bacteria from sewage is likely to vary significantly 

between countries, not only because of differences in seasonality of norovirus between 

different countries, but also because of differing sewage treatment methods, degrees 

of sewage treatment, and environmental conditions.  

HEV in sewage 

 
This study is the first to identify HEV in sewage in England, though at low levels. We 

observed that 45.7% of influent and 16.4% of effluent samples in this study were 

positive for HEV. The levels of HEV identified within this study were low, ranging from 

1 – 113 copies/ml of sewage. The median levels of the virus in influent and effluent 

were 0 copies/ml of sewage, and the standard deviation was 14.5 and 0.82 for influent 

and effluent respectively. This is potentially lower than the figures reported by Smith et 

al., (2016), who identified HEV in untreated influent in Edinburgh at quantities <2,000 

copies/ml of sewage, but a range of values was not provided for more complete 

comparison, so it is difficult to say with confidence whether the levels reported here 

are genuinely lower. We did not observe a significant correlation between HEV 

presence and the size of the population equivalent. We also found that no WWTP 

was more likely to provide a HEV positive sample, and there was no significant 
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difference in the HEV levels between WWTPs. These results are likely to have been 

affected by the low HEV levels detected, as the maximum level identified was 113 

copies/ml of sewage. But it could suggest that other factors may influence the 

presence and levels of HEV in sewage (such as weather conditions, population 

density, and the prevalence and transmission of the virus within the populations 

served), though there is no evidence for this at present. 

One factor which is beginning to be explored is the possibility of sewer-dwelling 

animals such as rats contributing to the burden of HEV within sewage. It has been 

theorized that sewer-dwelling rats can become infected with human HEV, which can 

then infect livestock animals such as pigs. Some studies have identified that human 

HEV is capable of infecting rats. A study in the USA identified genotype 3 HEV in 

34/446 rat liver samples (Lack et al., 2012), and one study in Norway identified that 

10/56 rats from a farm had genotype 3 HEV within their tissues which was identical to 

the pig HEV strains prevalent on the farm (Kanai et al., 2012). However other studies 

have shown no infection of rats with human HEV strains under experimental conditions 

(Purcell et al., 2011; Schlosser et al., 2019). A study of rats from farms in the UK in 

2018 showed no evidence that they were carrying human HEV (Grierson et al., 2018). 

However, the potential for sewer-dwelling rats to be carrying and excreting HEV within 

the sewers cannot be ruled out and should be considered as an additional factor which 

may have influenced the results of this study. 

We identified a significant positive correlation between the levels of norovirus and 

HEV. This was emphasised by the presence of GII norovirus in all HEV positive 

samples, and the presence of norovirus (GI and GII) and HEV in 42.9% of influent and 

12.9% of effluent samples. A correlation between levels of norovirus and HEV is 

unsurprising, and suggests a common source for both viruses, and that levels of 

norovirus and HEV vary in similar ways. This may suggest common risk factors for 

both viruses, though it is unknown what this may be. Considering that these WWTPs 

are fed primarily by human populations, this may suggest a human origin for both 

viruses, but animal sources of HEV cannot be ruled out as there are animal farms in 

the study areas. To determine whether the HEV originated from humans or animals, 

sequencing of the HEV positive samples was required (see chapter 6). Importantly, for 

all WWTPs, we reported at least one influent and one effluent sample containing HEV 

RNA, which shows that HEV is prevalent in humans and/or animals across the area 

covered by the study area (seven WWTPs within an area of approximately 4,500 km2). 
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Due to low levels of HEV within the sewage samples, an assessment of the efficacy of 

wastewater treatment on HEV levels between influent and effluent samples was not 

conducted. However, the detection of HEV within influent and effluent suggests that 

HEV could be entering surface waters, especially considering the recent report of over 

3 million hours of raw sewage release into surface waters in 2020 (Environment 

Agency, 2020a). 

To compare the levels of norovirus and HEV within sewage, total norovirus reached a 

maximum of 9,034 copies/ml and 2,634 copies/ml in influent and effluent respectively, 

which is 80 times higher than maximum levels of HEV in influent, and 527 times higher 

in effluent. This is representative of the relative incidence of norovirus cases yearly, 

compared to HEV cases. From June 2017 to June 2018, norovirus cases reached 

6,719 in England and Wales (Public Health England, 2018a), whereas in 2018 HEV 

cases reached 1,002 in England and Wales (Public Health England, 2019). However, 

many cases of norovirus go unreported, with an estimate of the true number of 

norovirus cases at 3 million in the UK annually (Gherman et al., 2020), and many 

people are also infected asymptomatically (Phillips et al., 2010), which may partially 

explain this discrepancy. In comparison, HEV cases are likely to be under-reported 

due to the possibility of asymptomatic infection (Guillois et al., 2015). However, as 

symptomatic HEV illness is comparatively more severe than norovirus, and HEV 

illness is a notifiable disease to public health agencies, this would suggest that under-

reporting of HEV illness is less of an issue than it is for norovirus.A correlation between 

HEV and norovirus levels was identified as significant within sewage. This means that 

levels of HEV and norovirus may vary similarly. With the discrepancy between 

norovirus and HEV cases in the UK yearly, HEV is much less likely to be present in 

human sewage than norovirus, and unlikely to be at high levels. Due to the low levels 

of HEV identified in the samples in this study, the aquatic environment in England is 

not likely to have high levels of HEV within it, and this should limit the possibility of 

onward transmission through consumption of shellfish, or through recreational water 

activities which result in the consumption of surface waters. However, this must be 

investigated further. 

Limitations 

 
We experienced sample limitations related to the quality controls. Several samples 

failed to reach the extraction efficiency threshold (0.5%) or exceeded the inhibition 
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threshold (75%), and the range of extraction efficiencies and inhibition percentages 

was also large. Environmental samples commonly have difficulty in obtaining high 

extraction efficiencies (Li et al., 2018). This may be due to the presence of inhibitory 

compounds and degrading enzymes within sewage (Sanchez-Galan et al., 2021), and 

it is a common difficulty encountered when analysing sewage samples. An RNA 

integrity control was not possible to assess for sewage due to the unlikelihood of intact 

mRNA being present in the samples due to RNases. This could mean that viral RNA 

within the samples may have degraded prior to analysis. The fact that some samples 

yielded positive results suggests that the virus capsids were fully in tact when in the 

sewage samples were collected. Samples were processed as quickly as possible to 

minimise the effects of this, and presence of norovirus in high quantities within some 

samples suggests that RNases did not overly deplete viral RNA from the samples. 

Norovirus was also detected in the majority of samples, suggesting there was no 

significant problem with RNA quality. 

Another limitation of the study is that we were unable to test sewage samples from 

areas outside of southern England, and therefore the prevalence of norovirus and 

HEV identified in these samples cannot be representatively applied to the whole of the 

UK. In addition, influent and effluent samples were collected within ten minutes of 

each other at each WWTP, and therefore influent entering the WWTP would not have 

been fully treated by the time effluent samples were collected. Treatment times 

between WWTPs vary depending on the methods of treatment, however a previous 

study on a WWTP using a membrane bioreactor as the secondary treatment process 

had a residence time of 20 hours (Sima et al., 2011). This means that the influent 

samples may not have been representative of the norovirus levels which were 

present prior to the treatment of the paired effluent samples. However, we considered 

that this was still a useful measurement of real time reductions in norovirus RNA as 

times when virus levels in influent had been both increasing and decreasing are likely 

to have been captured across the dataset, meaning that inflation and reduction of the 

difference between influent and effluent norovirus RNA levels should have been 

cancelled out. 

Additionally, the data is limited by the fact that the exact treatment processes used by 

each WWTP were not provided by the water companies involved in the study. Though 

it was observed that tertiary treatment of influent was more efficient than WWTPs with 

secondary treatments only, it is difficult to know if this was observed because of the 
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use of tertiary UV treatments, or if it is because of the secondary treatments being 

used at these sites, or a combination. However, it has been observed elsewhere that 

tertiary treatment (with UV) is more effective for virus removal than secondary 

treatment alone (Campos et al., 2016). The data may also be limited by the effect of 

storage on the samples, as storage at 4°C overnight or immediate freezing at -20°C 

may have caused some viral particles to degrade, and therefore the amount of virus 

detected in the samples may be lower. The samples were also only collected over the 

winter between 2019 and 2020, representing the season where norovirus levels are 

highest, and therefore do not represent the warmer months where norovirus levels are 

lower. 

The state of the viruses within the sewage is also unknown. Whilst qRT-PCR is an 

incredibly useful technique for detection and quantification of viruses such as HEV 

and norovirus in sewage, it is unknown whether the viruses detected are in a viable 

or non-viable state, and this study did not have the resources or facilities required for 

culturing the viruses from the samples. It is also unknown whether the viruses are in 

an aggregated state or disaggregated state. It is theorized that norovirus would be 

disaggregated in water as the pH of water is close to the isoelectric point of norovirus 

(Van Abel et al., 2017); however, sewage is a complex biological matrix which may 

lead the virus particles to “stick” to the organic matter and possibly aggregate 

together, as they have in previous high-protein matrices (Teunis et al., 2008a). 

Additionally, it is unknown whether the viruses would be in a quasi-enveloped or 

vesicle-cloaked state within the sewage samples. HEV is considered to exist in a 

quasi-enveloped state within blood and tissue culture supernatant (Takahashi et al., 

2010; Yin et al., 2016; Capelli et al., 2019), whilst norovirus has been observed to 

exist in both a “naked” virion state, and also a vesicle-cloaked state containing 

multiple particles (Santiana et al., 2018). Both the quasi-envelope and the vesicles 

are made up of host cell lipids (Takahashi et al., 2008; Santiana et al., 2018). 

However, the quasi-envelope for HEV is not maintained in the faeces, due to 

exposure to bile (Primadharsini et al., 2021; Takahashi et al., 2008), and quasi-

envelopment is thought to maintain the infectivity of virus particles (Capelli et al., 

2019). On the contrary, vesicle-cloaked norovirus particles have been detected in the 

faeces (Santiana et al., 2018), and the cloaking of norovirus particles within sewage 

is thought to provide improved transmission for the virus to other hosts as viable 

norovirus was cultured from the vesicles (Santiana et al., 2018). This would suggest 
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that HEV is not quasi-enveloped within sewage and may also be less infectious than 

norovirus within sewage due to the lack of a protective-quasi-envelope. These 

observations make determining the viability of viruses within sewage ever-more 

important, however this was not possible within this study. 

 

Conclusion 

 
This study has shown the ubiquitous nature of norovirus and identified the presence of 

HEV in sewage from Southern England for the first time. With farm run off and 

thousands of litres of treated and untreated sewage being released into UK waters 

yearly, and the confirmed presence of HEV in sewage in Scotland and England, the 

next important question to ask is whether HEV presence in sewage could be leading 

to its transmission through the UK aquatic environment to humans, perhaps through 

recreational water, such as swimming, or the consumption of shellfish from the aquatic 

environment. 
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Chapter 5 

Surveillance of Faecally-Derived Viruses within Shellfish, Cetaceans, and Seals 

from the UK 

Abstract 

 
Faecal pollution of the aquatic environment is known to have a wide variety of 

potentially negative health outcomes, including bacterial and viral pathogen 

contamination of shellfish on a global scale. One of the most common pathogenic 

viruses detected in sewage and shellfish is norovirus. In many countries, Hepatitis E 

virus (HEV) is an emerging viral threat and has been detected in shellfish in several 

countries. Zoonotic transmission of human or animal HEV to marine mammals is also 

a possibility. Here I have assessed the presence of HEV and norovirus in British 

shellfish and examined whether marine mammals in English waters were infected with 

HEV. We identified that 5/91 (5%) shellfish samples, within an archived sample set 

harvested between 2009 and 2018, were HEV positive, however 0/85 freshly 

harvested ready-to-eat shellfish were HEV positive. Of the ready-to-eat shellfish, 

67/85 (79%) of samples were positive for the presence of norovirus RNA, with 

quantities ranging from 1 – 1,525 copies/g of shellfish digestive glands in positive 

samples. We also identified the presence of HEV RNA in 34/105 (32%) of cetaceans 

studied. The results show that contamination of shellfish with norovirus is an ongoing 

problem, and that HEV contamination of shellfish occurs at a much lower frequency. 

We also identified HEV presence within wild cetaceans, and this suggests that HEV 

may be infecting marine mammals, with detrimental effects. 

Introduction 

 
Bivalve shellfish are filter feeding organisms that can concentrate microorganisms 

from surrounding waters within their tissues (Lees, 2000; Lowther et al., 2012). 

Pathogens such as norovirus (from faecal pollution in surface waters) are capable of 

accumulating within shellfish to a level that has the potential to cause illness in 

humans (Hardstaff et al., 2019). Surface waters can be contaminated through farm 

run-off from animals, and from human sewage (treated or untreated). With the number 

of pollution incidents due to release of untreated wastewater in the UK reaching 2,204 

in 2019, the equivalent of one every 45 minutes (Environment Agency, 2020b), regular 

monitoring of faecal pollution within shellfish is necessary as pathogen loads within the 

water can vary significantly from day to day. For this reason, routine testing of shellfish 
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for the presence of E. coli (a faecal indicator) is performed in all European Union 

member states, the UK, and in other countries worldwide. Shellfish for human 

consumption are often relayed (grown in cleaner waters for a period of time) or 

depurated (placed in tanks temporarily with circulating water which is UV treated) to 

reduce their pathogen loads. However, this has often proved to be ineffective for the 

removal of viruses such as norovirus. For example, Ueki et al., (2007) showed that 

norovirus did not decrease significantly during a 10-day depuration period; whereas 

Choi and Kingsley, (2016) showed that norovirus was not significantly reduced over 

six weeks in 7°C water (similar to relaying conditions). 

Oysters are often indicated as the source of foodborne norovirus outbreaks since they 

are usually consumed raw, and therefore the lack of food processing such as cooking 

means there is no removal or reduction of the viable virus within the shellfish before 

consumption. Norovirus has been detected in surface waters and shellfish of various 

species’ worldwide (Wyn-Jones et al., 2011), and identified in marine, riverine and 

estuarine environments in several countries; Hassard et al., (2017) provides a 

summary of locations which have identified norovirus in these same environments. 

Contamination of surface waters near to shellfish harvesting areas commonly leads to 

contamination of shellfish. In the UK, norovirus was detected in samples of river water 

and shellfish from the same locations (Campos et al., 2015). Also in the UK, 433/630 

(69%) ready-to-eat shellfish samples were identified as positive for the presence of GI 

and GII norovirus RNA (Lowther et al., 2018). In Italy, 36/253 (14%) shellfish samples 

(of various species) were found to be contaminated with norovirus RNA (La Bella et 

al., 2017). In China, 112/840 (13.3%) samples of shellfish were positive for norovirus 

RNA (Ma et al., 2013), in addition to six marine water sites in Hong Kong being 

positive for eleven different genotypes of GI and GII norovirus (Yang et al., 2012). 

Many other countries have also reported norovirus in their shellfish, with a global 

range of prevalence from 0-95.6% (depending on locality, time of testing and 

meteorological factors) (Razafimahefa et al., 2020), and outbreaks of norovirus 

caused by shellfish consumption have also been confirmed in many countries 

(Potasman et al., 2002). Norovirus has also been identified within surface waters 

worldwide (Gibson et al., 2011; Lodder and de Roda Husman, 2005; Marcheggiani et 

al., 2015; Wyn-Jones et al., 2011). 

Norovirus is an issue for shellfish suppliers worldwide, but it is not the only enteric 

virus found in shellfish which causes human disease. Hepatitis A virus (HAV), hepatitis 



 

150 

E virus (HEV) and sapovirus have also been found to contaminate shellfish, and 

foodborne outbreaks from the consumption of shellfish have been linked to HAV and 

sapovirus. Several countries have identified HAV within shellfish. In Spain, Manso et 

al., (2010) identified that 29/68 (42%) of farmed and 40/92 (44%) of wild shellfish 

samples (160 total) were positive for HAV RNA, whilst in 2002 an outbreak of HAV 

was determined to have originated at least partly from shellfish (Sánchez et al., 2002). 

In France, a HAV outbreak was also determined to have been caused by consumption 

of oysters from a faecally contaminated shellfish harvesting area (Guillois-Bécel et al., 

2009). Additionally, the largest ever foodborne outbreak linked to shellfish occurred in 

China, where HAV infections in approximately 290,000 people were associated with 

the consumption of clams harvested from a faecally polluted area (Tang et al., 1991). 

In the UK, regular testing of viruses within shellfish does not take place, though there 

has been significant attention on testing for norovirus in shellfish with several large 

national surveys carried out. Systematic studies on HAV presence in shellfish are less 

common, though there have been some historical reports of HAV presence in UK 

shellfish, with three samples from sites prohibited from harvesting shellfish for food 

testing positive (Formiga-Cruz et al., 2002), and a plausible link was found between 

UK mussels and an outbreak of HAV within the Netherlands (Boxman et al., 2016). 

However, no large, or recent systematic study of HAV in UK shellfish has been 

performed. 

Sapovirus is also a human pathogen, spread through the faecal-oral route, which is 

starting to become more widely researched due to its presence in shellfish in several 

countries. A foodborne outbreak of sapovirus and norovirus was identified in Japan, 

where a sequence similarity of 99.3-100% was observed between sapoviruses 

isolated from clam packaging liquid and from stool samples of people who had 

consumed the clams (Iizuka et al., 2010). Sapovirus has also been identified in 

surveillance studies of shellfish. For example, 30/168 (18%) of shellfish samples from 

north-western Spain (Varela et al., 2016), and 54/289 (19%) of shellfish samples from 

northern Italy (Fusco et al., 2019), were identified as positive for the presence of 

sapovirus RNA. Again, however, no studies to date have investigated sapovirus 

presence in UK shellfish. 

HEV has also been detected within both sewage and shellfish. One study found an 

outbreak of HEV on a cruise ship to have been caused most likely by the consumption 

of shellfish through a retrospective analysis (Said et al., 2009), however consumption 
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of shellfish has not been conclusively linked to any HEV outbreaks. Rivadulla et al., 

(2019) identified G3 HEV in 41/164 (24%) of shellfish samples in Spain, and Gao et 

al., (2015) observed G4 HEV in 22/126 (17%) shellfish samples in China. G3 HEV was 

also found in 14/15 (93%) untreated influent samples in Edinburgh (Smith et al., 

2016); and in chapter 4, we also identified 31/70 (45%) influent samples and 11/70 

(16%) effluent samples in a South England study to be positive for HEV RNA. 

Shellfish in Scotland have also been identified to contain G3 HEV; a study of 

individual wild Scottish shellfish identified 41/48 (85%) to be G3 HEV positive, though 

one sampling site was downstream from a pig slaughterhouse (Crossan et al., 2012). 

Another Scottish study identified 9/310 (3%) of retail shellfish from a Scottish 

supermarket to be G3 HEV-positive (O’Hara et al., 2018)G3 HEV seems to be the 

most common genotype detected in shellfish within the UK and Europe, whereas G3 

and G4 HEV are detected frequently in shellfish in Asia (Li et al., 2007; Gao et al., 

2015; La Rosa et al., 2018; Mesquita et al., 2016; Rivadulla et al., 2019; Crossan et 

al., 2012; O’Hara et al., 2008). This also reflects human cases, where G4 cases in 

Asia are much more common than in Europe (Kitaura et al., 2020; Oeser et al., 2019; 

Hakze-van der Honing et al., 2011). The vast majority of cases in the UK are from G3 

and G1 HEV, with G4 having occurred in only three cases between 2014 and 2017 

(Oeser et al., 2019). Due to the zoonotic nature of HEV, shellfish may become 

contaminated with HEV from human faecal pollution, or animal sources (e.g., animal 

waste within farm run off). However, no UK-wide study on HEV in shellfish has been 

carried out to date. 

Although many studies worldwide have investigated the presence of G3 and G4 HEV in 

shellfish, studies which investigate the presence of this known zoonotic pathogen 

have rarely been conducted to identify if other marine and aquatic organisms could be 

affected by it. In Cuba, a study identified that 10/31 (32%) of captive dolphins were 

seroprevalent for HEV antibodies, with 5/31 (16%) of these also positive for G3 HEV 

RNA by qRT-PCR (Villalba et al., 2017). The study indicated that perhaps the food 

sources for the dolphins could have been contaminated with HEV, leading to 

infections and subsequent seropositivity. However, no studies have been conducted 

to identify if wild cetaceans could be impacted by the presence of HEV in surface 

waters, and to our knowledge, no studies investigating HEV presence in other aquatic 

organisms (other than shellfish) have been conducted. 

Due to the presence of HAV, sapovirus and HEV in surface waters and shellfish from 
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many countries worldwide, it is important to investigate these viruses from a UK-wide 

context. This will identify if they are present in the UK aquatic environment, and 

therefore determine if they could be a risk to human health in the UK through shellfish 

consumption. We decided to test whether shellfish samples from certain suppliers 

were more likely to provide shellfish containing norovirus to identify if certain supply 

lines may be more susceptible to causing norovirus outbreaks. We investigated 

whether norovirus was more likely and in higher levels in certain regional locations 

than others to identify whether there may be safer regions in which to harvest shellfish. 

We also identified the number of samples with over 500 copies/g of norovirus. This is 

because the European Union is considering introducing legislature which will limit the 

amount of total norovirus in shellfish samples to ≤500 copies/g, meaning that shellfish 

with levels higher than this will be prohibited from sale (Younger, A. Personal 

Communication, 2021). Therefore we looked to see how many samples would be 

affected by imposing such a limit, and how many suppliers would also be affected, as 

shellfish farmers wishing to trade in the EU from the UK would also be subject to 

these limits.Faecal pollution of surface waters is the root cause of illness from 

consumption of virally contaminated shellfish and can also lead to illness through 

water consumption during recreational water activities, so identifying the prevalence 

and levels of the mentioned viruses is important in the context of human health risks. 

In addition, with some viruses, e.g., HEV, it may be leading to infections within aquatic 

organisms, which could impact wildlife populations and possibly cause or contribute to 

stranding events. Therefore, the main aims of this study were to identify whether UK 

ready-to-eat shellfish were contaminated with norovirus, sapovirus, HAV and HEV; 

and whether wild beached cetaceans and seals were infected with HEV by testing 

liver samples from these mammals. 

Materials and Methods 

 
Shellfish harvesting area pilot study samples 

A selection of archived shellfish samples, stored at -20°C since collection, were 

chosen in a biased dataset for HEV testing. A dataset of 91 shellfish samples (87 

oyster and four mussel) from the frozen archive were selected. The samples were 

selected from ten harvesting areas which historically had high norovirus 

concentrations in shellfish samples (range of geometric means for sites 102 – 2,243 

copies/g) to identify if HEV was present in shellfish from more faecally polluted 

harvesting areas. This norovirus data was obtained by other CEFAS colleagues when 
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samples were originally received. Classification of harvesting areas is dependent on 

the detection of faecal indicator bacteria within sampled shellfish from the harvesting 

area. There are four classifications which a harvesting area can obtain depending on 

the results of E. coli testing, classes A, B and C, or prohibited. A Class A harvesting 

area will not have more than 230 E. coli per gram of flesh and intravalvular liquid in 

80% of samples collected during a review period, and the remaining 20% will not 

have more than 700 E. coli per gram of flesh and intravalvular liquid. A Class B 

harvesting area will not have more than 4,600 E. coli per 100 g of flesh and 

intravalvular liquid in 90% of samples during a review period, and the remaining 10% 

will not have more than 46,000 E. coli per 100 g of flesh and intravalvular liquid. 

Shellfish from Class B must be relayed or depurated to meet Class A requirements. A 

Class C harvesting area will not have more than 46,000 E. coli per 100g of flesh and 

intravalvular liquid, and must be relayed or depurated to meet Class A requirements. 

If E. coli levels are higher than 46,000 E. coli per 100g of flash and intravalvular 

liquid, the site is prohibited from harvesting shellfish for consumption. All of the 

harvesting areas in this study were Class B areas, bar one site which was class C 

(UK Government, 2021). Table 5.5 shows metadata such as harvesting area 

classification for each anonymized harvesting area. These comprised of 72 samples 

which were positive for norovirus RNA (of one or both genogroups) and 19 samples 

in which norovirus RNA was not detected. Within norovirus positive samples, the 

range of norovirus quantities was 1 – 14,160 copies/g of digestive glands. Each 

sample consisted of a pool of digestive glands from 10-15 shellfish harvested from 17 

different locations, including commercial harvesting areas. Digestive glands were 

pooled instead of whole oysters as the digestive gland is where most virus particles 

accumulate, and other shellfish tissues can be inhibitory to PCR techniques. These 

samples were obtained in 2009, 2010, and 2018, shucked and dissected immediately 

after arrival at the lab to remove the digestive glands, which were then pooled, and 

RNA extracted before testing for norovirus. The remainder of the glands were frozen 

at -20°C until they were RNA extracted and qRT-PCR tested as part of this study. 

Harvesting locations have been anonymised to prevent loss of reputation for 

businesses. 

Shellfish retail study samples 

 
Ready to eat Pacific oysters (Crassostrea gigas) were purchased from eleven different 

retail suppliers, in March 2019 over a period of two weeks using normal purchasing 
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channels accessible to the public. It was assumed that most shellfish purchased would 

have been subject to post-harvest processing such as depuration and relaying (in 

accordance with UK hygiene regulations for class B and C sites), and most suppliers 

stated this on their websites. It was not possible to identify the source harvesting sites 

of all the shellfish samples; all identified harvesting locations were in England and 

Scotland. Unfortunately, no shellfish could be sourced from suppliers in Northern 

Ireland or Wales. Of the 11 shellfish suppliers, nine gave harvesting locations for their 

shellfish (12 locations in total as one supplier harvested from seven different locations, 

and some suppliers harvested from the same locations). The remaining two suppliers 

did not disclose harvesting area locations. A sample consisted of 12 oysters 

purchased from a single supplier on a single date, except in the case of one sample 

which consisted of 10 oysters, due to lack of availability from the supplier. Pools of 10 

or 12 were selected as these represent a typical serving in restaurants or 

supermarkets, in addition the use of at least 10 animals in a pool is required by the 

ISO standard method for viruses in foods as it ensures the result is representative of 

the whole batch (International Organization for Standardization, 2017). A total of 85 

pooled samples were purchased during the study period to study HEV and norovirus 

presence within ready to eat shellfish from different suppliers and determine if certain 

suppliers or regions were more likely to provide HEV or norovirus-positive shellfish 

samples. This was intended to be 88 samples (8 from each supplier, one per day from 

Monday to Thursday over two weeks); however, three samples did not arrive. Only 

eleven suppliers could be identified for the study. Harvesting locations have been 

anonymised to prevent loss of reputation for businesses. Approximate locations have 

been given in Table 5.1. Post-harvest processing treatments were not known or 

provided by all retailers as this is not a legal requirement, however it is likely that most 

shellfish samples would have been relayed or depurated as most shellfish harvesting 

areas in the UK are Class B. 
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Table 5.1 Generalised harvesting locations of the shellfish suppliers involved in the 

study 

 

Supplier 
Number 

Regional Location 

1 Southeast England[a]
 

2 Southwest England[b]
 

3 Southwest England[b]
 

4 Southwest England[b]
 

5 Southeast England[a]
 

6 Unknown 

7 Northeast England[c]
 

8 Scotland 

9 Southeast England[a]
 

10* Southeast England[a] (four 
sites), Southwest England[b] 

(two sites), Channel Islands 
(one site) 

11 Unknown 

*All suppliers harvested from one location except for Supplier 10. 

[a] Southeast England is defined as all coastal counties from Hampshire to Norfolk. 

[b] Southwest England is defined as all coastal counties from Somerset to Dorset. 

[c] Northeast England is defined as all coastal counties from Lincolnshire to 
Northumberland. 

 
 

Shellfish methods 

 
Shellfish sample preparation 

 
On receipt of the sample, oysters were shucked (opened) and dissected to remove the 

digestive glands. Shellfish were processed following the international standard (ISO 

15216-1:2017) for the quantification of norovirus and Hepatitis A virus (HAV) in foods 

(International Organization for Standardization, 2017); the method is also suitable for 

analysis of other single-stranded RNA viruses, such as HEV and sapovirus, by 

substituting virus-specific primers and probes; however it is not validated for use for 

these viruses. After dissection and pooling of the oyster digestive glands they were 

then refrigerated at 4°C for up to 12 hours before being subjected to RNA extraction. 

 

Virus RNA extraction 

Mengo virus was cultured within mammalian FRhK-4 cells, and then used as a whole 

virus extraction efficiency control by spiking into samples prior to RNA extraction. 
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Samples were extracted alongside a reference extraction (molecular grade water with 

10 µl mengo virus). The RNA extraction process began with a proteinase K step to 

catabolize lipids and denature proteins within the tissues of the gland and allow viral 

particles to be released. Ten microlitres of an extraction efficiency control, mengo 

virus, was added to 2 g of chopped pooled digestive glands. The mengo virus batch 

was recorded and the remaining mengo virus in the batch was frozen at -80°C. Two 

millilitres of a 100 µg/ml proteinase K (Merck, item number P6656) solution were then 

added to the digestive glands, and samples were incubated at 37°C for 1 hour on a 

platform shaker at 320 rpm. The sample was then incubated at 60°C for fifteen 

minutes, before centrifuging at 3,000 x g for five minutes. The supernatant was 

collected, and the volume recorded for future calculation of the extraction efficiency 

and virus concentrations. Sample supernatant was then stored at -20°C for a 

maximum of 25 days until RNA extraction, adhering to ISO 15216-1:2017. 

The method for RNA extraction from the sample supernatant using NucliSENS 

reagents is described within ISO 15216-1:2017, and was detailed in Lowther et al., 

(2012). The method utilises a mengo virus control for determining the extraction 

efficiency. For this purpose, a reference extraction was performed alongside samples, 

consisting of 10 µl of mengo virus (same batch as used in the initial proteinase K step) 

in 500 µl of molecular grade water; and a negative extraction control of 500 µl of 

molecular grade water was also included during each extraction. The extraction 

process yielded 100 µl of RNA extract per sample, which was frozen at -80°C prior to 

testing. 

Cetacean and seal methods 
 

Cetaceans and seals that beach on UK shores are routinely collected for post-mortem 

examination by members of the Cetacean Strandings Investigation Programme (CSIP) 

to identify causes of death. The Cornwall branch of CSIP freezes liver portions of 

approximately 10 grams in size from all animals collected at -80°C. Between 2017 and 

2019 CSIP provided liver samples from a total of 105 cetacean and 66 seal samples 

collected between 2013 to 2019 for HEV analysis as part of this study. The samples 

were from 73 common dolphins (Delphinus delphis), 27 harbour porpoises (Phocoena 

phocoena), 3 striped dolphins (Stenella coeruleoalba), one Risso’s dolphin (Grampus 

griseus), one short-finned pilot whale (Globicephala macrorhynchus) and 66 grey 

seals (Halichoerus grypus). The liver samples were transferred to the Cefas laboratory 
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within cool boxes. 30 mg portions of liver were removed and stored in Invitrogen 

RNAlater overnight. The liver portions were then subjected to RNA extraction using 

the Qiagen RNeasy MiniKit, following the manufacturers protocol for purification of 

total RNA from animal tissues. Briefly, the 30 mg liver portions were removed from the 

RNAlater and placed in 600 µl of RLT buffer, with 10 µl of mengo virus as an 

extraction control. The tissue sections were then homogenised using an Ultra-Turrax 

T25 rotor-stator homogeniser and the manufacturer’s protocol for extraction of total 

RNA from animal tissues was followed exactly from this stage (step 4). A mengo virus 

only reference extraction (600 µl RLT buffer and 10 µl mengo virus) and a negative 

extraction control (600 µl RLT buffer) were also extracted simultaneously alongside 

the samples. 80 µl of RNA extract was yielded from the RNA extraction process. The 

RNA extracts were then frozen at -80°C prior to qRT-PCR for HEV detection. 

 
PCR methods 

 
Actin RNA integrity control 

 
All retail shellfish samples were tested for the presence of the mRNA of a shellfish 

housekeeping gene, actin, using conventional RT-PCR, as a positive control for RNA 

integrity. The harvesting area shellfish, cetacean and seal samples were not tested for 

an mRNA integrity control as it was assumed that mRNA would not be present due to 

the age of some samples. Integrity controls are normally run as soon as a sample is 

obtained to assess the integrity of host mRNA, and this was not possible for the 

harvesting area shellfish, seal, or cetacean samples. The primers for the actin mRNA 

integrity control assay were designed by aligning a Pacific oyster actin mRNA 

sequence (accession number NM_001308859.1) and a Pacific oyster actin DNA 

sequence (accession number NW_011936474.1) to identify the introns and exons 

within the gene. The primers were designed to anneal to an intron exon boundary, 

with the sense primer at the position 37 – 55 on the actin mRNA and the antisense 

primer on the boundary at position 120 – 142, meaning the 106 bp amplicon could 

only possibly be yielded from amplification of the mRNA and not the actin gene 

(nuclear DNA). The genomic DNA would have yielded an amplicon of 748 bp, had it 

amplified. The primers were checked for self-complementarity, primer dimer 

possibilities and the ideal annealing temperature using the ThermoFisher Multiple 

Primer Analyzer and Oligo Calc from Northwestern University. The primers were 

tested by RT-PCR at a concentration of 1 µM on a synthetic DNA control string which 
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was ordered from ThermoFisher, Geneart, designed from the actin mRNA sequence. 

The details of the control DNA sequence can be seen in supplementary data 5.1. The 

assay was shown to work to amplify an amplicon of the expected size (106 bp), 

visualised using agarose gel electrophoresis (2% agarose with ethidium bromide). The 

cycling parameters for the actin RT-PCR are described below, in Table 5.2. 

Two technical replicates (duplicate assay for one sample) of each retail shellfish 

sample RNA extract were tested using the actin primers and the Promega Access RT- 

PCR System according to the manufacturer’s protocol, alongside the DNA control, and 

the resulting PCR products were visualised by gel electrophoresis using a 2% agarose 

gel with ethidium bromide. Results for the target viruses were only accepted for 

samples which tested positive for the actin RNA integrity assay. 

Following the actin RT-PCR testing, if applied, samples were tested for the mengo 

virus extraction control. Retail shellfish samples were then tested for the presence of 

HEV, HAV, norovirus, and sapovirus, and cetaceans and seal samples were tested for 

HEV only. The primer and probe sets for mengo virus, HEV and norovirus can be 

seen in chapter 4, Table 4.2. The primer and probes sets and cycling parameters for 

Actin, Sapovirus and HAV are shown in Table 5.2. Final primer concentrations were 

0.625 µM for the forward primer and 1.125 µM for the reverse primer. The mengo 

virus and norovirus assays are the same as those used within the international 

standard ISO 15216- 1:2017. Two technical replicates of the same RNA extract were 

tested for each target virus assay, and one technical replicate was tested for detection 

of the extraction control (mengo virus). A mastermix of 20 µl, prepared using 

Invitrogen RNA UltraSense™ One-Step Quantitative RT-PCR System reagents, with 5 

µl of RNA extract was used for each technical replicate in each assay. PCR was 

carried out using the QuantStudio 3 Real-Time PCR System as the detection platform. 
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Table 5.2 Primer and probe sequences and details for all PCR methods 

 
Target PCR 

method 
Primer and Probe Sequences Cycling 

parameters 
Reference 

Actin RT-PCR FWD: 
5’-AATGGATCCGGAATGTGCA- 
3’ 
REV: 
5’- 
TACCAACCATCACACCCTGAT 
GT-3’ 

45°C 45min 

94°C 2min 

40 cycles of: 

94°C 30sec 

61°C 1min 

68°C 2min 

Then: 

68°C 7min 

4°C hold 

This study 

HAV qRT-PCR FWD: 
5’-TCACCGCCGTTTGCCTA -3’ 
REV: 
5’- 
GGAGAGCCCTGGAAGAAAG-3’ 
PROBE: 
5’- 
CCTGAACCTGCAGGAATTAA-3’ 
5’-FAM 3’-MGB-NFQ 

55°C 60 min 
95°C 5 minutes 
45 cycles of: 
95°C 15 seconds 
60°C 1 minute 
65°C 1 minute 

Costafreda, 
Bosch and 
Pintó, (2006) 

Sapovirus RT-PCR FWD: 
5’- 
GAYCASGCTCTCGCYACCTAC- 
3’ 
REV: 
5’-CCCTCCATYTCAAACACTA-3’ 
PROBE: 
5’- CCCCTATRAACCA-3’ 
5’-FAM 3’-MGB-NFQ 

55°C 60 minutes 
95°C 15 minutes 
40 cycles of: 
94°C 15 seconds 
62°C for 1 min 

Oka et al., 
(2006) 

Mengo 
virus 

 
 
 
 
 
 
 
  

qRT-PCR FWD: 
5’-GCGGGTCCTGCCGAAAGT-3’ 
REV: 
5’- 
GAAGTAACATATAGACAGACG 
CACAC-3’ 
PROBE: 
5’- 
ATCACATTACTGGCCGAAGC-3’ 
5’-FAM 3’-MGB-NFQ   

55°C 60 min 
95°C 5 minutes 
45 cycles of: 
95°C 15 seconds 
60°C 1 minute 
65°C 1 minute 

Pintó, 
Costafreda 
and Bosch, 
(2009) 
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Several controls were included for the qRT-PCR assays. Mengo virus was used as an 

extraction control for all samples, using a relative quantification method. RNA from the 

reference extraction was serially diluted by a factor of 10, to 10-3, and used as a 

standard curve to assess the extraction efficiency of samples. The extraction efficiency 

threshold was 0.5%, which is less than the 1% threshold set in ISO 15216- 1:2017. 

Under the guidelines in ISO 15216-1:2017, samples under the 0.5% extraction 

efficiency threshold that gave positive results for one or more target virus were 

considered valid positive results but were non-quantifiable. 

Standard curves were also included for the norovirus, HAV and HEV virus assays, 

using synthetic control DNA preparations which acted as positive PCR controls for 

quantification of viral RNA. The process by which the HEV control DNA was created 

was described previously (see chapter 3). The synthetic DNA controls for norovirus 

(GI and GII) were created following the ISO 15216-1:2017 guidelines. The sequence 

composition for the HEV, norovirus (GI and GII) and HAV control material are detailed 

in supplementary data files 3.9, 4.1, and 5.3 respectively. For Sapovirus, a modified 

plasmid vector, pMA-T, containing a Sapovirus control insert was used as a positive 

DNA control for the assay due to time restrictions caused by the SARS-CoV-2 

pandemic. The Sapovirus assay was therefore used as a non-quantitative assay, 

without an inhibition control. The details of the Sapovirus insert and plasmid can be 

seen in supplementary data 5.3 and 5.4 respectively. 

For the norovirus, HAV and HEV standard curves, control DNA of concentration 105 

copies/µl was diluted serially (by a factor of 10) to 10 copies/µl. Two technical 

replicates for each of the five dilutions were tested, utilising 20 µl of mastermix with 5 

µl of standard DNA. Standard curves had to conform to an r2 value of 0.99 and a slope 

of between -3.1 and -3.6 for sample test results to be accepted; values outside of 

these ranges were deemed to be caused by human error in preparation of the qRT- 

PCR mastermixes and the assays were repeated. 

For the shellfish samples, calculation of sample concentrations in copies/g from the CT 

values utilised the slope and intercept of the standard curve, in addition to the volume 

(ml) of gland homogenate (yielded by the proteinase K digestion) and the grams of 

glands tested (normally 2g). The calculation can be seen in supplementary data 5.5. 

For the cetacean samples, calculation of sample concentrations in copies/mg from the 

CT values utilised the slope and intercept of the standard curve, in addition to the 
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number of mg (30mg) of cetacean liver used in the RNA extraction. The calculation 

can be seen in supplementary data 5.6. 

Controls for measuring inhibition of the sample matrix to the qRT-PCR were also 

included for norovirus, HAV and HEV, using synthetic RNA (the process for creating 

the HEV RNA control is described in chapter 3 using the same method from ISO 

15216-1:2017 for creation of norovirus and HAV inhibition controls). Additional 

reaction wells were prepared, separate to those for virus detection, containing 5 µl of 

sample RNA extract, 20 µl of mastermix, and 1 µl of the inhibition RNA control. The CT 

values for these reactions were compared to a CT value obtained from a well 

containing 5 µl of molecular grade water, 20 µl of mastermix, and 1 µl of the inhibition 

RNA control. The difference in CT values was converted into an inhibition percentage 

by reference to the standard curve. Samples had to have an RT-PCR inhibition of 

≤75% (approximately two CT values difference depending on standard curve) to be 

considered reliable quantification. Under the guidelines in ISO 15216-1:2017, samples 

over the 75% inhibition threshold that gave positive results for one or more target virus 

would be regarded as a valid positive detection, but non-quantifiable. This threshold is 

used because it is considered that if the qRT-PCR inhibition is above 75%, there is a 

high likelihood of false negative results, and poor amplification of the virus, leading to 

inaccurate quantification. 

In terms of negative controls, an extracted negative control was tested for both mengo 

virus and the target viruses (acting as a control for cross contamination during RNA 

extraction), and a negative qRT-PCR control (molecular grade water only) was also 

tested for mengo virus and the target viruses (acting as a control for cross 

contamination during plate preparation). Sample preparation, RNA extraction and 

qRT-PCR plate preparation, and the qRT-PCR itself all occurred in separate 

laboratory rooms to minimise contamination risk. 

Statistical Analysis 

 
All statistical analysis and graphs were produced in R version 3.4.3 (R Core Team, 

2018). Norovirus and HEV data within shellfish and cetacean samples were initially 

tested for normality using the Shapiro-Wilk test (Shapiro and Wilk, 1965). The data 

were found not to be normally distributed when log10 transformed, or when 

untransformed, and as zeroes were meaningful, the data were analysed using non- 

parametric tests. 
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Mean virus copies/g digestive glands and copies/mg of liver were calculated using the 

quantification values obtained for all samples; negative samples were held to contain 

0 copies/g or copies/mg. Limits of quantification were not applied. Total norovirus 

levels where used were calculated by addition of GI and GII copies/g. The prevalence 

of virus in individual oysters was calculated using R code from Webster et al., (2015), 

and utilised 95% confidence intervals (95% CI). 

Spearman’s rank correlation was used to check for correlation between levels of GI 

and GII norovirus in shellfish samples (Jerrold, 2005). The Fisher’s Exact test was 

used to check for an association between the level of total norovirus in a sample and 

the suppliers which the samples had originated from Fisher, (1934). Fisher’s exact 

tests were also used to assess whether norovirus presence was an indicator of HEV 

presence in the archived shellfish samples from harvesting areas, and to assess 

whether cetacean sex or life stage at death (as age could not be ascertained) could be 

important risk factors for contracting HEV in cetaceans. Life stage was defined into 

one of five categories: Neonate, Calf, Juvenile, Sub-adult, Adult. A Kruskal-Wallis test 

was used to identify if there were significant differences in the distribution of total 

Norovirus levels between the shellfish suppliers (Kruskal and Wallis, 1952), and was 

followed by post-hoc pairwise Wilcoxon tests with Holm correction (Wilcoxon, 1992; 

Holm, 1979). 

Results 

 
Actin 

 
The retail shellfish samples were all expected to yield a positive detection result for the 

actin gene as they should have been sold alive and in good condition for consumption 

purposes. The expected amplicon size was 106 bp. Figure 5.1 shows one gel 

electrophoresis containing samples with both positive and negative detections. One 

sample of the 85 shellfish samples (sample 19-499, seen in Figure 5.1) failed this 

assay and was subsequently excluded from data analysis. Table 5.3 shows the 

positive or negative detection results for each sample. 
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Figure 5.1 Example gel electrophoresis for nine retail shellfish samples 

Retail shellfish sample RNA extracts were tested in duplicate (two technical replicates of one 
extract) to determine whether actin mRNA was present within the shellfish samples. Negative 
results indicated that the mRNA had degraded and that the sample may not be fit for viral 
testing. From left to right, well 1 is a 100 base pair DNA ladder, wells 2 and 3 correspond to 
sample 19-493, wells 3 and 4 correspond to sample 19-494, wells 5 and 6 correspond to 
sample 19-498, wells 7 and 8 correspond to sample 19-499, and wells 9 and 10 correspond to 
a negative extraction control containing water instead of sample. Well 11 is another 100 bp 
DNA ladder. Wells 12 and 13 correspond to sample 19-500, wells 14 and 15 correspond to 
sample 19-501, wells 16 and 17 correspond to sample 19-502, wells 18 and 19 correspond to 
sample 19-503, wells 20 and 21 correspond to sample 19-504, and wells 22 and 23 are 
another negative extraction control. Well 24 is a 100 bp ladder. Wells 25 and 26 are PCR 
negative controls (water and PCR mastermix instead of sample). Well 27 is a positive control 
from a synthetic Actin DNA. 
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Table 5.3 Presence or absence of actin mRNA in the retail shellfish samples 

Sample 
number 

Actin 
+/- 

 
Sample 
number 

Actin 
+/- 

 
Sample 
number 

Actin 
+/- 

19-369 + 
 

19-440 + 
 

19-500 + 

19-370 + 
 

19-441 + 
 

19-501 + 

19-373 + 
 

19-442 + 
 

19-502 + 

19-374 + 
 

19-443 + 
 

19-503 + 

19-375 + 
 

19-444 + 
 

19-504 + 

19-376 + 
 

19-445 + 
 

19-505 + 

19-377 + 
 

19-446 + 
 

19-506 + 

19-378 + 
 

19-455 + 
 

19-507 + 

19-379 + 
 

19-456 + 
 

19-508 + 

19-380 + 
 

19-457 + 
 

19-510 + 

19-381 + 
 

19-458 + 
 

19-511 + 

19-382 + 
 

19-459 + 
 

19-512 + 

19-383 + 
 

19-460 + 
 

19-513 + 

19-384 + 
 

19-461 + 
 

19-514 + 

19-385 + 
 

19-462 + 
 

19-515 + 

19-386 + 
 

19-483 + 
 

19-516 + 

19-411 + 
 

19-484 + 
 

19-517 + 

19-412 + 
 

19-485 + 
 

19-518 + 

19-413 + 
 

19-486 + 
 

19-519 + 

19-414 + 
 

19-487 + 
 

19-520 + 

19-415 + 
 

19-488 + 
 

19-521 + 

19-416 + 
 

19-489 + 
 

19-522 + 

19-417 + 
 

19-490 + 
 

19-523 + 

19-418 + 
 

19-491 + 
 

19-524 + 

19-435 + 
 

19-492 + 
 

19-525 + 

19-436 + 
 

19-493 + 
 

19-526 + 

19-437 + 
 

19-494 + 
 

19-527 + 

19-438 + 
 

19-498 + 
 

  

19-439 + 
 

19-499 - 
 

  

 

 

HEV in shellfish from harvesting areas 

 
Raw data for the shellfish harvesting area pilot study can be seen in Table 5.5. Seven 

(8%) of the 91 shellfish samples from harvesting areas produced extraction 

efficencies lower than the 0.5% threshold. One of these seven samples exceeded the 

75% threshold for inhibition, but was the only sample of this dataset to do so. Another 

of the seven samples was positive for HEV RNA, but non-quantifiable due to the 

extraction efficiency being below the 0.5% threshold.  
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Extraction efficiencies ranged from 0.9% to 48.2%, and percentage inhibition ranged 

from 0.0% to 43.5% in the remaining 84 samples. The seven samples which failed 

the extraction efficiency were excluded from further data analysis. A subset of 19 

samples were re-tested (in 2019) for norovirus and the results were compared to the 

historical norovirus results (from 2009-2018). There was no significant difference in 

the levels of norovirus detected in the samples (p= 0.260) using a paired T-test, 

suggesting little degradation of norovirus RNA levels. 

Of the 91 samples selected for HEV testing, five (6%) gave HEV positive results by 

qRT-PCR, but only two of these gave a positive result in both technical replicates, and 

only four were quantifiable, the fifth was non-quantifiable due to low extraction 

efficiency. Within the positive samples, the minimum HEV genome copies/g of 

digestive glands was 16.3 genome copies/g, and the maximum was 121.3 genome 

copies/g (CT value range 37 – 40). The HEV-positive samples originated from five 

different locations, and three different years (two in 2009, one in 2010 and two in 

2018). The two 2018 samples were collected at different locations within the same 

estuary, on the same day. The positive samples were collected in March, July, and 

December. Norovirus presence in the shellfish was determined not to be an indicator 

of HEV presence (Fisher’s Exact test, p= 0.58). The contingency table for this analysis 

can be seen in Table 5.4. 

Table 5.4 Contingency table to show the lack of association between norovirus and 

HEV in shellfish from harvesting areas 
 

Norovirus 
positiive 

Norovirus 
negative 

HEV 
positive 

5 0 

HEV 
negative 

67 19 

 

In terms of norovirus results for the HEV-positive samples, which were obtained the 

year the shellfish were harvested by CEFAS colleagues, the range of total norovirus 

was from 85 copies/g to 6,048 copies/g of digestive glands, and all the HEV-positive 

samples were also norovirus positive. The data can be seen in Table 5.5. 
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Table 5.5 Raw data for the shellfish harvesting area pilot study 

 

Harvesting 
Area 

Classification 
at time of 
harvest 

Years 
of 
harvest 

Number 
of 
samples 

Number 
of GI 
positives 

Number 
of GII 
positives 

Number 
of GI and 
GII 
positives 

Geomean 
norovirus 
copies/g 

Range of 
norovirus 
copies/g* 

Number of 
HEV 
positive 
samples 

A B 2009-
2010 

9 8/9 9/9 8/9 2243 16 – 14160 0 

B B 2009-
2010 

8 8/8 5/8 5/8 462 7 – 4144 0 

C B 2018 4 4/4 4/4 4/4 2813 635 – 6048 2 

D B 2009-
2010 

10 7/10 9/10 7/10 291 1 – 4059 1 

E B 2009 8 3/8 3/8 2/2 102 5 – 2042 1 

F B 2009-
2010 

8 2/8 3/8 2/8 180 43 – 2560 0 

G B 2009-
2010 

8 7/8 7/8 7/8 537 20 – 6114 0 

H C 2009-
2010 

9 5/9 4/9 3/9 174 11 – 9439 1 

I B 2009-
2010 

8 7/8 7/8 8/8 393 15 – 5250 0 

J B 2009-
2010 

8 5/8 5/8 3/8 272 1-2653 0 

K B 2009-
2010 

11 11/11 8/11 8/11 755 17 – 11961 0 

*In samples positive for norovirus RNA only 
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Norovirus in retail shellfish 

 
Of the 85 shellfish samples obtained in March 2019, two were invalid due to low 

extraction efficiency. One of these had also failed the actin integrity control assay, but 

was positive for both GI and GII norovirus. The two invalid samples were not included 

in quantitative data analysis. Extraction efficiencies ranged from 0.55 – 19.2% for the 

remaining retail shellfish samples. Low extraction efficiency is typical of shellfish 

samples, but is used as a crude measurement of extraction efficiency as it often does 

not accurately reflect the recovery of the target virus. The extraction efficiency and 

concentration of GI and GII norovirus (in copies/g) did not correlate (Spearman’s rank 

correlations, GI norovirus p value= 0.182, Rho= -0.17; GII norovirus p value = 0.566, 

Rho= 0.08). Virus levels were therefore not corrected by extraction efficiency. All of 

these samples were within the 75% RT-PCR inhibition threshold, and the inhibition 

percentage ranged from 0.0-65.6%. 

Of all samples, 67/85 (79%) were positive for noroviruses from either or both 

genogroups. Of these, 61/85 (72%) were positive for GI, and 58/85 (68%) were 

positive for GII norovirus. Both genogroups were detected in 52/85 (61%) of these 

shellfish samples. Of the 83 valid samples, 66 (80%) were found to contain norovirus, 

of either or both genogroups I and II. GI norovirus was found in 60/83 (72%) of the 

shellfish samples and GII norovirus was found in 58/83 (70%) of samples. Both 

genogroups were detected in 51/83 (61%). The mean level of GI norovirus was 258 

genome copies/g of digestive glands, and the mean level of GII norovirus was 122 

genome copies/g of digestive glands. The mean total norovirus was 272 genome 

copies/g of digestive glands. Analysis using Spearman’s Rank correlation showed a 

positive correlation between the level of GI and GII norovirus in samples (correlation 

coefficient Rho= 0.76; p<0.0001). Figure 5.2 shows a comparison of the GI and GII 

quantities in the shellfish sample population. 
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Figure 5.2 Comparison of GI and GII norovirus levels in oyster samples 
 
Comparison of the genome copies/g of GI and GII norovirus in shellfish digestive glands from 
individual shellfish samples. 

 

The minimum level of total norovirus found in any positive shellfish sample was 1 

copy/g digestive glands, and the maximum level was 1,525 copies/g digestive glands. 

The minimum and maximum levels of GI norovirus in positive samples were 3 and 

1,446 copies/g digestive glands respectively (CT value range 33-40). For GII, the 

minimum and maximum levels were 1 and 703 copies/g digestive glands respectively 

(CT value range 34 – 42). Figure 5.3 shows a frequency distribution of the samples 

which tested positive for norovirus. 
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Figure 5.3 The frequency distribution of the total norovirus copies/g digestive glands 
 
A histogram showing the frequency of groups of norovirus quantities in shellfish samples. 
Shellfish samples are grouped by 100 copies/g. Samples which did not test positive for either 
genogroup using qRT-PCR were not included in the histogram. 

 

All shellfish suppliers provided at least one sample which tested positive for norovirus. 

Supplementary data 5.7 shows a raw data table with norovirus results by supplier. 

19/83 (23%) of the oyster samples contained total norovirus levels of over 500 

copies/g digestive glands. This threshold was chosen due to draft European 

Commission legislation suggesting a 500 copies/g norovirus limit in shellfish samples 

(Younger, A. Personal Communication, 2021). Eight of eleven suppliers provided at 

least one sample which gave a result of over 500 copies/g of total norovirus. The 

supplier providing most of the samples with over 500 copies/g of total norovirus was 

supplier 5, which also gave the highest average total norovirus of all the suppliers. All 

samples over 500 copies/g originated from locations in Southern England except for 

two with unknown locations (Table 5.6). 
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Table 5.6 GI, GII and total norovirus copies/g for samples with over 500 copies/g total 

norovirus by supplier 

 

Supplier 
number 

Sample 
number 

Harvesting 
Locations 

Norovirus 
GI 
copies/g 

Norovirus 
GII 
copies/g 

Total 
Norovirus 
copies/g 

1 19-458 Southeast 
England 

309 273 582 

2 19-376 Southern 
England 

457 92 549 

2 19-461 Southern 
England 

550 509 1059 

2 19-462 Southwest 
England 

474 332 805 

3 19-520 Southwest 
England 

1,446 2 1,448 

4 19-378 Southwest 
England 

284 332 615 

4 19-442 Southwest 
England 

805 175 979 

4 19-486 Southwest 
England 

799 79 878 

5 19-418 Southeast 
England 

299 242 540 

5 19-459 Southeast 
England 

822 704 1,526 

5 19-502 Southeast 
England 

314 360 674 

5 19-503 Southeast 
England 

489 385 874 

5 19-517 Southeast 
England 

763 142 905 

9 19-440 Southeast 
England 

387 341 728 

9 19-441 Southeast 
England 

201 337 538 

9 19-460 Southeast 
England 

505 349 854 

10 19-373 Southeast 
England 

438 211 649 

11 19-483 Unknown 703 105 808 

11 19-498 Unknown 740 18 758 
 

 

We then examined the average level of total norovirus from samples by supplier 

(Figure 5.4). We found limited evidence that certain suppliers were more likely to 

provide positive samples, (Table 5.7, Fisher’s exact test, p= 0.0507). We found no 
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association between harvesting location and norovirus positivity (Table 5.7, Fisher’s 

exact test, p= 0.429). 

Table 5.7 Contingency table for testing whether certain suppliers were more likely to 

provide shellfish samples containing norovirus 

 

Supplier Negative Positive 

1 0 8 

2 0 6 

3 0 8 

4 0 8 

5 0 8 

6 6 2 

7 2 5 

8 7 1 

9 0 7 

10 1 6 

11 1 7 

Table 5.8 Contingency table for Fisher’s exact test of norovirus positivity between 

known harvesting locations 

 

Location 
number 

Norovirus 
positive 

Norovirus 
negative 

1 8 0 

2 8 0 

3 8 0 

5 5 2 

7 8 0 

9 6 0 

11 9 0 

Only locations with more than 6 samples were included in this analysis 
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Figure 5.4 Average norovirus levels for each supplier 
 
The average levels of norovirus identified in samples from each supplier, alongside error bars 
showing the standard error. 

 

We determined that there was significant variation in total norovirus levels between 

suppliers (Kruskal-Wallis test, p<0.0001) and that this variation was mostly driven by 

the low levels of norovirus from suppliers 6, 7 and 8. Significant p values are displayed 

in Table 5.9. 

Table 5.9 p values to identify which suppliers have significantly different total 

norovirus variation between their samples 

 

Supplier 1 2 3 4 5 9 

6 0.035 0.065* 0.035 0.035 0.035 0.049 

7 0.064*   0.064* 0.064*  

8 0.030 0.056* 0.056* 0.030 0.030 0.056* 
* Significant at a 0.1 significance level. 

 
We also found norovirus positive shellfish were more likely to come from certain 

regional locations (Table 5.10, Fisher’s exact test, p= 2.01x10-9). 
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Table 5.10 Contingency table for Fisher’s exact test of differences in norovirus 

positivity between regional locations 

 

Region Norovirus 
positive 

Norovirus 
negative 

Northeast 
England 

5 2 

Southeast 
England 

27 0 

Southwest 
England 

24 0 

Channel 
Islands 

0 1 

Scotland 1 7 
 

 

We identified significant variation in total norovirus between regions in the South of 

England and the North of England and Scotland (Kruskal Wallis test followed by 

Wilcoxon pairwise post-hoc test with Holm correction). The significant results can be 

seen in Table 5.11, and raw data by region can be seen in supplementary data 5.8. 

Table 5.11 Significant p values from the post-hoc test of differences in norovirus 

variation between regions 

 

Region Northeast 
England 

Scotland 

Southeast 
England 

9.96x10-4
 1.90x10-4

 

Southwest 
  England   

1.55x10-3
 2.16x10-4

 

 
 

HEV, HAV and sapovirus in retail shellfish 

 
Raw retail shellfish samples were tested for the presence of HEV, HAV and sapovirus 

by qRT-PCR. None of the 85 shellfish samples gave a positive result for any of these 

virus assays. Positive control results indicated no issues with the assays. The 

prevalence of these viruses within individual oysters was calculated to be 0% (95% CI: 

0.000 – 0.002). The data can be seen in Table 5.12. 
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Table 5.12 Raw data showing the results of the sapovirus and HAV testing 

ND = Not Detected 

 

 

HEV in Cetaceans and Seals 

For the seal samples, 65 of 66 seal liver samples gave results within the quality 

control parameters, with all passing the extraction efficiency threshold, but one 

giving invalid inhibition results. This one sample was excluded from further data 

analysis. Extraction efficiencies ranged from 1.4 – 205.9%, and inhibition levels 

ranged from 0.0 – 68.1%. For the cetacean liver samples, 102 of 105 samples gave 

Sample 
number 

Sapovirus HAV 
 

Sample 
number 

Sapovirus HAV 
 

Sample 
number 

Sapovirus HAV 

19-369 ND ND 
 

19-440 ND ND 
 

19-500 ND ND 

19-370 ND ND 
 

19-441 ND ND 
 

19-501 ND ND 

19-373 ND ND 
 

19-442 ND ND 
 

19-502 ND ND 

19-374 ND ND 
 

19-443 ND ND 
 

19-503 ND ND 

19-375 ND ND 
 

19-444 ND ND 
 

19-504 ND ND 

19-376 ND ND 
 

19-445 ND ND 
 

19-505 ND ND 

19-377 ND ND 
 

19-446 ND ND 
 

19-506 ND ND 

19-378 ND ND 
 

19-455 ND ND 
 

19-507 ND ND 

19-379 ND ND 
 

19-456 ND ND 
 

19-508 ND ND 

19-380 ND ND 
 

19-457 ND ND 
 

19-510 ND ND 

19-381 ND ND 
 

19-458 ND ND 
 

19-511 ND ND 

19-382 ND ND 
 

19-459 ND ND 
 

19-512 ND ND 

19-383 ND ND 
 

19-460 ND ND 
 

19-513 ND ND 

19-384 ND ND 
 

19-461 ND ND 
 

19-514 ND ND 

19-385 ND ND 
 

19-462 ND ND 
 

19-515 ND ND 

19-386 ND ND 
 

19-483 ND ND 
 

19-516 ND ND 

19-411 ND ND 
 

19-484 ND ND 
 

19-517 ND ND 

19-412 ND ND 
 

19-485 ND ND 
 

19-518 ND ND 

19-413 ND ND 
 

19-486 ND ND 
 

19-519 ND ND 

19-414 ND ND 
 

19-487 ND ND 
 

19-520 ND ND 

19-415 ND ND 
 

19-488 ND ND 
 

19-521 ND ND 

19-416 ND ND 
 

19-489 ND ND 
 

19-522 ND ND 

19-417 ND ND 
 

19-490 ND ND 
 

19-523 ND ND 

19-418 ND ND 
 

19-491 ND ND 
 

19-524 ND ND 

19-435 ND ND 
 

19-492 ND ND 
 

19-525 ND ND 

19-436 ND ND 
 

19-493 ND ND 
 

19-526 ND ND 

19-437 ND ND 
 

19-494 ND ND 
 

19-527 ND ND 

19-438 ND ND 
 

19-498 ND ND 
 

   

19-439 ND ND 
 

19-499 ND ND 
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acceptable results, with all passing the extraction efficiency threshold, and three 

giving invalid inhibition results. These three samples were excluded from further 

quantitative analysis and belonged to a harbour porpoise and two common dolphins. 

Two of these samples had provided a positive result for the presence of HEV RNA. 

Extraction efficiencies ranged from 2.5 – 606.6% for the valid cetacean samples, and 

the inhibition percentages ranged from 0.0 – 71.9%. 

None of the 66 valid seal liver samples tested positive for the presence of HEV RNA 

(0% CI: 0.0 – 6.8%). Positive control results indicated no issues with the HEV assay. 

An RNA integrity control was not used due to the storage conditions (liver samples 

kept at -80°C from 2013 onwards). Of the 105 cetacean liver samples, 34 (32%) 

tested positive for the presence of HEV RNA. Of the HEV positive samples, only 32 

of 34 gave valid quantification results, the remaining two were classed as positive but 

non-quantifiable and so were not analysed further. Results by species can be seen in 

Table 5.13 and more detailed raw data can be seen in supplementary data 5.9. 

Table 5.13 HEV positive samples from each marine mammal species 

 
Common name Positive/Total HEV prevalence (CI 

range) 

Common dolphin 29/73 39.7% (28.7 – 51.9%) 

Striped dolphin 0/3 0.0%* 

Risso’s dolphin 0/1 0.0%* 

Harbour porpoise 5/27 18.5% (7.0 – 38.7%) 

Short-finned pilot 

whale 

0/1 0.0%* 

Grey seal 0/66 0.0% (0.0 – 6.4%) 

*Sample size too low to calculate prevalence estimate 

 
Of the valid quantitative data, the mean HEV level was 15 copies/mg of cetacean 

liver. The minimum HEV level within the positive samples was 1 copy/mg of cetacean 

liver. The maximum HEV level was 210 copies/mg (CT range 29 – 39).  

Mean levels of HEV differed between species with positive detections (common 

dolphin and harbour porpoise), but this was not tested statistically for significance due 

to the differences in sample size for each species. Figure 5.5 shows the average HEV 

copies/mg observed from each species of cetacean within the study, where data was 

applicable. 
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Figure 5.5 The mean HEV copies/mg observed from the six different species involved 

in the study 

 
The mean HEV copies/mg of liver observed for each of the species of cetaceans and seals 
included in the study. Low sample sizes for the Risso’s dolphin, short-finned pilot whale, and 
striped dolphin were a result of very few of these animals beaching between 2013 and 2019 in 
Southwest England, and therefore it is not possible to identify a baseline level of HEV 
prevalence in these species. 

 

Due to the uneven sample sizes for each species, it was not possible to accurately 

determine if HEV was more likely to occur in a certain species of cetacean compared 

to the others. However, we did identify that that there was a higher chance of HEV 

infection in male cetaceans than females (one sided (greater) Fisher’s exact test, p= 

0.001). The contingency table for this analysis can be seen in Table 5.14.  
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Table 5.14 Contingency table for the comparison of HEV infection in male vs female 

cetaceans 
 

Positive Negative 

Male 23 26 

Female 9 44 

 

No significant relationship was identified between HEV infection and life stage of the 

cetaceans (Fisher’s exact test, p= 0.074; the contingency table for this can be seen 

in Table 5.15. The causes of death were too numerous to test whether HEV infection 

was associated with a specific cause. 

Table 5.15 Contingency table for Fisher’s test of relationship between life stage at 

death and HEV presence 

 

Life 
stage at 
death 

Positive Negative 

Neonatal 0 1 

Calf 3 2 

Juvenile 7 19 

Sub-adult 8 6 

Adult 14 42 
 

 

Discussion 

 
In this study, we examined the presence of norovirus and HEV in UK shellfish, and 

HEV in cetaceans, to assess contamination of the aquatic environment. We found that 

6% of archived shellfish samples from harvesting areas were positive for HEV, but no 

shellfish samples from the retail study were positive for HEV. The retail shellfish 

samples also showed no sign of contamination with sapovirus or HAV. However, 80% 

of them were positive for norovirus. We also identified HEV within 32% of the 

cetacean samples studied, but in none of the seal samples. This is the first study in 

the UK to assess the presence of HEV, HAV and sapovirus within UK shellfish, and 

the first to assess the presence of HEV within wild cetaceans and seals. 

HEV in shellfish from harvesting areas 

Five out of 91 archived shellfish samples from harvesting areas in England were 

identified to be positive for HEV RNA, with no pattern of seasonality able to be 

ascertained (due to a low number of positive results). Only two of these samples 

contained HEV in both technical replicates, however this is a common observation in 
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food samples with low virus abundance and may indicate that the result is at or below 

the limit of detection. Low levels of HEV were observed in all positive samples, which 

may be indicative of low abundance within the aquatic environment. Though only one 

study has provided a tentative link between shellfish consumption and an outbreak of 

HEV (Said et al., 2009), this finding reinforces that possibility. We determined that 

norovirus was not an indicator of HEV presence statistically, most likely because there 

were many samples containing norovirus RNA but not HEV RNA. However, all five of 

the HEV-positive samples were also positive for norovirus, which was expected as 

norovirus presence suggests faecal contamination. HEV presence was much less 

common than norovirus presence, with 72/91 (79%) of these selected samples 

norovirus positive, and just 5/91 (5%) HEV-positive, which is likely due to the contrast 

in norovirus and HEV cases in the community. For example, from June 2017 to June 

2018, reported norovirus cases reached 6,719 in England and Wales (Public Health 

England, 2018a), whereas in 2018 HEV cases reached 1002 (Public Health England, 

2019). However, underreporting of norovirus illness is a well-known phenomenon and 

the Food Standards Agency estimates that 3 million norovirus cases occur yearly in 

the UK, of which 380,000 are from foodborne sources (Gherman et al., unknown). 

True case numbers for HEV in the UK are unknown but due to the severity of clinical 

symptoms the scale of underreporting is likely to be less than for norovirus, 

emphasising that HEV is indeed likely to be much rarer in the population. The HEV 

viral load within the shellfish samples may have been influenced by degradation 

during their storage at -20°C for up to nine years and therefore prevalence and 

quantities of the virus in the samples may be underestimated. No further data analysis 

was performed on this dataset for these reasons. However, to the best of our 

knowledge, this represents the first detection of HEV RNA in English shellfish from 

harvesting areas. The percentage of positive samples detected in this study was 

obtained from a biased sample population, and therefore should not be compared to 

the prevalence of HEV detected in other studies. However, the result is similar to the 

study by O’Hara et al (2018), which showed that retail shellfish purchased in Scotland 

had a HEV prevalence of 2.9%. 

These results indicate that the aquatic environment is becoming contaminated by 

HEV, but to an unknown extent. The fact that these shellfish were collected directly 

from harvesting areas and were not subjected to further processing by depuration, 

which was and is currently required of all class B and C shellfish harvesting areas in 
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the UK (which make up the majority of UK harvesting areas) (UK Government, 2021), 

may also mean that HEV estimates in these samples may be higher than those in 

retail shellfish. However, the effect of depuration on HEV in shellfish is yet to be 

determined, though viruses such as norovirus are not easily removed from shellfish 

due to their ability to bind to histoblood group antigen-like molecules, and sialic acids 

within shellfish tissues (Almand et al., 2017; Maalouf et al., 2010). 

HEV, HAV and sapovirus in shellfish from retail suppliers 

 
None of the retail shellfish within this study provided positive results for the presence 

of HEV, HAV or sapovirus. This is possibly due to low virus abundance in the aquatic 

environment or effectiveness of depuration methods against these viruses (the 

majority, if not all samples would have been subjected to depuration prior to sale). 

However it could also be because the samples were not representative enough of all 

harvesting areas in the UK. This study was designed to identify a baseline of viral 

presence, and the risk that this may have to the public, not as an estimate of UK-wide 

prevalence, due to the lack of representation of some areas of the UK and some 

shellfish suppliers. As it is unknown whether seasonality effects HEV abundance 

within shellfish, it is difficult to know if the date of the study could have influenced the 

results, as all samples were collected in March. It is known that norovirus has a 

pattern of seasonality, where the average quantity of norovirus in retail shellfish 

samples increases during winter months (October – March) (Lowther et al., 2018). To 

reliably identify the prevalence and seasonality of HEV, HAV and sapovirus in the UK 

aquatic environment, a more systematic study would be required. 

Despite the lack of contamination of ready to eat shellfish with HEV, the presence of 

norovirus in such a large proportion of samples indicates ongoing faecal pollution 

affecting shellfish, and this could therefore mean HEV contamination which perhaps 

has not been detected during this limited study. Though it appears there was little to 

no risk of contracting HEV from the shellfish tested during this retail study, it should be 

noted that HEV has been detected in English shellfish from harvesting areas, from 

wild shellfish in Scotland (Crossan et al., 2012), and also from ready to eat shellfish 

purchased in a Scottish supermarket (O’Hara et al., 2018). Due to higher levels and 

prevalence of HEV in shellfish which are wild, or have been tested straight from 

harvesting areas (Crossan et al., 2012), this may constitute more of a risk of HEV 

transmission for people who collect their own shellfish in the UK, rather than 
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purchasing from suppliers. 

Norovirus in Shellfish 

 
This study identified that 79% of the retail shellfish were positive for the RNA of at 

least one genogroup of norovirus. We also identified that GI norovirus had a slightly 

higher prevalence, average, and maximum quantity than GII norovirus. This is in 

contrast to Lowther et al., (2018), where GII had a higher maximum level than GI. 

Circulation of noroviruses in reported cases in March 2019 were dominated by GII 

noroviruses (Public Health England, 2020), which is an interesting contrast to our 

norovirus data, and may indicate that the GI contamination of shellfish in our study 

originates from shedding of virus resulting from unreported cases or asymptomatic 

infections, or better binding of GI noroviruses to shellfish tissues than GII noroviruses. 

Indeed, Maalouf et al., (2010) showed that GI noroviruses have an increased binding 

capacity to shellfish digestive tissues in winter months (January to May), but this 

pattern was not observed for GII noroviruses. We also observed a significant positive 

correlation between levels of GI and GII norovirus in the retail shellfish samples, 

suggesting that contamination of shellfish is often being caused by sewage containing 

similarly varying levels of GI and GII noroviruses. 

We also identified that 23% of the shellfish samples contained a total norovirus 

quantity over 500 copies/g of digestive glands, and that these samples originated from 

eight of the eleven suppliers. All of these samples except two were from Southern 

England, with the remaining two from an unknown location. We also found that there 

was a significant difference in the variation of levels of norovirus between regions in 

southern England and northern England or Scotland. This suggests that faecal 

contamination of shellfish harvesting areas is an ongoing problem affecting many 

shellfish producers in the UK, particularly in Southern England. The observation of 

lower levels of norovirus in Scottish shellfish has been made before and suggests that 

Scottish waters are less polluted (Lowther, 2011; Williams and O’Brien, 2019). 

However, the data may have been skewed as only eight samples originated from 

Scotland, and seven from Northern England, in comparison to 51 samples from 

Southern England. Following the European baseline survey for norovirus in oysters 

(EFSA, 2019), an end product standard in oysters of 500 copies/g has been discussed 

by the European Commission and representatives of EU Member States (Younger, A. 

Personal Communication, 2021). If regulations are introduced which limit the 
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acceptable quantity of norovirus to 500 copies/g, this could be damaging to many 

shellfish harvesters without the availability or support to move their businesses to 

cleaner waters. However, between the years 2000 and 2007, 17.5% of international 

food and waterborne outbreaks of norovirus originated from the consumption of 

shellfish (Baert et al., 2009), and this is therefore an important route of transmission 

for the virus. With aquatic faecal pollution being so prominent within the UK, it is 

unsurprising that certain suppliers were more likely to provide shellfish containing 

norovirus than others; this is most likely due to sewage release impacting the locations 

from which the shellfish were harvested. As the study took place in March, and 

norovirus seasonality tends to lead to higher levels of norovirus in colder months 

(October to March) (Lowther et al., 2012), this may also explain why norovirus 

prevalence in this study was high. Unfortunately, the use of non-parametric testing 

may mean the data has low statistical power. Larger sample sizes were unfortunately 

not possible to obtain due to resource and time limitations. 

In comparison to the data on norovirus in sewage (see chapter 4), the shellfish 

samples had generally lower levels of norovirus than the sewage samples (maximum 

total norovirus in sewage samples 9,034 copies/ml of sewage, maximum total 

norovirus in shellfish samples 1,525 copies/g digestive glands), this may be because 

the geographical locations of the shellfish and sewage study sites were not the same 

and therefore cannot be directly compared. In addition, effluent, and raw sewage from 

CSOs is normally diluted by release into surface waters before viruses then 

bioaccumulate within the shellfish, therefore levels in shellfish would be expected to 

be lower. An interesting observation when comparing the norovirus data from the 

sewage and shellfish is that GI was more common and found at higher levels in 

shellfish, whereas GII was more common and found at higher levels in sewage. This 

could potentially be explained again by geographical location or because the sewage 

and shellfish studies were performed seven months apart, and therefore different 

norovirus strains may have been more dominant in the local populations at the times 

of the studies. However, reported case data from UK Health Security Agency  

suggests that GII strains were dominant within the population at the times of both 

studies (Public Health England, 2020). Previous studies have shown that while GI 

noroviruses are as prevalent as GII noroviruses in UK retail shellfish (Lowther et al., 

2018), GI norovirus is rarely reported in clinical cases (Public Health England, 2020), 

possibly suggesting that GI may cause asymptomatic infections more commonly. 
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Another explanation could be that GI bioaccumulates within shellfish more easily than 

GII, considering that GI noroviruses bind more efficiently to shellfish digestive tissues 

in winter months (Maalouf et al., 2010). 

Our data suggests that aquatic faecal pollution is an ongoing issue in the UK, and that 

shellfish still pose a risk of foodborne transmission of norovirus. However, it is 

important to note that viral RNA may derive from non-viable virus particles, which 

would be unable to cause infection. Limited culturing of norovirus has become 

possible in recent years (Costantini et al., 2018), and estimates have been made for 

norovirus viability using surrogate viruses. CrAssphage (a bacteriophage which is 

almost ubiquitous in human sewage) was studied within wastewater and influent and 

determined to be ubiquitous in wastewater, however it did not correlate with norovirus 

presence or show the classic norovirus winter seasonality in shellfish (Farkas et al., 

2019). F-specific bacteriophages (genogroup II) have also been investigated as an 

indicator of norovirus viability (Lowther et al., 2019). These viruses show a similar 

seasonality to norovirus and a significant positive correlation of virus levels, however 

the GII phages were not present in all shellfish which contained norovirus, and the 

techniques through which viability of genogroup II phage was determined are time 

consuming. Porcine gastric mucin beads have also been used in an attempt to assess 

viability of norovirus, assuming that virus particles without intact capsids will not bind 

to the beads (Dancho et al., 2012). However, viruses may have intact capsids but 

degraded RNA, and therefore these estimates may also be biased. A satisfactory 

viability assay of norovirus in shellfish has not yet been established, so it is currently 

impossible to determine the levels of viable norovirus within shellfish samples to 

determine the true risk that contaminated shellfish may pose. 

HEV in Cetaceans and Seals 

No HEV was discovered in grey seals, which indicates either; i) this species is not 

subject to HEV infection ii) the sample size was too low to detect prevalence or iii) that 

cetaceans are infected with a HEV-like virus which is unrelated to strains which 

circulate in humans, and this is incapable of infecting grey seals. As grey seals live in 

shallower waters closer to shores (Jefferson et al., 2011), it is unlikely that their 

habitats would be less polluted than those of cetaceans, which generally live further 

from land, however some cetaceans inhabit near shore waters (Jefferson et al., 2011). 

Contrary to the seal data, 32% of the cetacean liver samples tested positive for the 
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presence of HEV RNA, the majority of which (29/34) occurred within common dolphins 

(Delphinus delphis). HEV was also detected in four harbour porpoises (Phocoena 

phocoena), but in none of the remaining cetacean species. The detection in the 

common dolphins and harbour porpoises is likely to be a result of larger sample sizes 

for these animals, in comparison to the other species which had much more limited 

numbers, and therefore results are inconclusive in terms of comparing HEV 

prevalence across different cetacean species. The studies were limited to the animals 

which had been collected by CSIP after their beaching and deaths within southwest 

England. This is the first recorded presence of HEV RNA presence in wild cetaceans 

to our knowledge. One previous study identified and sequenced HEV RNA from 

dolphins in captivity in Cuba which were experiencing clinical signs of infection prior to 

HEV testing (Villalba et al., 2017). Therefore, it is possible that, with the results of this 

study, dolphins and other cetaceans are becoming infected with HEV within the 

marine environment. An investigation into the source of these infections would be 

required to ascertain the transmission route of HEV to dolphins, but it could be 

theorised to originate from the fish diet of these animals, from sewage outfalls near to 

land, from animal farm run-off, or that a HEV-related virus is endemic within 

cetaceans. 

The mean HEV level of all the cetacean samples was 15 copies/mg of liver, and the 

highest level observed was 210 copies/mg. If we were to extrapolate this maximum 

result to copies/g of liver, we would have 2.1x105 copies/g of cetacean liver. In 

comparison, pig livers have been reported to contain 1x103 – 4.7x106 copies/g 

(Wilhelm et al., 2014). Cetacean liver samples with lower levels of HEV RNA than this 

may be suggestive of early stages of infection. The levels of HEV contamination in the 

cetaceans are higher than levels seen in many of the sewage samples previously (see 

chapter 4), where the mean HEV in influent samples was 4.4 copies/ml, and the 

maximum was 113 copies/ml. Whether these quantities of virus would be enough to 

cause clinical infection in cetaceans is unknown, as Villalba et al., (2017) identified 

some HEV viral loads of over 104 copies/ml of dolphin serum in symptomatic dolphins. 

However, it should be noted that wastewater treatment companies in the UK 

collectively released raw sewage into surface waters for over 3 million hours in 2020, 

and this would constitute millions of litres of raw sewage entering the habitats of 

aquatic organisms (Environment Agency, 2020a). In addition, farm run-off from 

animals which are known reservoirs of the virus (e.g., pigs and deer) could also be 
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contributing to this faecal pollution, which may also present an infection risk to marine 

mammals. 

An interesting finding was that male cetaceans were significantly more likely to be 

HEV-positive than females. This observation has also been made within humans in 

some countries of the world, including the UK (Smith et al., 2021). The reason for the 

enhanced susceptibility to infection of male humans has not yet been elucidated and it 

is unknown whether this is a genuine risk factor for cetaceans or whether it may be a 

coincidental artifact of the study. No significant relationship was observed between the 

life stage of the cetaceans and HEV infection, which may be due to some life stages 

being rarer in the sample population than others, and uneven numbers between life 

stage groups. It is also acknowledged that “life stage at death” is not a precise 

representation of the age of the cetaceans. 

Limitations 

 
A significant limitation was the observation of some cetacean samples with over 100% 

extraction efficiency. This is likely because the reference extraction did not extract as 

well as some samples and suggests that the RNeasy Mini kit used may not be the 

most ideal extraction method. An extraction efficiency of 0.5% was used instead of the 

1% utilised in ISO 15216-1:2017 due to issues with the mengo virus culture batch 

compared to previous batches, as explained in chapter 3 (International Organization 

for Standardization, 2017). 

Additionally, an integrity control was not utilised for the cetacean samples or archived 

shellfish samples directly from harvesting areas due to the age of some samples. The 

longterm storage of the samples at -80°C may have caused some HEV to degrade. 

An mRNA integrity control was not used because decay of mRNA typically occurs 

within hours of mRNA production (Friedel et al., 2009), and therefore testing for it 

when a sample is fresh is essential. However, virus RNA can persist within samples 

stored at ambient temperature for days (Weesendorp et al., 2010), and HEV RNA has 

been detected up to 21 days at 37°C in cell culture (Johne et al., 2016). Therefore 

freezing samples whilst they are still fresh can enable retention of viral RNA for later 

testing. We therefore felt that the samples which had been frozen for long periods of 

time may still provide valuable data. For the cetaceans, new samples could not be 

obtained as they were provided as and when cetaceans beached and died. The 

results from the older cetacean samples therefore bear the caveat that viral RNA 
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within the samples may have degraded to the point of being undetectable due to their 

storage conditions; indeed, HEV positive samples were only obtained from cetaceans 

which had beached between 2016 and 2019. 

The study of archived shellfish from harvesting areas utilised a biased set of samples, 

selecting shellfish samples from harvesting areas which typically had high norovirus 

levels in winter months, with the hypothesis that samples from harvesting areas with a 

high norovirus geomean would be more likely to contain HEV. In addition, these 

samples had been harvested, processed and frozen at -20°C from 2009 onwards, 

meaning HEV RNA present at the time of sampling may have degraded to become 

undetectable in some samples. Therefore, HEV presence in these samples may be 

underestimated and should not be used as a prevalence measure. Additionally, the 

retail study shellfish results may have been affected by the storage of the shellfish 

glands at 4°C for 4 to 12 hours; however Johne et al., (2016) showed that HEV RNA 

was detectable up to 56 days at 4°C in cell culture, and therefore the virus was not 

expected to degrade significantly in that time. The retail study was also limited by its 

length, being conducted over two weeks in March. Though no seasonality of HEV has 

been established yet, it is possible that HEV levels in March are low within shellfish. 

The study was also limited by the number of shellfish suppliers available to purchase 

from, which prevented involvement of suppliers from Wales and Northern Ireland and 

limited the number of harvesting locations and samples which could be obtained from 

different regions. A more systematic study across the space of a year with more 

shellfish harvesting areas, regions and suppliers involved would be required to make 

an accurate estimate of HEV prevalence in shellfish. In addition, though one shellfish 

sample has been successfully sequenced (see chapter 6), HEV could not be 

sequenced from any of eighteen cetacean samples with the highest CT values (31 – 

33) using a nested PCR assay and amplicon sequencing which was specific for 

genotype 3 HEV (due to the findings of Villalba et al., (2017), which suggests either 

that a different HEV genotype is infecting cetaceans, or perhaps the assay has 

detected a HEV-like virus which persists naturally within the cetacean populations. 

 

 
Conclusion 

This study has shown that norovirus is present in retail shellfish samples in moderate 

to high levels and in a large proportion of shellfish samples. It also demonstrates that 
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UK shellfish can become contaminated with HEV, though at a much lower prevalence 

and concentration. I have also demonstrated that HAV and sapovirus contamination is 

likely to be rare in shellfish from retailers, but more research must be conducted to 

better represent all harvesting areas and retailers in the UK. I have shown that shellfish 

which are harvested from areas within southern England are more likely to contain 

norovirus than those in Northern England or Scotland. HEV has not been detected in 

English shellfish until now, and though HEV in UK shellfish appears to be rare, 

increasing HEV cases within the UK population yearly mean that it could be an 

emerging public health risk. A more comprehensive study of freshly harvested and 

ready to eat shellfish in the UK is required to fully assess the risk which HEV may 

pose to humans through the consumption of shellfish, and a study investigating the 

effect of depuration of shellfish contaminated with HEV would also be beneficial. High 

prevalence of norovirus in retail shellfish also indicates a risk of norovirus 

transmission from English shellfish to consumers, much like previous studies (Lowther 

et al., 2012; Lowther et al., 2018); whereas the risk from HEV, HAV and sapovirus 

appears to be significantly lower, given little presence or total absence of detection in 

this study. 

Significantly, within this study I have identified, for the first time, the presence of HEV 

RNA within wild common dolphins and harbour porpoises, and that male cetaceans 

may be more susceptible to HEV infection than females. This detection brings new 

questions, regarding how the virus is transmitted to cetaceans, whether human faecal 

pollution may be a contributing factor to disease within marine mammals, and whether 

the detection of this viral RNA originates from a virus which circulates within humans, 

or whether perhaps it is a newly discovered cetacean strain. It also brings the question 

of whether the observation of higher counts within males than females is reflective of a 

genuine risk factor within cetaceans, or a coincidental artifact of the study; and 

whether the results were caused by HEV or a HEV-like virus. Further investigations 

will be required to address these questions. 

The contamination of the aquatic environment with faecal pollution is damaging to not 

only shellfish harvesting practises, but also potentially to marine and aquatic life, and 

must be addressed with improvements to sewage treatment plants and reduced 

release of raw sewage. However, it is important to remember that presence of viral 

RNA may not indicate presence of viable virus, and until these viruses can be cultured 

effectively from food and environmental samples, it is difficult to accurately estimate 
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the risk that aquatic contamination poses. 
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Chapter 6 

 
Phylogenetic Analysis of Hepatitis E virus and Norovirus Strains from Sewage 

and Shellfish in the UK 

Abstract 

 
Hepatitis E virus (HEV) and norovirus are enteric pathogens which cause a variety of 

symptoms, from nausea and sickness to fever and jaundice. Norovirus has been 

established as one of the largest causes of gastroenteritis worldwide, and HEV is an 

emerging pathogen which has become the most dominant cause of acute viral 

hepatitis in recent years. The presence of norovirus and HEV has been established 

within sewage and shellfish in many countries previously. This study endeavoured to 

use an amplicon deep sequencing technique (“metabarcoding”) to obtain phylogenetic 

information on norovirus and HEV strains within sewage and shellfish samples from 

the UK. HEV and norovirus could be sequenced successfully using this approach, the 

study finding that the HEV sequences most likely originated in humans or swine, and 

that norovirus diversity was higher than expected, when compared to national data in 

the community. The confirmed presence of these viruses within treated and untreated 

sewage and shellfish samples confirms that the aquatic environment is being 

contaminated with these viruses, which can lead to public health risks through the 

consumption of shellfish or through recreational water activities. 

 

 
Introduction 

 
Sequencing is an incredibly useful tool for identifying the epidemiology of a virus. Not 

only can it be used to trace the mutations of a virus strain over time in order to track 

new variants, it can also be used for traceability of a viral outbreak, to see 

geographical patterns of the spread of a virus strain, and help to track the continuation 

of a pandemic (Martin et al., 2020; Agrawal et al., 2021). There are several methods 

and platforms through which viruses can be sequenced, which depend on the type of 

nucleic acid genome the virus has (DNA or RNA), the viral load within the samples, 

and the desired information from the sequencing data. For studies which require high 

accuracy for mutational analyses (e.g., SNPs), the Illumina sequencing platform is one 

of the most used NGS technologies (Malmberg et al., 2019). In comparison, due to the 

short read lengths used in the Illumina platform, Oxford Nanopore Technologies 
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(ONT) sequencing is favoured for generating long length reads, and has even been 

used to sequence whole genomes from single molecules of cDNA (Batista et al., 

2020). ONT sequencing is also used in lower resource settings as it tends to be more 

affordable than Illumina sequencing (Smith et al., 2020a). However, ONT is generally 

considered to be less accurate than Illumina sequencing due to the differences in 

basecalling algorithms and nanopore chemistry, and this has been demonstrated in 

previous studies (McNaughton et al., 2019). 

The sequencing of HEV enabled researchers to identify that it is a zoonotic virus with 

several potential animal reservoirs. In a study by Meng et al., (1997), HEV was 

sequenced from pigs, and identified to be 77-92% similar (across the three open 

reading frames) to HEV sequences obtained from human infections. Later studies 

then identified close phylogenetic relationships between swine and human HEV 

strains, (with strains from swine and humans sharing ≥97% nucleotide sequence 

similarity) and led to animal studies identifying that human HEV was capable of 

infecting pigs, and swine HEV was capable of infecting non-human primates (Meng et 

al., 1998). Subsequently pigs were established as the main reservoir of HEV, following 

studies like those by Tamada et al., (2004) which showed HEV infection in five 

patients to be the likely result of foodborne transmission from consumption of wild 

boar meat; Ward et al., (2008) which identified 95% nucleotide sequence similarity 

between pig and human HEV strains; and Grierson et al., (2015) identifying a 

seroprevalence of 92.8% (584/629), and HEV RNA presence in 21% (129/629) of UK 

pigs. A summary of the countries in which HEV was detected in pigs is provided in 

chapter 2 (Treagus et al., 2021). As a consequence of the discovery of the role pigs 

play in the transmission of HEV to humans, other animals were then investigated, and 

many possible host species have been subsequently identified (Kenney, 2019). 

Interestingly, Ijaz et al., (2013) found that HEV sequences from patients in the UK 

were generally not from the same genotypes as HEV sequences found in UK pigs; 

though sequencing data from UK pigs was limited; however, another study by Grierson 

et al., (2015) also identified this pattern, and theorised that pork products from Europe 

may be the cause of human infections in the UK, however they were unable to rule out 

other sources of infection. If this is indeed a genuine and ongoing pattern within HEV 

in UK pigs and humans, it could suggest an alternative HEV reservoir in the UK. 
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Sequencing has also been used for identifying genogroups, genotypes and strains of 

norovirus that cause norovirus outbreaks and is capable of being used to track these 

outbreaks from the source to the infection. A large study by Verhoef et al., (2011) used 

sequencing data to identify the global sources and relationships between norovirus 

outbreaks, and was able to conservatively estimate that 7% of norovirus outbreaks 

had an international geographical distribution (when previously this had been 

estimated to be 0.4%). Sequencing can also be used for confirmation of an outbreak 

source. For example, an outbreak of norovirus and sapovirus was traced to the 

consumption of shellfish in a restaurant through identifying the sequence similarity 

between patients and shellfish packaging liquid (98.6 – 100% similarity range for both 

viruses) (Iizuka et al., 2010). Sequencing can also track the evolution of viruses from 

outbreak to outbreak, and identify the rate of mutation of a viral genome, as well as 

identifying pre- and post-pandemic variants (Eden et al., 2014). Norovirus GII.4 has 

typically been the most common genotype to cause outbreaks in recent years 

(Robilotti et al., 2015), however GII.17 has also become more established of late (Lu 

et al., 2016; Sakon et al., 2018). 

RNA viruses such as norovirus and hepatitis E virus (HEV) in food and environmental 

samples are often present at very low abundance, which can make their detection and 

sequencing difficult, especially when culturing the viruses from these matrices may not 

be possible due to low virus levels, as most cell culture systems for HEV so far require 

high viral titres (~105 – 107 genome copies) to establish cell culture infections (Johne 

et al., 2014; Pellerin et al., 2021), and often these utilize HEV strains which have 

significant mutations in comparison to the wild types. Additionally, many foods contain 

lower HEV concentrations than the inoculation titres used in the viral culture (Mesquita 

et al., 2016; Rivadulla et al., 2019; Kokkinos et al., 2012). Due to this, PCR-based 

methods are generally used to sequence the genome of these viruses. Sequencing 

techniques using DNA as a template are preferred for the sequencing of viral RNA 

within food and environmental samples due to the instability of RNA (and relative 

stability of DNA) in addition to the presence of RNases. RNA sequencing can also be 

technically challenging. Sanger sequencing for viral RNA uses DNA amplicons, 

generated by RT-PCR, to enable maximum sensitivity of the sequencing method. 

However, unlike Next Generation Sequencing (NGS) techniques, Sanger sequencing 

is less likely to pick up rare sequences within a sample and may also lead to 

unresolved bases at certain divergent loci where a sample contains multiple divergent 
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strains (Mancini et al., 2019; Gao et al., 2016). 

This can lead to cloning techniques being required to resolve these sequence 

ambiguities, which takes time and resources, and may still miss rare strains if present 

at low abundances. NGS techniques do not have these issues, however. Illumina 

sequencing has been used previously to trace two divergent sequences of HEV from a 

blood donor to two recipients (Ledesma et al., 2019). It has also been used to identify 

mutant variants of HEV in immunocompromised patients with antiviral resistance (Todt 

et al., 2016). Virus levels in these studies were reportedly high. Despite the higher 

sensitivity of the nanopore and Illumina sequencing technologies in comparison to 

Sanger sequencing, it appears that these technologies have not been used in the 

sequencing of samples with low abundance of HEV, such as food and environmental 

water samples. Most studies on these types of samples to date have applied PCR 

based methods to yield small amplicons, followed by Sanger sequencing (Rivadulla et 

al., 2019; Pallerla et al., 2021). The sequencing of norovirus from environmental 

samples follows a similar approach to that of HEV, though there are two studies 

utilising NGS for norovirus analysis. Bartsch et al., (2018) used Illumina sequencing of 

contaminated strawberries to produce very low read numbers of norovirus, whilst 

Desdouits et al., (2020) used an Illumina metabarcoding approach to identify 

genotypes of norovirus within shellfish samples that had been implicated in outbreaks. 

With the discovery that HEV variants from humans in the UK may be distinct from 

HEV variants in UK pigs (Ijaz et al., 2013; Grierson et al., 2015), and that HEV has 

been detected in vegetarians in the Netherlands (Slot et al., 2017), identifying whether 

HEV in the aquatic environment could be linked to human infections (whether through 

recreational water activities or shellfish consumption) may provide insights into other 

transmission routes of HEV. Sequencing of norovirus from food and environmental 

samples could also provide a way to trace outbreaks of norovirus to the source (Sliva 

et al., 2021). However, though sequencing of viruses in samples from food and 

environmental samples can provide insights into the sources of viral contamination, 

typically virus sequence databases are dominated by sequences which have 

originated in humans, and this bias could hinder the identification of potential routes 

of transmission through foods and the environment (Mulder et al., 2019). Therefore, 

introducing new methodologies to sequence viruses present at low abundance within 

such samples could open the door to new discoveries and innovative studies. 
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Because of the novelty of applying NGS to detect viruses present at low abundance in 

food or environmental samples, the potential for use in more resource-limited settings 

(such as less economically developed countries and out in the field), and the general 

costs associated with Illumina sequencing, this chapter investigated the use of an 

ONT metabarcoding amplicon-sequencing approach to sequence GII norovirus and 

HEV sequences within shellfish, sewage and cetacean samples which had previously 

tested positive by qRT-PCR. This was achieved using nested PCR amplicons from 

GII norovirus and HEV positive samples. This sequencing data was then used to 

confirm the presence of GII norovirus and HEV, to phylogenetically analyse the 

sources of HEV contamination, and to identify the circulating strains of GII norovirus 

within the community. The aims of this study were to identify if ONT metabarcoding 

could be used to sequence low levels of virus from food and environmental samples, 

to find the sources of HEV contamination, and to identify if GII norovirus strains in 

sewage reflected those from cases reported by the public. 

 

 
Materials and Methods 

 
Norovirus samples 

 
Forty-two (21 influent and 21 effluent) sewage samples as described in chapter 5 with 

CT values between 27 and 39 were selected for sequencing analysis. These were 

composed of three influent and three effluent samples from each of the seven 

wastewater treatment plants (WWTPs). These samples were used to compare the GII 

norovirus strains found in influent and effluent samples, to identify the diversity of GII 

strains present at each WWTP location and between locations, and to identify 

previously published sequences which were most closely related to these sequences. 

HEV samples 

 
Forty-two sewage samples (CT range 34 – 44, a different collection of samples from 

those sequenced for norovirus), five shellfish (CT range 37 – 40) and eighteen 

cetacean samples (CT range 31 – 33) from chapters 4 and 5 were selected for 

sequencing. All the HEV positive sewage and shellfish samples from chapters 4 and 5 

were sequenced, however only 18 cetacean samples were sequenced. These 

samples were selected to identify if the samples were true positives, and to identify 

from phylogenetic analysis what the likely source of the HEV strains were. 
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Semi-nested PCR methods 

 
HEV semi-nested PCR primer design 

 
A first attempt to identify appropriate primers for HEV utilised the Primal Scheme 

created and published by Quick et al., (2017). However, due to high diversity between 

sequences, even within subtypes of HEV, the primal scheme was unsuccessful. 

Therefore, primers were identified manually with the aim to obtain as much 

sequencing data as possible. Due to high diversity, primers were designed for 

genotypes 1 (G1) and 3 (G3) separately as these cause most cases in the UK (Oeser 

et al., 2019). Primers were not designed for G4 due to the rarity of G4 cases in the 

UK, with only three cases in humans in the UK between 2008 and 2017 (Oeser et al., 

2019). The G1 and G3 reference genomes which were classified by Smith et al., 

(2020b) were subsequently downloaded from GenBank and aligned in order to identify 

regions which could be used to design a semi-nested PCR assay. Several primer 

pairs were designed with amplicons of approximately 200 – 300 bases to find working 

PCR assays which could be used for subsequent barcoding (to allow the sequencing 

of several samples simultaneously) using a PCR approach. Figure 6.1 shows the 

process used when designing the primers. 
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Figure 6.1 Workflow for designing the primers for each HEV genotype and for the two 

clades of G3 

The workflow used to design primers to sequence G1, and G3 HEV. Primers were not 
designed for other genotypes due to their apparent rare abundance within the UK. 

 

The paper by Smith et al., (2020b) gives an up to date classification of the genotypes 

and subtypes of HEV. The genome sequences within this paper were downloaded 

from NCBI and used to create alignments for G1 and G3 using Clustal Omega, which 

uses CLUSTAL multiple sequence alignment. The alignments of the genomes for G1 

and G3 can be found in supplementary data 6.1 and 6.2. Possible primer sequences 

were then identified manually for each genotype, before then testing these for self- 

complementarity and melting temperature suitability using the Multiple Primer 

Analyzer from ThermoFisher Scientific and Oligo Calc from Northwestern University. 

Primers were considered acceptable if they had a melting temperature of 56-65°C, 

length of 17-23 bases, GC content between 30-60%, and a maximum of 3 degenerate 
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bases. Once primer candidates had been found, primer pairs were identified by their 

melting temperature similarity, the ability to form a semi-nested PCR assay, and the 

size of the amplicons. Annealing temperatures were calculated using the Thermo 

Fisher Scientific Multiple Primer Analyzer. The length and position of the semi-nested 

PCR was dependent on the genotype it had been designed from. 

cDNA synthesis and semi-nested PCR 

 
Synthesis of cDNA utilised the Invitrogen SuperScript™ IV First-Strand Synthesis 

System and random hexamers (final concentration 2.5 µM), per the manufacturers 

protocol (template volume 10 µl, reaction volume 20 µl). An Eppendorf Mastercycler 

Nexus was used for cDNA synthesis and the first and second rounds of the semi- 

nested PCRs (nPCR). The primers for the HEV nPCR were those developed as 

described above. The primers for the norovirus GII nPCR were described previously; 

and target the extreme 3’ end of the RdRp polymerase gene (ORF1) and the 5’ start of 

the VP1 capsid protein gene (ORF2). The primers used in the second round for all 

assays were modified with 5’ adapter sequences to allow multiplexing by PCR 

barcoding. The primer sequences and reaction conditions are detailed in Table 6.1. 

The final concentration of both forward and reverse primers were 0.4 µM. 
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Table 6.1 Sequencing PCR primer sequences and amplification conditions 
 

 

*The amplicon size does not include the primer adapter, which added 43 more bases. Sequences in bold are the primer adapters. 

Assay Primer sequences Amplification 

conditions 

Amplicon 

size  

Study 

Norovirus 

GII  

First round 

QNIF2D: 5’-ATGTTCAGRTGGATGAGRTTCTCWGA-3’ 

GIISKR: 5’-CCRCCNGCATRHCCRTTRTACAT-3’ 

95°C 1 min 
Then 40 cycles 
of: 
95°C 30 secs 
50°C 30 secs   
72°C 30 secs 
Then: 
72°C 7 mins 

378 Loisy et al., (2005); 

Kojima et al., 

(2002) 

Second round 

GIISKF_T: 5’-TTTCTGTTGGTGCTGATATTGCTGTTGCGCAGGTYTGTGT -3’ 

GIISKR_T: 5’-ACTTGCCTGTCGCTCTATCTTCCCRCCNGCATRHCCRTTRTACAT-3’ 

344* Kojima et al., 

(2002) 

HEV G1 First round 

FWD: 5’-ATCYTGTGTCGGGTGGAA-3’ 

REV: 5’-TTGGCGAACACGAGGTCC-3’ 

95°C 1 min 
Then 40 cycles 
of: 
95°C 30 secs 
51°C 30 secs   
72°C 30 secs 
Then: 
72°C 7 mins 

289 This study 

Second round 

FWD: 5’-TTTCTGTTGGTGCTGATATTGCATCYTGTGTCGGGTGGAA-3’ 

REV: 5’-ACTTGCCTGTCGCTCTATCTTCATTGCGAAGGGCTGAGAATCA-3’ 

213* This study 

HEV G3 First round 

FWD: 5’-TGTTGCGCAGGTYTGTGT-3’ 

REV: 5’-GCARCATAGGCARAARCACGA-3’ 

95°C 1 min 
Then 40 cycles 
of: 
95°C 30 secs 
50°C 30 secs   
72°C 30 secs 
Then: 
72°C 7 mins 

258 This study 

Second round 

FWD: 5’-TTTCTGTTGGTGCTGATATTGCTGTTGCGCAGGTYTGTGT-3’ 

REV: 5’-ACTTGCCTGTCGCTCTATCTTCCATAGGCARAARCACGARGAA-3’ 

254* This study 
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A negative control was utilised in all PCR reactions (water in place of sample cDNA) 

which was sequenced alongside any samples providing positive nPCR results. A 

positive control was used for the first and second round PCRs for the GII norovirus 

assay in the form of a Norovirus GII LENTICULE (RMNOROG2, UK Health Security 

Agency). For HEV G3, extracted RNA from cell culture (originating from a patient) was 

used as a positive control (kindly donated by Eva Trojnar and Reimar Johne of 

Bundesintitut für Risikobewertung, Berlin, Germany). The positive control amplicons 

were not sequenced to avoid potential cross contamination at the sequencing stage. 

Unfortunately, due to resource and time limitations a positive control for the HEV G1 

assay was not available. 

The nPCR amplicons were visualised using 2% agarose (Scientific Laboratory 

Supplies) gel electrophoresis with Gel Red (10,000X in water, BIOTIUM) nucleic acid 

gel stain. Once the PCR products were obtained, and samples were confirmed to 

have the correct band size by electrophoresis, they were stored at 4°C for up to 48 

hours or -20°C for up to 7 days until sequencing. 

Sequencing 

 
If samples contained amplicons of the correct size, they were purified using an 

AMPure XP Reagent for PCR Purification  (Beckman Coulter) clean-up; 45 µl of 

AMPure XP beads were added to 45 µl of amplicons in 1.5 ml DNA Lobind tubes 

(Eppendorf). The beads were then incubated at room temperature on an Invitrogen 

Hula Mixer (which rotates to continually invert the samples) for 5 minutes. The tube 

containing the beads and amplicons were then applied to a magnet to pellet the 

beads, and the supernatant was removed and discarded. The beads were then 

washed with 200 µl of 70% ethanol whilst still on the magnet, and the ethanol 

removed and discarded. The tubes were then centrifuged briefly and opened to allow 

residual ethanol to evaporate from the beads. The bead pellet was air dried for 2-5 

minutes to remove as much ethanol as possible. The tube was then removed from the 

magnet and 50 µl of nuclease free water was then added to the beads and left to 

incubate at room temperature for 2 minutes. The beads were then pelleted on the 

magnet again, and the supernatant recovered and used for subsequent PCR 

barcoding, where a unique barcode was assigned to each sample prior to later pooling 

of the samples for sequencing. The rest of the procedure follows the Oxford Nanopore 

Technologies protocol “PCR barcoding (96) amplicons (SQK- LSK109)”. The ligation 
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sequencing kit (SQK-LSK109) and PCR barcodes (EXP-PBC096) were used with a 

companion module (E7180S) and flow cell priming kit (EXP-FLP002) per the 

manufacturer’s instructions. This enabled preparation of DNA libraries for sequencing 

on a MinION MK1C machine. Sequencing runs took between 8 and 48 hours to 

generate a minimum of 20,000 reads per sample. 

Once the MinION had generated 20,000 reads for each sample, the sequencing runs 

were stopped and the fast5 files were processed using the high accuracy basecalling 

program on the MinKnow software to generate high accuracy fastq files for each 

barcode (using a minimum quality score of 7). The fastq files were then processed 

using a bioinformatics pipeline. Firstly, reads were trimmed using the program 

Cutadapt (version 3.2) to remove adapters, barcodes, and primer sequences. 

Trimmed reads were then aligned to reference genome sequences from Smith et al., 

(2020b) using Minimap (version 2.17) and Samtools (version 1.1). For each group of 

sequences that have aligned to the same reference sequence, reads were error 

corrected using Canu (version 2.1.1), and initial consensus sequences were generated 

using a minimum of 1,000 reads. Randomly selected consensus sequences of the 

correct size were then saved into individual files for each barcode using Seqtk (version 

1.3), and the consensus sequences from each barcode were then aligned using 

MAFFT (version 7.475). These alignments were then manually checked, and any 

duplicate consensus sequences were removed (using a distance matrix to identify 

duplicates) using UGENE software (windows version 40). Sequence reads were then 

aligned against the consensus sequences, and information such as coverage, 

alignment quality and the proportion of reads which aligned to a consensus were 

recorded, using Minimap and Samtools. The CPU version of Medaka (version 1.2.3) 

was then used to polish the consensus sequences. The HEV and GII norovirus 

processing pipelines were very similar, differing only by the amplicon length, primer 

sequences and database (reference sequences). The code for these pipeline 

processes can be seen in supplementary data 6.3 and 6.4, alongside brief 

explanations of the process. The alignment files used can be seen in supplementary 

data 6.5 and 6.6. A minimum of 1,000 supporting reads was required to determine that 

the sequence was not due to imperfect barcoding or cross-contamination. All negative 

controls had less than 100 reads.
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Statistical Analysis 

 
All statistical analysis was performed using R (version 4.04) (R Core Team, 2018). As 

the read data did not follow normal distributions (tested by Shapiro-Wilk test), 

Spearman’s rank correlations were used to identify if the number of sequence reads 

correlated with the CT values obtained from qRT-PCR of the samples. We also used a 

Spearman’s rank correlation to determine if the total supporting reads from all 

sequences in a sample correlated with CT values from the samples. A one-sided 

Wilcoxon test was used to determine whether the median of CT values from samples 

which failed to sequence (either produced no PCR amplicon or no sequencing data) 

was significantly higher than the median of CT values from samples which sequenced 

successfully. 

Phylogenetic Analysis 

Reference sequences used for the phylogenetic analysis of the sequencing data were 

retrieved from NCBI; 514 sequences for HEV genotypes 1-8, and 96 sequences for 

norovirus GII were downloaded and merged into two separate FASTA files, using 

BioEdit. The polished HEV and GII norovirus sample sequence reads were then 

added to the appropriate FASTA files before alignment using Clustal Omega 

(CLUSTAL multiple sequence alignment). The sequences were then trimmed to be the 

same length as the sequenced amplicons and alignments were curated by eye to 

remove gaps. Sequences with a Hamming Dissimilarity percentage (calculated within 

Unipro UGENE (Okonechnikov et al., 2012)) greater than 10% were classed as 

different sequences. The HEV and GII norovirus alignments were processed by 

IQTREE, where the most suitable evolutionary model was automatically chosen based 

on Bayesian Information Criteria scores (Nguyen et al., 2015). The substitution model 

selected was TIM2 with gamma distribution (TIM2 + G) for GII norovirus and HEV. For 

the norovirus phylogenetic tree, the full amplicon was 302 bp but 20 bp of RNA- 

dependent RNA polymerase gene sequence was trimmed from the beginning of the 

sequences to enable comparison to more capsid sequences obtained from NCBI, and 

because inclusion of this fragment may have distorted the phylogenetic analysis due 

to the presence of polymerase/capsid recombinants in the database. 

To identify how closely related the sequence from the shellfish sample 

(Shellfish_seq1) was to genotype 3 and subtype 3f, the reference sequences for G3 

from Smith et al., (2020b) and 44 G3f strains with a complete or mostly complete 
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genome were downloaded from GenBank (Benson et al., 2013) and aligned with 

Shellfish_seq1 and Hamming Dissimilarity matrices were calculated within Unipro 

UGENE to identify whether the shellfish sequence was likely to belong to G3 and G3f 

(Okonechnikov et al., 2012). 

 
Results 

HEV 

Of the 65 samples selected for HEV sequencing, eleven samples yielded HEV 

sequencing data using the G3 sequencing assay. The G1 PCR assay yielded no HEV 

sequence data. Of these eleven samples, ten were influent wastewater samples and 

one was a shellfish sample. Of the 55 samples which failed to yield HEV sequence 

data, 38 gave no nested PCR products and therefore were not included in the library 

preparation, and the remaining 16 yielded no sequence data but yielded amplicons 

with the expected size. No wastewater effluent or cetacean samples gave any HEV 

sequencing data. Figure 6.2 shows a box and whisker plot of the distribution of CT 

values for samples which failed or succeeded to provide HEV sequences. The median 

CT value from samples which failed to sequence was not significantly higher than that 

from samples which were successfully sequenced (one-sided Wilcoxon test, p= 

0.559). The data showing the sequencing success can be seen in Table 6.2. 
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Table 6.2 Sample sequencing success and failure results 

 

Sample Sample 

type 

CT Sequencing 

result 

09-465 Shellfish 39.81998 Fail 

09-475 Shellfish 38.96326 Fail 

10-113 Shellfish 38.81057 Success 

18-361 Shellfish 38.31731 Fail 

18-362 Shellfish 37.33453 Fail 

C19/16 Cetacean 31.4999 Fail 

C24/17 Cetacean 32.1837 Fail 

C25/17 Cetacean 30.62367 Fail 

C26/17 Cetacean 31.61662 Fail 

C27/17 Cetacean 31.46813 Fail 

C28/17 Cetacean 30.96494 Fail 

C1/18 Cetacean 30.53666 Fail 

C2/18 Cetacean 31.01212 Fail 

C3/18 Cetacean 30.82375 Fail 

C5/18 Cetacean 31.27773 Fail 

C13/18 Cetacean 31.88618 Fail 

C25/18 Cetacean 32.79505 Fail 

C27/18 Cetacean 31.03182 Fail 

C28/18 Cetacean 32.60235 Fail 

C29/18 Cetacean 31.3209 Fail 

C2/19 Cetacean 30.65009 Fail 

C6/19 Cetacean 31.87744 Fail 

C8/19 Cetacean 32.01376 Fail 

SW04 Influent 39.51233 Success 

SW06 Influent 39.33455 Fail 

SW11 Effluent 39.47243 Fail 

SW13 Effluent 41.16046 Fail 

SW17 Effluent 39.38813 Fail 

SW18 Influent 39.50611 Fail 
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SW20 Influent 33.57486 Success 

SW22 Influent 36.46371 Success 

SW24 Influent 37.24512 Success 

SW25 Effluent 38.74826 Fail 

SW26 Influent 38.27507 Success 

SW32 Influent 37.37944 Success 

SW34 Influent 39.76252 Fail 

SW36 Influent 39.86499 Fail 

SW38 Influent 39.58624 Fail 

SW44 Influent 37.49087 Fail 

SW46 Influent 37.53729 Fail 

SW48 Influent 38.74213 Fail 

SW50 Influent 38.37618 Fail 

SW52 Influent 38.66098 Fail 

SW60 Influent 40.48499 Fail 

SW63 Effluent 40.44064 Fail 

SW72 Influent 39.19169 Fail 

SW78 Influent 40.27344 Success 

SW66 Influent 40.5822 Success 

SW80 Influent 41.34575 Fail 

SW92 Influent 39.18997 Fail 

SW96 Influent 36.18138 Success 

SW101 Effluent 39.72198 Fail 

SW103 Effluent 39.92864 Fail 

SW106 Influent 38.79374 Success 

SW107 Effluent 39.99926 Fail 

SW108 Influent 39.98698 Fail 

SW114 Influent 38.58137 Fail 

SW116 Influent 40.4021 Fail 

SW121 Effluent 42.81889 Fail 

SW122 Influent 40.36576 Fail 

SW123 Effluent 39.50692 Fail 

SW127 Effluent 38.97312 Fail 
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SW130 Influent 38.97312 Fail 

SW134 Influent 36.56873 Fail 

SW140 Influent 43.71178 Fail 
 

 

Figure 6.2 A box and whisker plot of the distribution of HEV CT values 

 
The distribution of CT values which either succeeded or failed to yield sequencing data. The 
CT values originate from qRT-PCR testing of HEV for samples which were included in this 
sequencing study. 

 

The number of supporting reads per HEV amplicon sequence ranged from 2,115 to 

401,595 after sequences of incorrect length were removed. The percentage coverage 

for all sequences was 100%. Samples which sequenced successfully yielded mostly 

just one sequence, but in a single case two different HEV sequences were obtained. 

The sequence read and coverage data can be seen in Table 6.3. All sequences were 

obtained in a single MinION run. 
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Table 6.3 Supporting reads and level of coverage for each HEV amplicon sequence 

obtained 

 

Sample 
ID 

Sequence ID CT Supporting 
reads 

Mean 
depth 

SW20 Sewage_seq1 33.6 105610 99384 

SW04 Sewage_seq2 39.5 2115 2049 

SW22 Sewage_seq3 36.5 6375 6083 

SW24 Sewage_seq4 37.2 82094 77388 

SW26 Sewage_seq5 38.3 217785 211269 

SW32 Sewage_seq6 37.4 256142 243621 

SW78 Sewage_seq7 40.3 309055 300480 

SW66 Sewage_seq8 40.6 384195 372624 

SW96 Sewage_seq9 36.2 70643 67775 

SW96 Sewage_seq10 36.2 8450 8114 

SW106 Sewage_seq11 38.8 401595 389150 

OY3 Shellfish_seq1 38.8 18834 17593 

 
No correlation between the number of supporting reads from each sequence and the 

CT values was observed (Spearman’s rank correlation, Rho= 0.364 p= 0.206, 95% 

confidence intervals -0.510 and 0.843). 

HEV typing using the RIVM Hepatitis E Virus Genotyping Tool showed that the small 

size of the amplicon created limitations for genotyping and subtyping 

(https://www.rivm.nl/mpf/typingtool/hev/). Except for one sequence, all samples were 

successfully genotyped as G3. Some sequences were subtyped as G3c. Although 

with a weak phylogenetic support, other sequences were genotyped as G3e and G3m. 

Table 6.4 shows a summary of the typing tool results. A distance matrix identified that 

Sewage_seq1 and Sewage_seq6 had identical HEV nucleotide sequences. 

https://www.rivm.nl/mpf/typingtool/hev/
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Table 6.4 Typing results for the eleven HEV sequences from the sewage and shellfish 

studies from RIVM 

 

Sequence BLAST result BLAST 
score 

Genotype 
result 

Genotype 
support 

Subtype 
result 

Subtype 
support 

Sewage_seq1 Hepeviridae 
Orthohepevirus 
A 

90.2 HEV3 98.0 HEV3c 76.0 

Sewage_seq2 Hepeviridae 
Orthohepevirus 
A 

86.5 HEV3 91.0 Could not 
assign 

NA 

Sewage_seq3 Hepeviridae 
Orthohepevirus 
A 

91.6 HEV3 99.0 Could not 
assign 

NA 

Sewage_seq4 Hepeviridae 
Orthohepevirus 
A 

90.2 HEV3 98.0 HEV3c 78.0 

Sewage_seq5 Hepeviridae 
Orthohepevirus 
A 

89.7 HEV3 98.0 HEV3c 74.0 

Sewage_seq6 Hepeviridae 
Orthohepevirus 
A 

90.2 HEV3 98.0 HEV3c 76.0 

Sewage_seq7 Hepeviridae 
Orthohepevirus 
A 

85.1 HEV3 97.0 Could not 
assign 

NA 

Sewage_seq8 Hepeviridae 
Orthohepevirus 
A 

90.7 HEV3 96.0 Could not 
assign 

NA 

Sewage_seq9 Hepeviridae 
Orthohepevirus 
A 

88.4 HEV3 95.0 Could not 
assign 

NA 

Sewage_seq10 Hepeviridae 
Orthohepevirus 
A 

92.1 HEV3 94.0 Could not 
assign 

NA 

Sewage_seq11 Hepeviridae 
Orthohepevirus 
A 

85.6 HEV3 95.0 Could not 
assign 

NA 

Shellfish_seq1 Hepeviridae 
Orthohepevirus 

  A   

86.0 Could not 
assign 

NA NA NA 
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A nucleotide BLAST of the sequences showed the majority clustered most closely with 

GenBank HEV sequences derived from humans (Altschul et al., 1990). The results 

with the highest percentage identity and lowest E value per sequence can be seen in 

table 6.5. Some of the sequences were equally related to several published 

sequences; possibly because these database sequences were identical to each other 

in the region sequenced. Longer amplicon length may have helped to identify which 

GenBank sequences were more highly related to the HEV strains within the samples. 

Unsurprisingly, five of the twelve sequences were most closely related to other HEV 

strains from human infections in the UK, however some sequences were also closely 

related to human strains in France, and a G3 strain found in a wild boar in Italy. 

Table 6.5 Nucleotide BLAST results for the amplicon sequences 

 
Sequence BLAST 

result 
Percentage 
identity 

E value Score BLAST 
result 
host 

BLAST 
result 
Location 

Sewage_seq1 MH504137.1 97.7 2.75x10-98
 370 Human Poole, UK 

Sewage_seq2 MH504146.1 98.1 5.92x10-100
 375 Human Chichester, 

UK 
Sewage_seq3 MH504128.1 97.2 4.61x10-96

 363 Human Brighton, UK 

Sewage_seq4 MH504137.1 97.7 2.75x10-98
 370 Human Poole, UK 

Sewage_seq5 MW355362.1 97.7 2.75x10-98
 370 Human France 

Sewage_seq6 MH504137.1 97.7 2.75x10-98
 370 Human Poole, UK 

Sewage_seq7 MH504146.1 95.8 1.29x10-91
 348 Human Chichester, 

UK 
 MT840367.1 95.8 1.29x10-91

 348 Wild boar Italy 

Sewage_seq8 MT362711.1 97.2 4.61x10-96
 363 Human The 

Netherlands 
 MW355220.1 97.2 4.61x10-96

 363 Human France 

Sewage_seq9 MF444141.1 98.1 5.92x10-100
 375 Human France 

 MF444109.1 98.1 5.92x10-100
 375 Human France 

 MW355403.1 98.1 5.92x10-100
 375 Human France 

 MT840367.1 98.1 5.92x10-100
 375 Wild boar Italy 

Sewage_seq10 MF444030.1 98.6 1.27x10-101
 381 Human France 

Sewage_seq11 MH504146.1 95.8 6.00x10-90
 342 Human Chichester, 

UK 
 MT840367.1 95.8 6.00x10-90

 342 Wild boar Italy 

Shellfish_seq1 MF444105.1 87.3 6.26x10-60
 243 Human France 

 

As the RIVM typing tool was unable to subtype several of the sequences from this 

study, BLAST sequences with the highest homology were typed to identify the 

possible subtypes for the sequences. The results of this can be seen in Table 6.6. It 
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should be noted that the nearest BLAST result for the shellfish sequence is very 

dissimilar (87.3%) and therefore the subtype assigned to the most similar BLAST 

result may not accurately reflect the subtype of the sequence within the sample. 

Table 6.6 Typing results for the BLAST results with highest nucleotide similarity to the 

HEV amplicon sequences 

 

Sequence RIVM typing tool 
subtype 

BLAST 
result 

Percentage 
identity 

BLAST 
result 
subtype 

Sewage_seq1 HEV3c MH504137.1 97.7 G3c 

Sewage_seq2 Could not assign MH504146.1 98.1 G3e 

Sewage_seq3 Could not assign MH504128.1 97.2 G3c 

Sewage_seq4 HEV3c MH504137.1 97.7 G3c 

Sewage_seq5 HEV3c MW355362.1 97.7 G3c 

Sewage_seq6 HEV3c MH504137.1 97.7 G3c 

Sewage_seq7 Could not assign MH504146.1 95.8 G3e 

  MT840367.1 95.8 G3e 

Sewage_seq8 Could not assign MT362711.1 97.2 G3c 

  MW355220.1 97.2 G3c 

Sewage_seq9 Could not assign MF444141.1 98.1 G3e 

  MF444109.1 98.1 G3e 

  MW355403.1 98.1 G3e 

  MT840367.1 98.1 G3e 

Sewage_seq10 Could not assign MF444030.1 98.6 G3m 

Sewage_seq11 Could not assign MH504146.1 95.8 G3e 

  MT840367.1 95.8 G3e 

Shellfish_seq1 Could not assign MF444105.1 87.3 G3f 
 

 

Phylogenetic analysis of the HEV sequences showed that the BLAST result subtypes 

accurately predicted where the HEV amplicon sequences cluster on the cladogram, 

except for Sewage_seq10 which clusters closely with sequences from subtypes G3c 

and G3m. The phylogenetic tree of the HEV amplicon sequences from this study 

alongside previously published sequences can be seen in Figure 6.3. This tree has 

been coloured by the host organism the HEV sequences was obtained from. Based on 

this phylogenetic analysis, it appears that the sequence obtained from the shellfish 

sample (Shellfish_seq1) may not fall into any existing genotypes or subtypes and may 
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possibly be a new genotype or subtype. The tree showed that the amplicon 

sequences obtained in the sewage study cluster closely with human sequences, but 

also sequences from swine. The sequence from the shellfish sample is quite distantly 

related to sequences identified in humans. 
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Figure 6.3 Phylogenetic tree of HEV 
sequences 

Phylogenetic tree of a 215bp fragment from 514 

HEV sequences, including ten novel sequences 

detected in our samples. Only genotypes 3 and 8 

are shown. All genotype branches had bootstrap 

support >70%. Some branches within G3 were 

collapsed due to low phylogenetic support for the 

branch or within the branch. Where the diagram 

has been split the branch between G3f and G3l 

subtypes has been extended. The full, complete 

tree can be seen in supplementary data 6.7 (not 

coloured by host, compatible for colour blindness 

conditions protanopia, tritanopia and tritanomaly). 

Sewage_seq1 was not included in the tree as it 

was identical to Sewage_seq6. The sequences 

from this study are shown with black labels, with 

highilghting. The other sequences are coloured by 

host, which can be found in the key. The scale bar 

shows the length of branch that represents an 

amount of genetic change of 0.2. 
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The phylogenetic tree shows that sequences 9, 2, 7 and 11 cluster together within 

subtype 3e, close to both human and swine sequences. Sequence 10 clusters within 

G3c and G3m, close to human and swine sequences. Sequences 5 and 8 cluster 

together within G3c, most closely with other human sequences. Sequences 3, 4 and 6 

also clustered within G3c, but most closely to human sequences. The Hamming 

dissimilarity matrices (not shown) which were calculated for comparison of the shellfish 

sequence to existing G3 and G3f strains revealed that the G3 reference sequences 

were 76 – 96% similar to one another, and that the shellfish sequence was 79 – 86% 

similar to the G3 reference sequences. This suggests that the shellfish sequence 

belongs to genotype 3. However, of the available G3f sequences from GenBank which 

were fully or partially complete, these sequences were all 87 – 99% similar to one 

another. The shellfish sequence on the other hand was only 81 – 86% similar to the G3f 

strains. Therefore, this sequence might be best considered a representative of a novel 

G3 subtype. Figure 6.4 shows a zoomed in view of the shellfish sequence from Figure 

6.3 for clarity. 

Figure 6.4 The shellfish sequence and surrounding G3 HEV sequences 

A zoomed in version of the shellfish sequence from Figure 6.3. 
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Norovirus 

Of the 42 influent and effluent wastewater samples which were selected for norovirus 

GII sequencing, 23 provided valid sequencing data (sequences with over 1,000 

reads). Of these, 12 were influent and 11 were effluent samples. Fifteen of the 

samples which failed to sequence did not amplify using the nested PCR assay and 

therefore were not included in the library preparation. One sample provided <1,000 

reads and so was not analysed further. The remaining three failed samples did not 

provide norovirus sequencing data (despite obtaining a nested PCR band during 

electrophoresis and being included in the library preparation). Figure 6.5 shows a box 

and whisker plot of the distribution of CT values for samples which failed and 

succeeded. 
 

 

Figure 6.5 A box and whisker plot of the distribution of GII norovirus CT values 

 
The distribution of CT values from qRT-PCR testing of GII norovirus for samples which were 
included in this sequencing study. The CT values ranged from 26 – 39. 

 

Whilst the median CT for samples which sequenced successfully was lower than the 

median CT for samples which failed to sequence, this difference was not significant 

(one-sided (greater) Wilcoxon test, p= 0.165). The number of reads aligning to each 

GII norovirus type varied between 1,329 and 93,423. The negative control produced 
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no norovirus reads. The percentage coverage for the sequences was 100%. Between 

one and ten different GII norovirus consensus sequences were observed per sample. 

The sequence read data can be seen in Figure 6.6. Depth of coverage can be seen for 

each sample in supplementary data 6.8. There was no correlation between CT values 

and the number of supporting reads for each sequence (Spearman rank correlation, 

Rho= 0.078, p= 0.453, 95% confidence intervals -0.131 and 0.283); nor between CT 

values and total supporting reads for each sample (Rho= -0.142, p= 0.517, 95% 

confidence intervals -0.457 and 0.253). 
 

 

Figure 6.6 Supporting reads for each GII norovirus amplicon sequence obtained 

 
Graph to show the number of supporting reads for each GII norovirus amplicon sequence, 
coloured by the sample ID. 

The RIVM Norovirus Typing Tool was used to determine what genotypes the consensus 

sequences belonged to (Kroneman et al., 2011). The sequences fells into eight different 

genotypes: GII.2, GII.3, GII.4, GII.6, GII.7, GII.9, GII.13 and GII.17. Two of the sewage 

samples contained only one genotype of GII norovirus, but the remaining samples 

contained between two and six genotypes. These results are presented in Figure 6.7. 
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Figure 6.7 Plot of the percentage of reads which were attributed to a certain genotype 

of GII norovirus 

A plot showing the percentage of the total number of reads per sewage sample which were 
attributed to specific GII norovirus genotypes. An alternative version suitable for the condition 
tritanopia can be seen in supplementary data 6.9. 

The genotype which was detected most frequently (within the most samples) was 

GII.4, which generated 25 different sequences. Interestingly, the genotype with the 

most reads attributed to it was GII.3. The 23 influent samples yielded 55 sequences 

within genotypes GII.2, GII.3, GII.4, GII.6, GII.7 and GII.17. The 11 effluent samples 

yielded 40 sequences within the same genotypes as the influent samples, in addition 

to genotypes GII.9 and GII.13. The most common genotype found in influent samples 

was GII.6 (14 sequences), closely followed by GII.4 and GII.3 (13 sequences). The 

most common genotype within effluent was GII.4 (12 sequences). The genotypes with 

the highest proportion of reads within the influent samples was GII.2 (median of 

31,999 reads), and for effluent samples it was GII.3 (median of 29,419 reads). 

Sequences from GII.2 and GII.3 were detected in the influent and effluent of each 
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WWTP which yielded sequencing results (five of seven). The number of sequences 

attributed to each genotype can be seen in Table 6.7. 

Table 6.7 Sequences attributed to each norovirus GII genotype 
 

Genotype Influent   Effluent   Total Total 

 Number of Number Median Number of Number Median number of reads 

 sequences of reads number sequences of reads number sequences  

   of reads   of reads   

GII.2 9 366,374 31,999 5 102,357 12,405 14 468,731 

GII.3 13 212,129 13,378 8 286,904 29,419 21 499,033 

GII.4 13 173,969 7,869 12 170,424 11,775 25 344,393 

GII.6 14 98,011 4,421 5 94,163 4,484 19 192,174 

GII.7 5 33,156 6,128 2 40,566 20,283 7 73,722 

GII.9 0 0 0 2 8,553 4,277 2 8,553 

GII.13 0 0 0 2 5,381 2,691 2 5,381 

GII.17 1 6,798 6,798 4 50,444 9,748 5 57,242 

 

 
Nucleotide BLAST results with the highest E value and percentage identity for each 

sequence showed the nucleotide sequences were 91 – 100% similar to existing GII 

norovirus sequences available in GenBank. Phylogenetic analysis of the capsid region 

within the amplicon sequences shows the clustering within the genotypes (Figure 6.8). 

Some sequences within different samples were shown to be identical (Hamming 

dissimilarity matrix) and were not included in Figure 6.8. These samples were above 

the 1,000 read minimum threshold and therefore suggest possible dominant strains 

circulating widely within the community. 
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Figure 6.8 Phylogenetic tree of GII norovirus sequences 

Phylogenetic tree constructed using a 282bp fragment of GII norovirus capsid gene. Amplicon 
sequences are labelled in black text (seq#). Bootstrap support was >70% for all major 
genotype clades. The phylogenetic tree can be viewed online in supplementary data 6.10. 
Genotypes not featured in the analysis had poor bootstrap support (<70%). Versions suitable 
for the colour blindness conditions protanopia, deuteranopia and tritanopia can be seen in 
supplementary data 6.11. The scale bar shows the length of branch that represents an 
amount of genetic change of 0.08. 

 

 



 

223 
 



 

224 

Discussion 

This study investigated GII norovirus and hepatitis E virus sequences within the 

samples obtained in the previous chapters. HEV presence within sewage and 

shellfish samples from Southern England was confirmed, and eight different 

genotypes of GII norovirus were identified within sewage samples. Most of the HEV 

sequences are likely to have originated from humans or swine, and GII norovirus 

sequences other than GII.4 were prominent within the sewage samples. This is the 

first detection of HEV in sewage and shellfish in England and the first known use of 

ONT metabarcoding of HEV amplicons for sequencing of samples with a very low 

viral concentration. 

HEV sequences in sewage and shellfish 

 
Of 65 samples of cetacean liver, sewage influent and effluent and shellfish (all of 

which reported high CT values during qRT-PCR for HEV), eleven provided HEV 

sequencing data through this PCR metabarcoding approach. The CT values of these 

samples ranged from 34 – 41 (1 – 113 copies/ml), and the range of reads was 2,115- 

401,595 within one sequencing run, showing that even samples with low levels of 

virus can be sequenced using this technique. The lack of sequencing data which 

could be obtained from the cetacean samples means that the qRT-PCR results from 

chapter 4 are inconclusive. There was no difference in the median CT values of 

samples which failed or succeeded to sequence and no correlation between CT 

values and the number of reads per sequence or sample. This could be due to 

sample integrity or presence of RNases or inhibitors. As discussed previously in 

chapter 4, it was not possible to test the sewage or archived shellfish samples for a 

sample integrity control due to an inability to create integrity controls for the sewage, 

and the unlikelihood that the shellfish samples would provide positive results (due to 

the speed of mRNA decay and age of the samples (Friedel et al., 2009)). However, 

as studied within Weesendorp et al., (2010), viral RNA can persist for days within 

sample matrices which are decaying, and therefore these samples could still provide 

valuable insights into the viruses within this study. Indeed, this study has shown that 

even samples which may have been affected by factors which can degrade viral 

RNA can provide meaningful sequencing data. 

It was shown that all of the HEV sequences within the samples were 87.3-98.6% 

similar to existing HEV sequences. Given that the amplicons were of a small size 
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(215bp), this may have led to multiple strains with similarities in this particular region 

being most closely related to the amplicon sequences. However, the database 

sequences may also have been identical. The sequences from the sewage samples 

were 95.8-98.6% similar to published HEV sequences on GenBank (NCBI) and the 

sequence with the highest dissimilarity (87.3%) belonged to the archived shellfish 

sample, which was distantly related to subtype G3f. This subtype is known to be 

highly diverse (Smith et al., 2020b), however the RIVM HEV Typing Tool and 

phylogenetic analysis show that the sequence from this sample clearly has an 

unclear genotype and subtype. The analysis using the dissimilarity matrices for G3 

and G3f suggest that the shellfish sequence could be considered a new subtype of 

genotype 3, though more research would be required to confirm this. All other HEV 

sequences belonged to genotype 3, and were shown to cluster within subtypes G3c, 

G3e, and G3f; one sewage sample was inconclusive. It is interesting that all of the 

sewage samples were so distantly related to the sequence within the shellfish 

sample (G3c and G3e); however, the sewage samples were collected ten years later, 

so dominant G3 subtypes within the community are likely to have changed, and 

sample sizes are also too small and geographically limited to conclude that no 

sequences with this unknown type are still present within English sewage, and that 

no other subtypes are present in English shellfish. It should be considered that the 

shellfish may have been contaminated through alternative routes, such as animal 

waste. This could originate from run off from pig or deer farms, or from other farms 

housing animals which are infected with HEV (Grierson et al., 2015), or could 

perhaps originate from wild animals (Anheyer-Behmenburg et al., 2017) or even 

sewer-dwelling animals such as rats (Kanai et al., 2012). 

The sequences from this study matched closely to HEV sequences from humans in 

most cases but were also closely related to swine HEV sequences for others, 

suggesting that these species were the major sources of the viruses within the 

samples. Sewage sequences 9, 2, 7 and 11 cluster together within G3e, close to 

both human and swine sequences, suggesting they could be of either human or 

swine origin, or perhaps may have been identified in both. Sewage sequence 10 

had an undetermined subtype within G3, but clustered closely with human and 

swine sequences from G3c and G3m. Sewage sequences 5 and 8 clustered closely 

together within G3c, close to other human sequences, as did sewage sequences 3, 

4 and 6. It is possible that if there were more animal sequences publicly accessible 
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that these results may have been less biased towards a link with human sequences, 

however this can only be assessed when more HEV sequences from animals and 

food matrices become available. However, with the consideration that most of the 

WWTPs were fed primarily by human sewage, it seems most likely that most of the 

HEV sequences originated from humans rather than animal sources. Due to the 

dissimilarity of the shellfish sequence compared to other published sequences, it is 

difficult to identify the origin of this sequence, though it clusters most closely (though 

distantly) with sequences from humans. Some subtypes have become more 

dominant in the UK in the past two decades; Ijaz et al., (2013) and Grierson et al., 

(2015) showed the emergence of new phylotypes of G3 emerging within the UK, 

showing that HEV subtypes seemed to form two major clades, one of which had 

been dominant between 2003 and 2010 and one of which became more dominant 

from 2011 (Ijaz et al., 2013). Clade 1 includes subtypes 3e, 3f, 3g and clade 2 

includes subtypes 3a, 3b, 3c, 3d, 3h, 3i, 3j (Ijaz et al., 2013; Smith et al., 2021). 

Interestingly, in the UK in 2013, pigs were shown to generally be infected with 

viruses from clade 1, whilst humans were generally infected with viruses from clade 

2 (Grierson et al., 2015); meanwhile pig sequences from Europe in the same time 

frame appeared to cluster with clade 2. A study on a limited number of UK infections 

in blood donors from 2018 – 2019 also showed most infections to belong to clade 2 

(Smith et al., 2021). It appears that the virus subtypes identified within this study fall 

evenly into both groups, and as swine are thought to be the main reservoir of HEV, 

this may mean that both UK and European swine strains circulate within the UK, 

however it is possible the swine data from the previous studies was too limited, and a 

phylogenetic comparison of the sewage sequences to swine strains from UK pigs 

was not possible (due to lack of UK swine HEV sequences). Unfortunately, due to 

the low number of samples which provided sequencing data, it was not possible to 

draw conclusions on whether these two major groups may be circulating more or less 

than previously reported, and there is no current data to suggest which subtypes 

were more dominant in the population in the UK in 2019. 

It is apparent that HEV presence in both sewage, shellfish and the community is 

likely to be rare in the UK, due to the low prevalence identified in this and previous 

studies; such as the identification of HEV in 3% of Scottish shellfish samples sold in 

a supermarket (O’Hara et al., 2018), and annual reports of clinically diagnosed HEV 

cases (Public Health England, 2019). However, despite low prevalence in these 
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areas, HEV does contaminate the aquatic environment in the UK, most likely due to 

release of untreated human (and possibly animal) sewage into water courses 

through combined sewer overflows (CSOs), which are allowed to spill into water 

courses due to storm weather conditions. Considering that CSOs across the UK spilt 

into water courses for over 3 million hours in 2020 (Environment Agency, 2020a), it 

is likely that HEV contaminates the aquatic environment from human faecal sources. 

It seems less likely that HEV within treated effluent would be a large source of 

contamination for the aquatic environment as no effluent samples from this study 

provided any HEV sequencing data, perhaps due to low copy number or RNA 

degradation. However, some effluent samples were qRT-PCR positive, so it cannot 

be ruled out. 

GII Norovirus sequences in sewage 

 
Of the 42 sewage samples with CT values 26 – 39 (1 – 8,984 copies/ml), 23 samples 

were successfully sequenced. There was no association between CT value and 

sequencing success, and no correlation between CT values and the number of 

supporting reads for the sequence. This could perhaps be due to sample 

degradation or mismatches in the annealing region of the primers of the semi-nested 

PCR assay. During sequencing, 1,329 – 93,423 reads were obtained per sequence, 

which is a lower range than what was obtained for the HEV samples, however the 

GII norovirus run may not have been run for the exact same length of time. 

The 23 samples contained eight different GII genotypes, with individual samples 

containing as many as six different genotypes. The GII norovirus sequences 

identified in this study were shown to have a nucleotide sequence similarity between 

91 and 100% with published sequences on Genbank using nucleotide BLAST, 

however many of the sequences were equally similar to multiple published 

sequences, possibly due to repeated sequences on GenBank. Some sequences 

were also detected (all with >1,000 reads) in multiple samples, suggesting possible 

widely circulating strains, though this was not possible to confirm due to the small 

length of the amplicon. The effluent samples contained all eight genotypes, whilst the 

influent samples contained only six. This may be a result of influent and effluent 

samples being collected simultaneously, and therefore the treated effluent was not 

representative of the same raw influent. It also demonstrates how variable the 

pathogens in sewage are even over short spans of time. Unsurprisingly, GII.4 
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sequences were detected most commonly within the samples; this genotype has 

been the most frequently detected in the world since 2014 (Public Health England, 

2020). However, GII.3 sequences had the highest median number of reads, 

suggesting that viruses from this genotype may have been very abundant within the 

samples. GII.4 sequences were most common within effluent samples, but GII.6 was 

most common within influent samples. However, GII.3 and GII.2 gave the highest 

median number of reads within effluent and influent respectively. GII.2 and GII.3 

were the only genotypes which were detected at all of the WWTPs which were able 

to yield sequencing data from the 42 chosen samples (5/7 WWTPs). 

Despite the abundance of different genotypes within the sewage samples, clinical 

data from (Public Health England, 2020) at the time of the study shows that though 

GII.4 and GII.6 made up a large proportion of cases, other detected genotypes such 

as GII.9 and GII.13 were not detected in cases from the public. This is likely to be 

explained by under-reporting of clinical cases by the public, or by asymptomatic 

illness, as norovirus cases are estimated to reach 3 million annually (Gherman et al., 

2020) and UK Health Security Agency  reported only 6,172 symptomatic infections 

between 2018 and 2019 (Public Health England, 2021a). This finding brings further 

testament to the uses of sewage in the surveillance of viruses which cause 

outbreaks, as techniques such as these can lead to the detection of potential 

pandemic strains before they become more widely distributed. 

Limitations 

 
As so few of the HEV samples were capable of being sequenced, whether the 

remaining samples were true HEV positives at the qRT-PCR stage, or whether the 

semi-nested PCRs were perhaps too specific to amplify the samples is questionable. 

This is especially true for the cetacean samples, of which eighteen samples with the 

highest CT values yielded no sequencing data. This could perhaps be due to a 

different genotype of HEV infecting the cetaceans, or perhaps a HEV-related virus 

within the cetaceans which was not detected using the G1 and G3 nested PCRs for 

sequencing. However, this hypothesis requires testing. In addition to this limitation, 

the G1 HEV PCR yielded no qRT-PCR or sequencing data. Whether this is due to 

genuine low abundance of G1 HEV within the samples or is perhaps due to a faulty 

nRT-PCR method cannot be known as there was no available positive control 

material for this assay. However, as G1 HEV is only caused by travel associated 
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infections which are rarely reported within the UK, this was a less important 

investigation regarding indigenous HEV transmission compared with G3. The 

sequencing results have been determined to be most closely related to other human 

and swine sequences, however there are not enough other animal sequences 

publicly available to say whether there may be alternative sources of HEV – such as 

cows, sheep, goats, deer, rabbits, or other animals. Another limitation is that the 

RIVM Hepatitis E Virus Genotyping tool (originally based on the classification 

proposed by Smith et al., (2016) has not yet been updated with the new classification 

system (proposed by Smith et al., (2020b). This study endeavoured to use the 

updated classification system as much as possible. 

A significant limitation of NGS is that the threshold for deciding whether a 

sequencing run has cross contamination or incorrectly assigned barcodes is 

generally set at 1,000, but this is an arbitrary number with no real scientific basis 

behind it. This threshold has been applied to this data; however, if a threshold of 500 

sequences has been used, this would have meant one other sample had sequencing 

data, and that two more genotypes of GII norovirus were present. Further 

investigations of NGS data analysis need to be performed to assign a threshold 

which does not compromise the data. 

Another limitation of the study is that small amplicons were sequenced, which has 

prevented possible detection of new HEV and GII norovirus variants as there is not 

enough phylogenetic resolution. Sequencing of longer amplicons or whole genomes 

was unlikely to be successful due to the high CT values for most of the samples, and 

it has been observed elsewhere that longer amplicons than those of the qRT-PCR 

for detection can lead to lower sensitivity (Aprea et al., 2016; Grierson et al., 2015). 

However, the use of small amplicons has allowed sequencing data to be obtained 

from more samples for GII norovirus compared to long amplicons (data not shown), 

and small amplicons have been used to successfully genotype HEV and norovirus 

sequences. The size of the amplicon is enough to be able to genotype the strain in 

most cases, however longer amplicons would provide the benefit of identifying 

significantly different changes in sequences, and possibly identifying new variants. In 

addition, despite error correction during the bioinformatics pipeline, it is known that 

ONT sequencing can generate erroneous reads due to the method of basecalling 

relying on changes in potential difference across a membrane (Stefan et al., 2021), 
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rather than a more exact method such as fluorescent base tagging. ONT 

sequencing has been quoted to have an individual read error rate of 5-20% 

previously (Kono and Arakawa, 2019), however the modal accuracy rate for the 

chemistry and high accuracy basecalling method used in this study is estimated to 

be 97.8% (Oxford Nanopore Technologies, 2021). Moreover, consensus accuracies 

close to 100% have been reported in studies using similar sequencing and 

bioinformatic approaches (McNaughton et al., 2019; Bull et al., 2020), although this 

was not determined in the present study. 

Conclusion 

In this study a metabarcoding approach to genotype HEV and GII norovirus was 

successfully developed and applied This could have several advantages for the 

sequencing of samples with low viral concentration in future studies, and the use of 

the ONT platform for this method could enable greater portability of HEV and GII 

norovirus sequencing, as well as improving affordability over other sequencing 

platforms (such as Illumina). The study has shown that HEV is present in sewage 

and shellfish in southern England and therefore that contamination of the aquatic 

environment with HEV does occur in the UK, though rarely. It has also shown that 

many different genotypes of GII norovirus are present in sewage, and that national 

surveillance of clinical norovirus cases may not be fully representative of all of the 

circulating genotypes within the population. Considering the high levels of faecal 

pollution of surface waters and shellfish harvesting areas throughout the UK due to 

CSO use, it must be considered that pathogens within human sewage, such as HEV, 

contaminate UK surface waters, and indeed there is existing proof that norovirus 

does this in the UK, and that HEV does this in other countries. An assessment of the 

levels of contamination of surface waters must be conducted to identify the risk to 

people who undergo recreational water activities and consume shellfish. In 

conclusion, viruses such as norovirus and HEV within sewage can contaminate the 

aquatic environment, which may lead to the contamination of shellfish harvesting 

areas and bathing waters with these viruses. This in turn can lead to public health 

risks. More must be done to limit or stop faecal pollution of bathing waters to prevent 

illnesses from recreational water activities and the consumption of shellfish. 
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Chapter 7 

 
Quantitative Microbial Risk Assessment of HEV and Norovirus Presence in the 

UK Aquatic Environment 

Abstract 

 
Norovirus and hepatitis E virus are enteric pathogens which are shed in the faeces 

and urine of infected individuals. Both viruses are transmitted by the faecal-oral route 

but have different epidemiological patterns. Norovirus is well known to cause 

outbreaks through person-to-person transmission, the consumption of shellfish and 

other foods such as fruit and vegetables, and through exposure to faecally polluted 

water. HEV is endemic in pigs, leading to food borne transmission through 

consumption of contaminated pork products, and has been detected in sewage and 

shellfish in many countries, though no outbreaks from shellfish consumption or 

recreational water activities within polluted waters have been conclusively confirmed. 

This study endeavoured to assess the risk of illness from exposure to sewage 

containing norovirus and HEV, and from consumption of shellfish containing 

norovirus and HEV, using concentrations of the viruses obtained from chapters 5 and 

6. It was estimated that there is a high risk of norovirus infection in people 

undergoing recreational water activities, even in areas where sewage is highly 

diluted by surface waters, and a high risk of norovirus from shellfish consumption. 

We also identified that the risk of HEV from these sources was low. 

However, we must consider that model limitations and viability assumptions may 

affect these estimates. 

 
 

Introduction 

 
Norovirus is a gastrointestinal virus which is highly infectious and causes millions of 

cases worldwide annually. Hepatitis E virus (HEV) is also classed as a 

gastrointestinal virus, but it causes comparatively fewer cases than norovirus 

annually and spreads much less readily than norovirus. In the UK, 6,719 laboratory- 

confirmed cases of norovirus were reported in the 2017 – 2018 norovirus season 

(Public Health England, 2018b), but 3 million cases are estimated to occur in the UK 

yearly (Gherman et al., 2020). This discrepancy is likely due to under-reporting by 
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the public, or under-testing by clinicians, and asymptomatic cases. In 2018, 1,002 

HEV cases were reported in England and Wales (Public Health England, 2019), 

and this may also be an underestimate due to asymptomatic cases (Guillois et al., 

2015; Yin et al., 2019), though the severity of symptomatic cases makes under-

reporting unlikely in those affected. Though HEV and norovirus are clinically very 

different, they share common features in that they are both transmitted through a 

faecal-oral route, often through contaminated food and water (Treagus et al., 2021; 

Alfano-Sobsey et al., 2012; Di Bartolo et al., 2015; Guillios et al., 2015; Tripathy et 

al., 2019). 

Food and water become contaminated with human pathogens, such as norovirus 

and HEV, through exposure to blood, faeces and urine of infected individuals and 

animal hosts (Bouwknegt et al., 2009; Halbur et al., 2001; Grierson et al., 2015; 

Ledesma et al., 2019). This may be due to cross-contamination during preparation 

of food by infected food handlers, the use of polluted irrigation water for crops, or 

other activities. Norovirus is estimated to have caused 383,182 cases from 

foodborne disease in the UK alone in 2018 (Holland and Mahmoudzadeh, 2020), 

and many cases occur in other countries also. For example, the largest known 

foodborne outbreak of norovirus occurred in Germany in 2012, where nearly 

11,000 cases of norovirus originated from frozen strawberries imported from China 

(Bernard et al., 2014). In addition, norovirus outbreaks from contaminated water 

are a common occurrence, often due to sewage contamination of drinking water 

sources. For example, in Denmark in 2012, at least 339 people were affected by 

norovirus infections attributed to intrusion of wastewater into the mains water 

supply (van Alphen et al., 2014). Norovirus has also been identified as a common 

contaminant of surface waters, due to human faecal pollution (Di Bartolo et al., 

2015; Lodder et al., 2005). This can be from treated sewage effluent or raw 

sewage from combined sewer overflows (CSOs). Norovirus has been detected in 

the surface waters of many countries, such as the Netherlands where norovirus 

was detected at high levels in the rivers Maas and Waal (maximum 4.9x106 

copies/ml) (Lodder and de Roda Husman, 2005). Additionally, surface water 

contamination has caused outbreaks during recreational water activities, such as 

beach and lake swimming or bathing (Kauppinen et al., 2017; Di Bartolo et al., 

2015; Schets et al., 2018; Wade et al., 2018; Graciaa et al., 2018). Contamination 

of surface waters can also lead to outbreaks of norovirus from the consumption of 
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bivalve shellfish, such as oysters and mussels, as they filter feed from their 

surrounding waters. For example, a shellfish-borne outbreak from a restaurant in 

the UK affected 240 people (Smith et al., 2012). Though there is less available 

data for HEV, probably due to a lower prevalence worldwide, HEV is hypothesised 

to be transmitted in similar ways to norovirus. Most HEV outbreaks have currently 

been linked to the consumption of undercooked meat from pigs and deer. In 

France, an outbreak of HEV occurred after the consumption of pork from a spit-

roasted piglet at a wedding (Guillois et al., 2015). Additionally, a HEV outbreak 

within a household in Japan was shown to have been caused by the consumption 

of raw deer meat (Tei et al., 2003). Whilst pigs and deer are known reservoirs for 

HEV, it has been speculated that HEV could also be transmitted through the 

consumption of shellfish in a similar way to norovirus. Studies around the world 

have detected HEV in surface waters and shellfish. In Italy, a study of the Tiber 

River in Rome showed the presence of many faecally-derived pathogens, including 

HEV and noroviruses (Marcheggiani et al., 2015), and in the Philippines, genotype 

3 HEV was shown to be present in the waters of two rivers in Manila city (Li et al., 

2014). HEV has also been detected in shellfish from China, England, Italy, Japan, 

Scotland, Spain (see chapters 2 and 5) (Gao et al., 2015; La Rosa et al., 2018; Li 

et al., 2007; Crossan et al., 2012; O’Hara et al., 2018; Mesquita et al., 2016; 

Rivadulla et al., 2019). No studies have yet identified an epidemiological link 

between HEV outbreaks and shellfish consumption. However, a retrospective 

study aiming to identify the cause of a HEV outbreak on a cruise ship concluded 

that shellfish were the probable source (Said et al., 2009). 

Previous studies have endeavoured to assess the risk of becoming ill from 

recreational use of surface waters, though most do not focus on specific pathogens 

such as norovirus or HEV, but illness generally (Leonard et al., 2018). Prüss, 

(1998) showed, through a meta-analysis, that 19 studies (of 22 reviewed) 

identified a dose-response relationship between faecal indicator or pathogenic 

bacteria and the rate of gastrointestinal illness. Wade et al., 2003 also used a 

systematic review and meta-analysis of 27 studies to identify that there was an 

increased relative risk of illness when there were increases in levels of faecal 

indicator bacteria, such as E. coli and enterococci. The study showed that the 

relative risk of illness from swimming in polluted waters was higher, where polluted 

waters were determined by the volumes of faecal indicator or pathogenic bacteria 
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present in the water. A later study by Leonard et al., (2020)also identified that 

there was a higher risk of any illness, including ear, respiratory and 

gastrointestinal illness in bathers compared to non-bathers. Van Dijk et al., (1996) 

also identified that surfing/diving was associated with an increase in self-reporting 

of illness. Additionally, an outbreak of gastrointestinal illness from a swimming 

event in the river Thames was investigated, and ingestion of water during 

swimming was identified as a significant risk factor for illness (Hall et al., 2017). 

Wade et al., (2018) also identified that people who had swam at a tropical beach 

were more likely to have had a norovirus exposure than non-swimmers and non-

swimmers and waders. Many surface water risk assessment studies focus on 

viable faecal indicator or pathogenic bacteria to quantify viral risk as this is what is 

used to monitor bathing water quality. However, some studies have identified no 

association between the risk of illness and the presence of faecal indicator bacteria 

(Van Dijk et al., 1996; Corbett et al., 1993; Arnold et al., 2013), and suggest that 

the risks of illness from viruses in surface waters have been underestimated 

(Corbett et al., 1993; Arnold et al., 2013). In addition, faecal indicator bacteria 

have been shown to be inadequate indicators for the presence of faecally derived 

viruses, such as norovirus, within both sewage and surface water (Kitajima et al., 

2014; Gibson et al., 2011). However, some studies have focussed on the risks 

which viruses in the aquatic environment may pose using Quantitative Microbial 

Risk Assessment (QMRA). QMRA usually involves four steps, hazard 

identification, exposure assessment, dose response analysis and risk 

characterization (He and Huang, 2020). Hazard identification requires identifying 

the micro-organism which may cause a hazard to human health. Exposure 

assessment then requires identification of the exposure doses, the times of 

exposure and the frequency.  The dose response analysis then utilizes 

mathematical models to predict the dose response, whether this leads to infection 

with the micro-organism or not. Finally, risk characterization will look to identify the 

annual risk from the exposure to that hazard (He and Huang, 2020). 

QMRA tends to vary specifically by the micro-organism identified as the hazard. 

Dose-response models which have been calibrated to the specific dose-response 

studies for that organism can also vary. The most used dose-response models are 

the beta-Poisson model and the exponential model (He and Huang, 2020). Most 

virus models have utilized either a beta Poisson or fractional Poisson model (He 
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and Huang, 2020; *REF*). However, newer models such as the fractional-Poisson 

model have also been proposed and used (Messner et al., 2014; Vergara et al., 

2016), and some more complex QMRA studies have incorporated multiple 

mathematical models into the calculations to improve modelling assumptions 

(Williams and O’Brien, 2019). A weakness of QMRA tends to be the assumptions 

made around factors such as micro-organism viability, the state of aggregation of 

a micro-organism, and the vulnerable population, taking into account susceptibility 

and acquired immunity (van Abel et al., 2017). That being said, QMRA has been 

used to assess the risks of microbes in food, wastewater and other matrices, 

including microbes within recreational waters and shellfish. For instance, Vergara 

et al., (2016) used a Markov Chain Monte Carlo simulation alongside a fractional-

Poisson dose response model (developed by Messner et al., (2014)) to determine 

the probability of norovirus illness from primary contact recreation (prolonged 

water exposure where water may be accidentally swallowed or ingested) to be 

approximately 0.61% for adults, and 0.89% for children in Singapore. A later study 

by Bortagaray et al., (2020) determined the daily risk of rotavirus infection and 

illness from direct exposure during recreational activities in two rivers in Uruguay 

to be 6.41% and 3.2% respectively, using a beta-Poisson model from Haas et al., 

(2014). 

QMRA has also been used to assess the rate of illness from shellfish consumption. 

Williams and O’Brien, (2009) authored a large, multi-centred study which used 

multiple mathematical models to predict individual factors which might contribute to 

becoming ill with norovirus after consuming an oyster meal. The study found that 

the risk of infection per meal was 6.78/1000 meals, or approximately one infection 

per 150 meals in the UK (Williams and O’Brien, 2009). A study in Thailand also 

investigated the risk of HEV and hepatitis A virus from raw oyster consumption, 

using a beta-Poisson model to calculate that 604 cases of HEV were estimated to 

result from farmed oyster consumption annually, and that there was relatively low 

risk in comparison to that from hepatitis A (Ruchusatsawat et al., 2021).  

However, no studies have yet assessed the risk of HEV infection from shellfish in 

the UK.  Many countries, including the UK, have a shellfish monitoring system in 

place to reduce the risk of illness from pathogenic bacteria and viruses in shellfish. 

However, these systems commonly monitor faecal indicator bacteria 
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concentrations, such as E. coli, and do not monitor virus presence. This can lead 

to an underestimation of virus presence due to a lack of correlation between faecal 

indicator bacteria and norovirus concentrations (Lowther et al., 2012; Sharp et al., 

2021), which is aggravated by the fact that shellfish purification techniques such as 

depuration and relaying can often reduce E. coli concentrations but have little effect 

on norovirus concentrations (Ueki et al., 2007; Choi and Kingsley, 2016). 

To our knowledge, no UK studies have yet determined the risk of HEV and 

norovirus illness from recreational water activities using quantitative data from 

sewage. A study by Leonard et al., (2015) collated the volumes of water ingested 

during recreational water activities through a review of available literature; the data 

was then used to calculate the amount of antibiotic-resistant E. coli ingested during 

recreational water activities in the UK. In the present study the number of virus 

particles which may be ingested during a water activity, or during the consumption 

of shellfish was calculated. These calculations were based on the concentration of 

norovirus and HEV detected in sewage and shellfish samples previously and were 

used as the dose of norovirus or HEV. These calculations were made using the 

ingested water volumes per water activity from Leonard et al., (2015). The 

probability of infection and illness was calculated from the virus dose using 

previously published dose-response models. This enabled an estimate of the risk 

of illness from norovirus or HEV, if people were to be exposed to the viral 

concentrations detected in sewage and shellfish samples in the previous studies 

(chapter 4 and 5). A calculation of the number of water activity sessions likely to 

cause illness, and the number of people who may become ill with norovirus from 

oyster consumption was also carried out. 

 

Materials and Methods 

 
Determining number of virus particles ingested during water activities 

 
The paper by Leonard et al., (2015) reviewed and described the volumes of water 

ingested during recreational water activities, and that information is summarised in 

Table 7.1. 
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Table 7.1 Estimated volumes of water ingested during recreational water activities 

from Leonard et al., (2015) 

*Lower estimate provided was for people over the age of 18; higher estimate for people 
under the age of 18 

Using calculations from Leonard et al., (2015), estimates were made for how many 

norovirus and HEV virus particles are ingested during each water activity, the dose. 

This was calculated using the formula: 

𝐶 × 𝑉𝑖 × 𝐷 × 𝑉 = 𝑉𝑖𝑟𝑢𝑠 𝑑𝑜𝑠𝑒 

Where 𝐶 is the median or maximum copies/ml of virus in influent or effluent. 𝑉𝑖 is a 

viability constant, 𝑉𝑖 = 0.5, which was estimated for norovirus infectivity in a faecal 

inoculum previously by Teunis et al., (2008a), and also applied to HEV (as it is also a 

non-enveloped single stranded RNA virus), though there is no information on viability 

estimates for HEV. 𝐷 is the theoretical dilution factor, and 𝑉 is the mean volume of 

water ingested during a specified water activity.  

 
We used a range of dilutions to simulate different dilution factors, to account for 

distances from sewage outfall pipes to areas where recreational water activities 

commonly take place. These dilution factors are: 0.1, 0.01, 0.001, 0.0001, 0.00001. 

For norovirus we used the median and maximum concentrations in sewage influent 

and effluent obtained in chapter 4 to calculate the number of virus particles which 

may be ingested during each different water related activity, under the assumption 

of releasing the influent as raw sewage through CSOs into surface waters, as a 

Activity Volume of water ingested (ml) Study 

Boating 3.7 ml per session Dorevitch et al., (2011) 

Canoeing 3.9 ml per session Dorevitch et al., (2011) 

Diving 9.9 ml per session Schijven and de Roda Husman 
(2006) 

Fishing 3.6 ml per session Dorevitch et al., (2011) 

Kayaking 3.8 ml per session Dorevitch et al., (2011) 

Rowing 3.5 ml per session Dorevitch et al., (2011) 

Surfing 170.6 ml per session Stone et al., (2008) 

Swimming 16-37 ml per 45-minute swimming 

session* 

Dufour et al., (2006) 

Wading/splashing 3.7 ml per session Dorevitch et al., (2011) 
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worst- case scenario. For HEV, only the maximum concentration was used for 

these calculations due to very low levels of HEV in effluent samples, and a median 

value of 0 copies/ml in influent due to generally very low HEV concentrations. This 

was done to present a worst-case scenario, where influent containing the highest 

HEV levels is released into the environment, e.g., through the use of CSOs. These 

calculations gave estimates of the dosage of virus ingested at each dilution during 

different water activities. These were then used to determine the probability of 

infection and illness. All calculations and graphs were made using R (R Core 

Team, 2018). 

Determining number of virus particles ingested from consumption of raw oysters 

 

For shellfish consumption, calculation of the dose required determining the virus 

copies in an average oyster. As quantification of the viruses was performed only on 

the digestive tissues of oysters, as other oyster tissues can cause PCR inhibition 

issues, a calculation was required to convert the virus copies/g of digestive tissues 

to the virus copies in an average oyster. This required multiple factors, including 

the virus copies/g of digestive tissues, the average weight of digestive tissues in a 

single oyster, a constant for estimated viability for the viruses, and the proportion of 

virus which is contained within the oyster digestive tissues. The dose was 

calculated using the median and maximum virus copies/g of digestive tissues (𝐶). 

The average weight of digestive tissues in a single oyster (𝐺) was obtained from a 

previous oyster study (Lowther, J. Personal Communication, 2022). 𝐺 was 

determined to be 1.2 g. The digestive tissues contain approximately 98% of 

bioaccumulated norovirus within oysters (Mcleod et al., 2009; Maalouf et al., 2010). 

Therefore, we assumed that 98% of norovirus and HEV within our shellfish 

samples was contained within the oyster digestive tissues. We used this for both 

HEV and norovirus, assuming the same bioaccumulation pattern occurs for HEV as 

it does for norovirus within oysters, though there are no studies proving this to date. 

The viability constant (𝑉𝑖) was determined using the infectivity ratios described in 

Lowther et al., (2019) and provided by personal communication (Lowther, J. 

Personal Communication, 2022). The constant was determined by identifying the 

average ratio of PCR detectable GII F-specific bacteriophage to cultured GII phage 

from oyster digestive tissues, using the bacteriophage as a norovirus surrogate. 𝑉𝑖 

was determined to be 0.07 using this data (Lowther, J. Personal Communication, 
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2022). We again applied the same viability constant to HEV though there is no 

information on HEV viability within oysters. 

𝐶 × 𝑉𝑖 × 𝐺

0.98
= 𝑉𝑖𝑟𝑢𝑠 𝑐𝑜𝑝𝑖𝑒𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑎𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑦𝑠𝑡𝑒𝑟 

 

We then identified common oyster meal sizes (number of oysters consumed in one 

sitting), according to Degner and Petrone, (1994) and Pouillot et al., (2021), and 

calculated the median and maximum dosage of norovirus and HEV which might be 

expected from different oyster meal sizes. These meal sizes were 1, 6, 12, 18, and 

24. 

𝑉𝑖𝑟𝑢𝑠 𝑐𝑜𝑝𝑖𝑒𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑎𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑦𝑠𝑡𝑒𝑟 × 𝑀𝑒𝑎𝑙 𝑠𝑖𝑧𝑒 = 𝑉𝑖𝑟𝑢𝑠 𝑑𝑜𝑠𝑒 𝑖𝑛 𝑎𝑛 𝑜𝑦𝑠𝑡𝑒𝑟 𝑚𝑒𝑎𝑙 

 

These calculations gave estimates of the dosage of virus ingested during oyster 

consumption for different meal sizes. These were then used to determine the 

probability of infection and illness. 

Determining the risk of illness 

 

We used calculations from dose response studies published by Messner et al., 

(2014) and Vergara et al., (2016) to estimate the probability of norovirus infection 

and illness from the calculated norovirus doses. For HEV, we used the dose 

response models from Ruchusatsawat et al., (2021) to estimate the probability of 

hepatitis. We did this for virus doses calculated from water activities and shellfish 

consumption. 

The calculation of the probability of infection of norovirus was derived from a 

fractional-Poisson model previously published by Messner et al., (2014), with 

modifications based on the publications by Van Abel et al., (2017) and Vergara et 

al., 

(2016). The calculation utilises the parameter 𝑃 which is derived from the fractional-

Poisson dose response model and represents the proportion of secretor positive 

fully susceptible individuals (those that secrete histo-blood group antigen structures 

into the gut, which norovirus utilises during infection). This parameter limits the 

maximum probability of infection to 72%, as it was calculated by Messner et al., 

(2014) that this was the percentage of individuals which were susceptible to 

norovirus within the 
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dose-response populations. The parameter 𝜇 is the calculated mean virus 

aggregate 

size. Many risk assessment studies assume that viruses in recreational waters are 

disaggregated, however the best practice for predicting norovirus risk may be to 

provide calculations based on both aggregated and disaggregated doses (Van Abel 

et al., 2017). For disaggregated doses, 𝜇 = 1 and for aggregated doses, the 

conservative estimate of 𝜇 = 399 was used (Vergara et al., 2016; Van Abel et al., 

2017). Aggregate size is estimated using a Poisson distribution, and an aggregate 

size of 399 was used as this was the lower 95% confidence interval for mean 

aggregate size from Messner et al., (2014). Messner et al., (2014) predicted that 

virus aggregates could have a mean size of 1106 virions, however Van Abel et al., 

(2017) suggested that aggregates are not this large. The calculation for the 

probability of norovirus infection can be seen below, where 𝑃 = 0.72, 𝐷 is the 

dose of virus, and 𝜇 = 1 or 399, as defined by Vergara et al., (2016) and Messner 

et al., (2014). 

𝑃𝑖𝑛𝑓 = 𝑃 (1 − 𝑒
−

𝐷
𝜇) 

To calculate the probability of norovirus illness (𝑃𝑖𝑙𝑙), we used a probability of illness 

given norovirus infection (𝑃𝑖𝑔𝑖) of 60%, which has been adopted elsewhere (Vergara 

et al., 2016; McBride et al., 2013; Soller et al., 2010; Viau, Lee and Boehm, 2011; 

Teunis et al., 2008a). As the probability of infection is limited to 72%, this in turn, 

limits the probability of illness in an exposed individual to a maximum of 43.2%. The 

calculation can be seen below. 

𝑃𝑖𝑙𝑙 =  𝑃𝑖𝑛𝑓 × 𝑃𝑖𝑔𝑖 

The calculation of the probability of developing symptomatic hepatitis from HEV was 

derived from a beta-Poisson dose-response model previously published by 

Ruchusatsawat et al., (2021). The calculation utilises two parameters which define 

the model, 𝛼 and 𝑁50 which is the dose at which 50% of an exposed population are 

expected to be infected. The calculation for the probability of hepatitis from HEV can 

be seen below, where 𝐷 is the dose of virus, 𝑁50 = 3.03 × 107, and 𝛼 = 216.89, as 

defined by Ruchusatsawat et al., (2021). There is no known data on HEV 

aggregation yet. 

𝑃𝐻𝐸𝑉 = 1 − (1 −
𝐷

𝑁50

(2−𝛼 − 1))

−𝛼
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Calculating exposure events 

 
The number of exposure events per year for each water activity were calculated 

using different possible scenarios. Where exposure events were calculated using 

effluent norovirus doses, this assumes a scenario where only effluent was being 

released into surface waters and that no influent was also released. Where 

exposure events were calculated using influent, this assumes a scenario where 

influent from combined sewer overflows was released into the environment, and 

that no effluent contributed to this release. Additionally, the norovirus doses were 

calculated separately, assuming they were either disaggregated or aggregated. 

The number of exposure events caused by norovirus in influent and in effluent, for 

aggregated or disaggregated doses, was calculated. 

To calculate the number of water activity sessions which could cause illness 

annually, the number of water activity sessions per person in England and Wales 

was taken from EFTEC, (2002), as used previously by Leonard et al., (2015). We 

utilised similar calculations to those of Leonard et al., (2015) to identify the number 

of water activity sessions per year, and therefore the number of sessions resulting 

in illness, utilising population data for England and Wales from 2019 (Office for 

National Statistics, 2020). The risk data obtained from the 1,000-fold dilution of 

norovirus in sewage was used to calculate the number of water activity sessions 

likely to cause illness annually as this was the median dilution factor. The median 

dose illness risk data from the 1,000-fold dilutions was used because it was the 

mid-point of the dataset. The risk of illness for each water activity was multiplied by 

the number of sessions of each activity per year. The workflow of the calculations 

can be seen in Figure 7.1. 
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Figure 7.1 The process for calculating the number of water activities leading to 

illness 

As HEV was calculated using the maximum concentration identified in sewage, and the 

median concentration was 0 copies/ml, population exposure estimates could not be made 

for HEV as they would potentially overestimate the risk. 

To calculate the number of people who are at risk of norovirus illness from shellfish 

consumption in the UK annually, an estimate of the number of oyster meals per 

year was taken from (Williams and O’Brien, 2019), and this was multiplied by the 

population of the UK in 2019 (Office for National Statistics, 2020). Calculations 

were made treating the dose as consisting of either 100% aggregated or 100% 

disaggregated virus particles. The median dose data was used to calculate the 

number of people who may become ill from oyster meals per year as using the 

maximum dose data would lead to overestimates in risk (as not all shellfish contain 

the maximum norovirus levels). We used the risk of illness from an oyster meal size 

of 12 as this was the most common meal size in (Degner and Petrone, 1994; 

Pouillot et al., 2021). We multiplied the risk of illness from 12 oysters by the 

number of oyster meals consumed per year to calculate the number of people who 

may become ill from oyster consumption per year. A workflow for the calculations 

can be seen in Figure 7.2. 
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Figure 7.2 Workflow for calculating the number of oyster meals which may cause 

illness per year 

Calculations for the number of oyster meals which may cause HEV illness per year 

were not made as the maximum doses were used to calculate the risk of illness 

from oyster meals, while the median concentration was 0 copies/g. Therefore, 

population exposure estimates could not be made for HEV as they may 

overestimate the population exposure to HEV. Additionally, the HEV shellfish data 

was from a study on archived shellfish samples, and so the quantification of HEV 

within the shellfish may not be reliable. 

Results 

 
Calculation of viral dose during recreational water activities 

 
The number of ingested HEV and norovirus particles were calculated for each 

dilution, and for median and maximum HEV and norovirus concentrations in the 

sewage influent and effluent samples. The median and maximum norovirus and 

HEV concentrations are displayed in Table 7.2. As the median HEV was 0, this 

was not used for any further calculations. 
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Table 7.2 Median and maximum HEV and norovirus levels in influent and effluent 

sewage samples 

 

Virus Sewage 

type 

Median 

copies/ml 

Maximum 

copies/ml 

Norovirus Influent 250 9,034 

 Effluent 18 2,634 

HEV Influent 0 113 

 Effluent 0 5 

All dose calculation results can be seen in supplementary data 7.1. The norovirus 

doses for the median copies/ml of norovirus in influent and effluent can be seen in 

Figure 7.3, whilst the doses for the maximum copies/ml of norovirus in influent and 

effluent can be seen in Figure 7.4. These graphs show the number of virus particles 

which are estimated to have been ingested during each recreational water activity, 

based on the dilution factors, which are in logarithmic form. 



 

250 

The median norovirus particles ingested during different recreational water activities, depending on the
dilution of the influent or effluent. Calculations based on the median concentrations of norovirus observed
within influent and effluent samples within chapter 4. The dilutions are from 1-5 which represents the log
dilution factors: 0.1, 0.01, 0.001, 0.0001, 0.00001. For swimming, the ingestion estimate for adults was
used. The axes differ from influent to effluent due to lower norovirus levels in effluent. 

 

 

Figure 7.3 Norovirus particles ingested during each recreational water activity based on 

median levels 
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The highest doses of norovirus were observed for the 10-fold dilution of influent, 

where exposed individuals may have ingested between 1,581 and 77,059 norovirus 

particles depending on the water activity undertaken. At a 100-fold dilution, the range 

of particles ingested falls to between 158 and 7,706, with the highest levels seen for 

surfers. Exposure to a 1,000-fold dilution may have caused surfers to ingest 771 

norovirus particles, and individuals conducting other water activities may have 

ingested between 16 and 72 particles. At a 10,000-fold dilution, the number of 

particles ingested ranged from 2 to 77, and at a 100,000-fold dilution swimming had 

1 ingested particle whilst surfing had 8, all other water activities had negligible 

amounts. For individuals exposed to effluent, between 461 and 22,471 particles were 

ingested for all water activities, with the highest seen in surfers. For the 100-fold 

dilution, the number of particles ingested by exposed individuals ranged between 46 

and 2,247. At the 1,000-fold dilution, the number of particles ingested reduces to 

between 4 and 21 for all activities except surfing, with 225 ingested particles. For a 

10,000-fold dilution the range of ingested particles falls to between 1 and 22. At a 

100,000-fold dilution, the number of particles ingested becomes negligible for all 

activities bar surfing, with 2 ingested particles. 
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Figure 7.4 Norovirus particles ingested during each recreational water activity based on 

maximum levels 

The maximum norovirus particles ingested during different recreational water activities, depending on the 
amount of dilution of the influent or effluent. Calculations based on the maximum concentrations of 
norovirus observed within influent and effluent samples within chapter 4. The log dilutions are from 1-5 
which represents the dilution factors: 0.1, 0.01, 0.001, 0.0001, 0.00001. For swimming, the ingestion 
estimate for adults was used. The axes differ from influent to effluent due to lower norovirus concentrations 
in effluent. 
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The maximum HEV copies/ml identified in the influent samples was used to calculate 

the dosage of HEV from each water activity. Figure 7.5 shows the number of virus 

particles which are estimated to have been ingested during each water activity, for 

each dilution factor. 

 

Figure 7.5 HEV particles ingested during each recreational water activity based on 

maximum levels 

The maximum HEV particles which are ingested during each recreational water activity, for 
each dilution, based on the maximum HEV copies/ml of influent observed within chapter 4. 
Calculated using the above calculation. The log dilutions are from 1-5 which represents the 
dilution factors: 0.1, 0.01, 0.001, 0.0001, 0.00001. For swimming, the ingestion estimate for 
adults was used. 

For a 10-fold dilution, the highest doses of HEV during exposure were observed, at a 

maximum of 964 ingested particles for surfing, and a minimum of 20 particles for 

rowing. At a 100-fold dilution, the dose ranged from 2 – 96 particles for all activities, 

and at a 1,000-fold dilution the number of particles ingested ranged from 0 – 10. At a 

10,000-fold dilution the particles ingested were negligible for all activities except 

surfing, with 1 ingested particle. 
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Probability of norovirus illness 

Utilising the calculations for the probability of infection from an aggregated or 

disaggregated dose of norovirus (seen in supplementary data 7.2), we calculated the 

probability of illness to exposed individuals (calculation results in supplementary data 

7.3). Normally, norovirus within water is considered disaggregated, however whether 

norovirus is disaggregated in sewage is unknown. Therefore, we present the 

calculations for both the disaggregated and aggregated dose equations. The 

probability of illness from sewage containing the median disaggregated doses can be 

seen in Figure 7.6. The data shows that assuming exposure to the median norovirus 

doses from influent with a 10-fold dilution, there is a probability of illness of 43.2%  

for all activities (this is the maximum probability of illness for an exposed      

individual - see Methods). A 100-fold dilution of sewage fails to reduce this risk for 

surfing and reduces it only slightly for swimming and other water activities, with the 

range of illness risk between 42.7 and 43.2%. At a 1,000-fold dilution, the risk of 

illness stays the same for surfing, at 43.2%, but for the other water activities, the risk 

declines to between 15.3 and 37.3%. At a 10,000-fold dilution, the risk is between 

1.9 and 7.8% for all water activities bar surfing, which still maintains a high risk of 

illness of 38.1%. At the 100,000-fold dilution, the risk reduces to between 0.19 and 

8.3% for all water activities. For the median norovirus doses from effluent, a 10-fold 

dilution gives a risk range of 41.4 – 43.2% for all water activities. For a 100-fold 

dilution, the risk of illness does not reduce for surfing, staying at the maximum ceiling 

of 43.2%, but for other water activities the risk range is 11.7 – 33.0%. At the 1,000- 

fold dilution, the risk for surfing is at 34.0%, but the other water activities are between 

1.3 and 5.8%. At the 10,000-fold dilution, the risk of illness is between 0.14 and 6.2% 

for all water activities, and for the 100,000-fold dilution the risk of illness is negligible 

for all activities except surfing, with a risk of 1.1%. 
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Figure 7.6 The probability of norovirus illness from median disaggregated doses 

The probability of norovirus illness for an exposed individual from consumption of a median dose of 
disaggregated norovirus, dependent on the dilution of sewage in recreational water. The log dilutions are 
from 1-5 which represents the dilution factors: 0.1, 0.01, 0.001, 0.0001, 0.00001. For swimming, the 
ingestion estimate for adults was used. 
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The probability of illness from sewage containing the maximum disaggregated 

(Figure 7.7) doses of norovirus show that for influent doses, all activities for dilution 

factors 0.1, 0.01 and 0.001 have the highest risk of illness (at the maximum ceiling) 

of 43.2%. At the 10,000-fold dilution of influent, the risk ranges from 34.3 – 43.2% for 

all water activities, with the highest risk for surfing. At the 100,000-fold dilution, the 

risk still ranges from 6.3 – 43.1%, with the highest risk for surfing. For the maximum 

disaggregated doses of norovirus from effluent doses, the risk is again at the 

maximum ceiling of 43.2% for all water activities at the dilution factors 0.1 and 0.01. 

At a 1,000-fold dilution, the risk ranges from 42.8 – 43.2%, and at a 10,000-fold 

dilution, the risk ranges from 16.0 – 43.2%, with the highest risk for surfing. At a 

100,000-fold dilution, excluding surfing, the risk ranges from 1.9 – 8.2%, but the risk 

for surfing is still 38.6%. 
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Figure 7.7 The probability of norovirus illness from maximum disaggregated doses 

The probability of norovirus illness for an exposed individual from consumption of a maximum dose of 
disaggregated norovirus, dependent on the dilution of sewage in recreational water. The log dilutions are 
from 1-5 which represents the dilution factors: 0.1, 0.01, 0.001, 0.0001, 0.00001. For swimming, the 
ingestion estimate for adults was used. 
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Considering sewage/recreational water to give an aggregated dose of norovirus 

reduces the probability of infection during water activities. The probability of illness 

from sewage containing the median aggregated doses can be seen in Figure 7.8. 

For median doses of aggregated norovirus in influent, there is still a high risk of 

illness for surfers, swimmers, and divers (11.5 – 43.0%) within waters where the 

sewage is diluted 10-fold. At a 100-fold dilution, the risk ranges from 0.48 – 17.9%, 

with the highest risk in surfers. At a 1,000-fold dilution, the risk ranges from 0.05 – 

2.2% for all activities. At the 10,000-fold dilution, the risk for all water activities is 

negligible, except for surfing which is 0.23%. All risks at the 100,000-fold dilution are 

negligible. For median doses of aggregated norovirus in effluent, assuming 10-fold 

dilution of the sewage, the risk for all water activities is between 0.34 and 13.9%. At 

a 100-fold dilution, the range of illness risk for all activities is 0.03 – 1.6%, and for the 

1,000-fold dilution, all risks are negligible except for surfing, with a risk of 0.17%. 
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Figure 7.8 The probability of norovirus illness from median aggregated doses 

The probability of norovirus illness for an exposed individual from median aggregated doses of norovirus 
from sewage, dependent on the dilution factor of the sewage in recreational waters. The log dilutions are 
from 1-5 which represents the dilution factors: 0.1, 0.01, 0.001, 0.0001, 0.00001. For swimming, the 
ingestion estimate for adults was used. 
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The probability of illness from sewage containing the maximum aggregated doses 

can be seen in Figure 7.9. For the maximum aggregated norovirus dose in influent, 

the risk of illness is at 42.5 – 43.2% (43.2% being the maximum ceiling) 10-fold 

diluted sewage for all water activities. The risk for 100-fold dilutions is still above 

14.4% for all water activities, with the risk for surfing still at the maximum ceiling of 

43.2%. At 1,000-fold dilutions the risk is above 1.7% for all, with the risk for surfing at 

36.9%. At a 10,000-fold dilution, the risks decline to 0.17 – 7.6%. The risks at the 

100,000-fold dilution are negligible. For effluent, the 10-fold dilution gives a risk of 

illness of 29.6 – 43.2% for all water activities, with the highest risk for surfing. At the 

100-fold dilution, excluding surfing, the risk is between 4.7 and 17.7%, with the risk 

for surfing at 43.0%. At a 1,000-fold dilution, the risk ranges from 0.5 – 18.6%, 

depending on the water activity. The risk at a 10,000-fold dilution ranges from 0.05 – 

2.4%. The risks at the 100,000-fold dilution are negligible. 
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Figure 7.9 The probability of norovirus illness from maximum aggregated doses 

The probability of norovirus illness for an exposed individual from maximum aggregated doses of 
norovirus from sewage, dependent on the dilution factor of the sewage in recreational waters. The log 
dilutions are from 1-5 which represents the dilution factors: 0.1, 0.01, 0.001, 0.0001, 0.00001. For 
swimming, the ingestion estimate for adults was used. 
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Probability of Hepatitis from HEV 

 
The calculated probability of hepatitis from HEV from the maximum calculated 

HEV dosage in influent can be seen in Figure 7.10. The highest risk (to surfers 

with 1:10 dilution of sewage) is relatively low, compared with equivalent figures 

for norovirus, at 0.69%. The risk appears to be negligible for the other water 

activities and for higher dilution factors for surfing also. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.10 The calculated probability of hepatitis from HEV during different 

water activities based on maximum levels 

The probability of hepatitis from HEV for an exposed individual based on the maximum HEV 
dosage received during different recreational water activities, depending on the dilution of the 
influent. The log dilutions are from 1-5 which represents the dilution factors: 0.1, 0.01, 0.001, 
0.0001, 0.00001. For swimming, the ingestion estimate for adults was used. 

 
 

Norovirus and HEV doses from oysters 

 
The median concentration of norovirus in oyster digestive tissues was 106 

copies/g and the maximum was 1,526 copies/g. These results were obtained 

from shellfish purchased from retailers in 2019. For HEV, five shellfish samples 
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from harvesting areas from the years 2009-2018 were determined to be 

positive. The median quantified HEV, considering all samples, was 0 

copies/g of oyster digestive tissues and therefore was not used in further 

calculations, and the maximum was 121 copies/g of oyster digestive 

gland. 

The doses of norovirus and HEV from oysters were calculated from the 

median and maximum virus copies/g of oyster digestive tissues and the 

number of oysters consumed (oyster meal size). This can be seen in 

Figure 7.11. 

 

 

Figure 7.11 The norovirus and HEV doses from the number of oysters 

consumed (meal size) 

The doses of norovirus and HEV calculated from the median or maximum 
copies/g of shellfish tissues and the number of oysters consumed during an 
oyster meal. Virus dose is in viable virus particles. 

Probability of norovirus illness from oyster consumption 

The probability of norovirus illness was calculated using the median and 

maximum norovirus doses for different meal sizes for shellfish sold at retail in 
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2019. We used the formulae for both a disaggregated dose of norovirus and 

an aggregated dose. For the median and maximum disaggregated doses, 

the risk of illness for all meal sizes was 43.2%. 

For the aggregated median and maximum doses, the risk of illness was much 

lower than the disaggregated doses, which can be seen in Figure 7.12 For a 

meal size of one oyster, the maximum aggregated norovirus dose gave a 

probability of illness of 12.1%, whilst a meal size of 12 gave a risk of 42.4%. 

For the median aggregated norovirus dose, the risk from one oyster was 

0.98%. For a meal size of 12, the risk was 10.4%. The probability of infection 

calculation results can be found in supplementary data 7.2). 

 

Figure 7.12 Probability of norovirus illness from infection with an aggregated 

dose through oyster consumption 

The probability of norovirus illness from consuming oysters of the median and 
maximum aggregated doses, based on the number of oysters consumed during a 
meal. 

Probability of illness from HEV in shellfish 

The probability of illness from HEV during oyster meals of various sizes can be 

seen in Table 7.3. The risk of HEV was 7.44x10-3% from consumption of a 
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single oyster and 0.089% for twelve oysters. 

Table 7.3 Probability of illness from HEV infection with a maximum dose from 

oyster consumption 

 

Meal 
size 

HEV probability of 
illness (%) 

1 7.44x10-3
 

6 4.46x10-2
 

12 8.92x10-2
 

18 1.34x10-2
 

24 1.78x10-3
 

Calculation of exposure events for recreational water activities 

The median aggregated and disaggregated dose data was used for calculation 

of exposure events in England and Wales for Boating, Canoeing, Diving, 

Surfing and Swimming. Exposure events could only be calculated for water 

activities which had data on the number of sessions per person per year. The 

risk of illness from the 1,000-fold dilution of sewage (using the median dose) 

was multiplied by the number of water activity sessions annually to calculate the 

number of water activities which cause norovirus illness annually. 

Effluent release 

Where dose data has been taken from effluent samples, a scenario where only 

effluent is released into surface waters is assumed, and no input of norovirus 

from combined sewage overflows contributes to the norovirus dose from 

surface waters. Table 7.4 shows the estimates for the number of water activities 

annually which could cause illness from a disaggregated or aggregated dose of 

norovirus from effluent. In total we calculated that 13,272,718 water activity 

sessions in England and Wales could lead to norovirus illness yearly when a 

median disaggregated dose of norovirus from effluent was involved (8.9% of 

annual water activities). We also found that 53,533 water activity sessions in 

England and Wales could lead to norovirus illness from a median aggregated 

dose of norovirus in effluent (0.036% of annual water activities). 
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Table 7.4 The number of water activity sessions which may result in norovirus 

illness annually, calculated using a median dose of norovirus from effluent 
 

Activity Sessions 
per 
person 
per year 
(EFTEC, 
2002) 

Sessions 
per year 

Risk of illness 
from 
disaggregated 
effluent 

Risk of 
illness from 
aggregated 
effluent 

Sessions 
resulting in 
NoV illness 
from 
disaggregated 
effluent 

Sessions 
resulting in 
NoV illness 
from 
aggregated 
effluent 

Boating 0.5 29,719,920 1.42x10-2
 3.60x10-5

 422,796 1,077 

Canoeing 0.2 11,887,968 1.50x10-2
 3.80x10-5

 178,100 454 

Diving 0.2 11,887,968 3.71x10-2
 9.70x10-5

 440,114 1,153 

Surfing 0.4 23,775,936 0.34 1.67x10-3
 8,077,889 39,668 

Swimming 1.2 71,327,808 5.82x10-2
 1.57x10-4

 4,153,819 11,180 

TOTAL NA 148,599,600 NA NA 13,272,718 53,533 

 

Influent release 

Where dose data has been taken from influent samples, a scenario where only 

influent is released into surface waters is assumed, using combined sewer 

overflows which release untreated sewage into surface waters. This scenario 

assumes that there is no input of norovirus from effluent contributing to the 

norovirus dose from surface waters. Table 7.5 shows the estimates for the 

number of water activities annually which could cause illness from an 

aggregated or disaggregated dose from influent.  We found that 47,501,918 

activities may have caused illness from median disaggregated influent doses 

(31.9% of annual water activities). Additionally, we calculated that a median 

aggregated dose of norovirus in influent could lead to 725,944 water activity 

sessions which cause illness annually (0.48% of annual water activities). 
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Table 7.5 The number of water activity sessions which may result in norovirus 

illness annually, calculated using a median dose of norovirus from influent 

 

Activity Sessions 
per 
person 
per year 
(EFTEC, 
2002) 

Sessions 
per year 

Risk of illness 
from 
disaggregated 
influent 

Risk of 
illness 
from 
aggregated 
influent 

Sessions 
resulting in 
NoV illness 
from 
disaggregated 
influent 

Sessions 
resulting in 
NoV illness 
from 
aggregated 
influent 

Boating 0.5 29,719,920 0.17 5.01x10-4
 4,955,341 14,880 

Canoeing 0.2 11,887,968 0.17 5.28x10-4
 1,982,136 6,273 

Diving 0.2 11,887,968 0.31 134x10-3
 3,646,457 15,910 

Surfing 0.4 23,775,936 0.43 2.25x10-2
 10,271,204 534,752 

Swimming 1.2 71,327,808 0.37 2.16x10-3
 26,646,779 154,129 

TOTAL NA 148,599,600 NA NA 47,501,918 725,944 

 

 
Calculation of exposure events for shellfish consumption 

 
To calculate the number of people who may become ill with norovirus from 

shellfish consumption annually, the median risk of norovirus illness was 

determined using the median oyster meal size of 12. The median risk of illness 

was multiplied by the calculated number of people who eat shellfish annually to 

give the number of shellfish meals which may cause illness from norovirus 

annually. The annual number of oyster meals consumed within the UK 

population in 2019 was calculated as 0.137 by Williams and O’Brien, (2019), so 

with a population of 66,796,807 in the UK in 2019, the number of annual 

shellfish meals was estimated to be 9,142,813. The risk of illness from shellfish 

consumption is based on two scenarios, a scenario where the norovirus dose is 

fully aggregated and a scenario where the norovirus dose is fully disaggregated. 

These affect the dose response calculations. In a scenario where the median 

norovirus dose was 100% disaggregated in all shellfish consumed, the number 

of shellfish meals which may cause illness from norovirus annually was 

calculated to be 3,949,695. For a scenario where the median norovirus dose 

was 100% aggregated in all shellfish consumed, the number of shellfish meals 

which may cause illness from norovirus annually was calculated to be 947,754. 
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Discussion 

 
This study utilised previously published data from reviews and dose response 

models to assess the risk of infection and illness from the detected norovirus 

and HEV doses in shellfish and sewage samples collected for chapters 4 and 

5. 

The Risk of Virus Illness from Water Activities 

 
We identified, using the study by Leonard et al., (2015), the possible doses of 

norovirus and HEV ingested during different water activities. We did this 

considering a range of dilution factors of sewage in recreational waters, to 

simulate the risk to water users based on the proximity to sewage outfalls and 

the effects of factors such as tidal flushing. As the water ingestion volumes from 

Leonard et al., (2015) for surfing, swimming, and diving were the highest, this 

led to high virus doses and risks for these activities, in agreement with Van Dijk 

et al., (1996) and Prüss, (1998). Using a fractional-Poisson model from 

Messner et al., (2014) for norovirus dose-response calculations, and a beta-

Poisson model for HEV dose response (Ruchusatsawat et al., 2021), we 

calculated the probability of infection and the probability of illness from exposure 

during water activities from our quantitative data. This has not been done in the 

UK before. 

Norovirus 

 
We determined that, for norovirus, the risk of infection and illness was very 

dependent on the size of virus aggregates, and that determining whether virus 

aggregation occurs in matrices such as water and shellfish is a much-needed 

step in the risk assessment process to gain the most accurate estimates. 

Norovirus is expected to be within a disaggregated state within water because 

the pH of environmental water is normally higher than the isoelectric point of 

norovirus (Van Abel et al., 2017), however, whether the same can be said for 

sewage and shellfish matrices is unknown. The data which has been presented 

for norovirus doses and risks have been presented in the case of two scenarios, 

where the norovirus dose was 100% aggregated (and therefore less infectious 

(Van Abel et al., 2017)); or where the norovirus dose is 100% disaggregated. 
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Many dose-response models have typically considered aggregation or 

disaggregation to be important factors within the model due to the higher risk of 

infection which disaggregation can cause. It could be assumed that a dose of 

norovirus from within a matrix such as sewage or shellfish may contain a 

mixture of aggregated and disaggregated virus particles, and therefore the real 

risk may lie somewhere between the estimates for the 100% aggregated and 

100% disaggregated scenarios. When considering the data generated for these 

scenarios, it is difficult to compare the results to other studies due to the dilution 

factors used in this study. For this reason, we chose to compare the results of 

the median dilution factor (1,000-fold dilution) with other studies, as well as 

using this dilution for population exposure estimates. Realistically, each 

recreational water site will have a different ratio of sewage to water, and this 

ratio will vary daily due to factors such as tide and weather, and so using 

average dilution factors from specific bathing sites would be more accurate for 

the purposes of risk assessment, but unfortunately this was not possible. 

Assuming a scenario where the dose of norovirus is 100% disaggregated and 

1,000-fold diluted, people exposed to a median dose of effluent would have a 

1.3 – 34.0% chance of illness depending on the water activity. A maximum dose 

of effluent would have a 42.8 – 43.2% chance of illness to exposed individuals, 

close to or at the maximum ceiling of possible risk of illness. Where waters are 

impacted by influent the risks are higher due to higher doses. Assuming the 

same scenario, people exposed to a median dose of influent would have a 15.3 

– 43.2% risk of illness depending on the water activity, and a maximum dose 

would have a 43.2% risk of illness to exposed individuals for all water activities. 

These calculated risks are very high compared to other papers, but this may be 

attributed to the disaggregated status of the dose or to the use of the 1,000-fold 

dilution factor. A UK study by Kay et al., (1994) identified that the likelihood of 

gastroenteritis was 14.8% in bathers compared to non-bathers (9.7%), and 

whilst the cause of gastroenteritis in these cases was not identified to be 

norovirus, the almost ubiquitous nature of norovirus in sewage (see chapter 4 

and Campos et al., (2016)) suggests that it may have been a contributing factor 

to the reported gastroenteritis cases. The identified risk of illness from a 



 

270 

disaggregated dose of influent or effluent is dependent on the water activity, but 

regardless the levels of risk identified in these calculations are much higher than 

the study by Kay et al., (1994). Additionally, Vergara et al., (2016) identified that 

the risk from water activities which involved submersing the head had a risk of 

infection of just 0.61%, though this study used a Monte Carlo analysis to 

estimate the exposure to the population. The discrepancy could be because of a 

low level of population exposure, or possibly because the norovirus doses were 

more aggregated (and therefore have a lower risk of infection), or perhaps could 

be due to modelling assumptions, or factors which have not been considered 

(such as acquired immunity from exposure, which is not factored into              

the susceptibility calculations). However, an outbreak linked to a swimming 

event in the River Thames identified a 54% gastrointestinal illness rate (338 

cases), showing that a high illness rate is possible, though at least five of these 

cases had been determined to be caused by Giardia and Cryptosporidium 

species (Hall et al., 2017). 

In comparison, if a scenario is assumed where the dose of norovirus is 100% 

aggregated and 1,000-fold diluted, individuals exposed to a median dose of 

effluent would have a 0.003 – 0.166% chance of illness depending on the water 

activity, and a maximum dose of effluent would give a 0.50 – 18.6% chance of 

illness. Assuming the same scenario, individuals exposed to a median dose of 

influent would have a 0.047 – 2.25% risk of illness, and those exposed to a 

maximum dose of influent would have a 1.68 – 36.9% chance of illness 

(depending on the water activity). These estimates are closer to those made by 

Vergara et al., (2016) and Kay et al., (1994), which suggests that perhaps the 

use of the aggregated dose response model may be more accurate. However, 

again we do have to consider that the 1,000-fold dilution factor will not be 

representative of all recreational waters and therefore may not be appropriate 

for comparison to other studies. 

Another issue with comparison of risk results to other papers is that these 

calculated risks are from scenarios where waters are contaminated only with 

effluent or only with influent. If waters are being spilled into by CSOs, effluent is 

likely also still being discharged. Therefore, the risk of illness from exposure in 
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the scenario where influent is impacting recreational waters may be an under- 

estimate as doses may be higher than calculated. However, we also have not 

considered that the viability of norovirus in effluent may be lower than that in 

influent if the sewage treatment practices can reduce the proportion of viable 

virus within sewage. Additionally, this study has calculated the risk of illness 

based on the assumption of exposure to a dose of norovirus and has not 

considered the probability of not being exposed to the norovirus dose. Though 

norovirus is almost ubiquitous within sewage, it may not be ubiquitous within 

recreational waters, and therefore the probability of exposure to a norovirus 

dose during a water activity may vary between sites used for recreational water 

activities. It is therefore easier to compare the results of population exposure 

estimates between studies instead of directly comparing the risk of illness, 

which is why subsequent calculations were made for calculating population 

exposure. 

HEV 

 

Using the maximum doses of HEV within sewage influent, we determined that 

the risk of hepatitis was nearly negligible for all water activities and dilutions 

except for surfing. For surfing, when receiving a 10-fold dilution of the maximum 

HEV dose in influent, the risk of illness was just 0.69%. All other water activities 

and dilutions gave negligible risks. This means that HEV release from influent 

into surface waters is unlikely to constitute a significant risk to water users. This 

is likely to have resulted from the large viral dose needed to cause infection 

compared to the virus copies in the influent doses. The virus copies needed to 

cause infection in 50% of individuals was estimated at 3.03×107 virus copies 

during a dose response study (McCaustland et al., 2000), whereas the maximum 

dose of HEV from influent was calculated as 964 viral copies for surfers. There 

is currently no other published data to compare these results to. 

The Risk of Virus Illness from Oyster Consumption 

 
Norovirus 

 
Similar to the risk of illness calculated for the water activities, the estimates of 
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risk for norovirus illness from oyster consumption assumed either a scenario of 

100% aggregated norovirus within the oysters, or 100% disaggregated 

norovirus within the oysters. Considering a scenario of exposure to a median or 

maximum disaggregated dose, the risk for all oyster meal sizes is 43.2%. 

These risk calculations are high compared to results from previous studies. 

Lowther et al., (2010) observed an illness reporting rate from oyster meals of 

0.21%, which is significantly lower. Additionally, Williams and O’Brien, (2019) 

identified a risk of illness per oyster meal of 0.68%, though the size of the meal 

used in the risk calculation is not clear. However, the report by Williams and 

O’Brien, (2019) suggests that norovirus is likely to be in an aggregated state 

within shellfish and therefore the risk estimates for the aggregated dose 

scenarios may be more realistic. 

In a scenario of exposure to a median aggregated dose within the oysters, a 

single oyster would have a risk of 0.98%, whereas an oyster meal of twelve 

would have a risk of 10.4%. A meal size of twelve is the most common oyster 

meal size according to a Florida survey (Degner and Petrone, 1994). 

Considering this is a common portion size available to purchase in the UK, the 

data is likely to also be relevant to the UK population, though there is no UK 

data publicly available to support this assumption. In a scenario leading to 

exposure with a maximum aggregated dose of norovirus in the oysters, the risk 

from one oyster is 12.1%, and the risk from a meal size of twelve is 42.4%. The 

risk estimates from the median dose in a single oyster are much closer to those 

of Lowther et al., (2010) and Williams and O’Brien, (2019), suggesting that the 

shellfish doses may indeed be aggregated within shellfish. The results mean 

that the chance of becoming ill from a norovirus-contaminated oyster are low, if 

the aggregated dose data is to be considered a more reliable estimate than the 

disaggregated data, though the risk rises quite significantly the more oysters 

are consumed in a meal. 

HEV 

 
The risks of contracting hepatitis from HEV in shellfish was even lower than the 

risk posed by norovirus contamination in shellfish (even when comparing to 

norovirus scenarios using an aggregated norovirus dose). Though no 
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assumptions were made about the state of aggregation of HEV (due to a lack of 

data) the risk of illness from a scenario where an individual consumed a single 

oyster containing the maximum dose of HEV was low, at 0.0074%. For a meal 

size of twelve oysters, the risk increased to just 0.089%. It is important to note 

that the shellfish samples used for the HEV data were kept in storage at -20ᵒC 

for up to ten years, and therefore the detected number of virus genome copies 

within the samples may be lower than the original contamination levels, which 

may lead to an underestimation of risk. However, these shellfish were also 

collected from shellfish harvesting areas and had therefore not undergone any 

post-harvest processing, such as depuration and relaying. It is unknown 

whether these processing techniques could enable a reduction in HEV within 

the shellfish as depuration studies on HEV have currently not been performed, 

to our knowledge. However, in the case that HEV concentrations can be 

reduced in shellfish by depuration, this may mean that the risk of illness from 

oysters available to the consumer is lower than estimated here. The risks of 

HEV from water activities and shellfish consumption are considerably lower than 

for norovirus, and this is likely due to the much lower dose required for norovirus 

infection than HEV infection, combined with lower HEV concentrations in 

sewage due to lower HEV prevalence in the community. This may possibly 

explain why outbreaks of norovirus have been linked to shellfish consumption 

and water activities, whereas HEV transmission has not been. 

Exposure Estimates for Norovirus 

 
Water activities 

 
In addition to the individual risks of illness from exposure to norovirus and 

HEV, we calculated the number of water activity sessions a year which may 

lead to norovirus illness from data on the number of water activity sessions a 

year and the risk data obtained from a 1,000-fold dilution of a median dose of 

sewage. 

The data is again presented in scenarios, where the dose can be 100% 

disaggregated or 100% aggregated, and calculations were made from the 

median dose of influent or effluent. For a scenario where the dose is 100% 
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disaggregated, and 100% of the water activity sessions in a year cause 

exposure to this norovirus dose, the number of sessions resulting in norovirus 

annually from a median effluent dose would be 13,272,718, and the number of 

sessions resulting from a median influent dose would be 47,501,918. These 

estimates are much higher than the number of estimated norovirus cases which 

occur in the UK each year (3 million (Gherman et al., 2020) and therefore seem 

like a vast overestimate. This may be due to the assumption of complete 

disaggregation; however, it is acknowledged that the number of water activity 

sessions being exposed to the median norovirus dose annually is unlikely to be 

as high as 100%. In a scenario where the norovirus dose is 100% aggregated 

(again assuming 100% exposure), the number of sessions resulting in 

norovirus annually from a median effluent dose would be 53,533 and the 

number resulting from a median dose of influent would be 725,944. Again, it 

should be acknowledged that it is unlikely that 100% of water activity sessions 

would cause exposure to this norovirus dose, and therefore if a probability of 

exposure were to be factored in, the number of sessions which cause illness 

annually would likely be lower. Data from (Economics for the Environment 

Consultancy Ltd, 2002) estimates that the number of gastrointestinal illnesses 

from water activities in 2002 was around 2.84 million, which is higher than the 

aggregated dose estimates but lower than the disaggregated dose estimates. 

The discrepancy may be due to several reasons, the first being that 

gastrointestinal illnesses can be caused by several pathogens within water 

(e.g., Giardia, astrovirus). Additionally, it may also be due to the scenarios 

presented. As mentioned previously, it is unlikely that when a CSO discharges 

influent into a water body, discharge of effluent stops. In fact, they are more 

likely to both be discharged simultaneously. This would therefore mean that the 

number of sessions which cause norovirus annually is likely to be between the 

values calculated for the influent and effluent scenarios, as you would never 

have risk caused purely by influent or purely by effluent in a yearlong period. In 

general, the aggregated dose estimates seem to be more reasonable than 

those for the disaggregated dose calculations. 
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Shellfish 
 

The scenarios for a disaggregated and aggregated dose of norovirus from 

oyster consumption were used to calculate the number of shellfish meals 

which may cause illness annually. The illness risk data for an oyster meal size 

of 12 was used based on the data from (Degner and Petrone, 1994), and both 

dose scenarios assume that all annual oyster meals cause exposure to the 

median norovirus dose. For a scenario involving a disaggregated median 

dose, 3,949,695 meals would be capable of causing norovirus illness 

annually. For a scenario involving a median aggregated dose, 947,754 meals 

would be capable of causing norovirus illness annually. Similar to the previous 

results, the disaggregated dose risk estimates are very high, and are unlikely 

to be truly representative of the real risk. The aggregated dose data is also still 

high, and this may be attributed to the assumption that 100% of oyster meals 

consumed will cause ingestion of the same norovirus dose. It is important to 

note that norovirus is not ubiquitous within oysters, with Lowther et al., (2018) 

identifying a 68.7% prevalence of norovirus RNA in oysters available to the 

UK consumer, and chapter 5 identifying a prevalence of 78.8% in oysters from 

retailers, this suggests that exposure, though high, is unlikely to be 100%. 

Additionally, the number of virus particles within an oyster is highly variable, 

and can range from zero to thousands, and the state of viability of these 

particles can only be predicted. The estimates from an aggregated dose are 

high in comparison to an estimate that norovirus would cause 14,000 

infections per year from oyster consumption (Williams and O’Brien, 2019); and 

another estimate from Hassard et al., (2017) which suggested 11,800 cases 

of norovirus were caused by shellfish consumption in the UK annually. To get 

a better idea of the true probability of illness from shellfish consumption and 

recreational water activities, a cohort survey study investigating the 

occurrence of illness between consumers of shellfish and people who undergo 

water activities, and the rest of the population may be useful to identify the 

discrepancy between the modelled risk and the population risk. This could 

then be used to estimate the effect that water activities and shellfish 

consumption have in causing norovirus outbreaks within the population. 
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Limitations 

 
One limitation of this study is the calculation of the ingestion volumes for 

different water activities. The volumes of water ingested during different 

recreational water activities are likely to vary from person to person and also 

between age groups, for example, the data quoted by Leonard et al., (2015) 

for swimmers suggested different ingestion volumes for children than for 

adults. Additionally, though some of the volume data was collected through 

objective means (such as measuring levels of cyanuric acid from swimming 

pools in swimmer’s urine), other water activity volumes were calculated using 

surveys from water users, which is much more subjective. Another limitation to 

the dose calculations is that the virus dose has been calculated using qRT-

PCR of sewage and shellfish samples, however the genome copies detected 

within the samples may not represent 100% of the virus in the sample due to 

sample processing procedures (such as wastewater concentration techniques 

and RNA extraction). Virus losses are difficult to quantify accurately, but this 

may mean that the virus doses calculated from the samples are slightly lower 

than the true viral concentration in the samples. 

The dose-response models employed in this study also have some limitations, 

regarding the assumptions made to calculate certain parameters. For the 

norovirus fractional-Poisson model, the probability of infection is capped at 72% 

and the probability of illness at 43%. This is because the value of 𝑃 is 0.72. 𝑃 is 

the proportion of the population which are fully susceptible to norovirus and are 

“secretor positive”, meaning that they secrete histo-blood group antigen (HGBA) 

complexes from the gut mucosa. These proteins help norovirus to infect 

patients, and therefore secretor-negative people are more resistant to norovirus 

infection. However, though norovirus is observed much more rarely in secretor 

negative people, outbreaks of norovirus from certain strains have been reported 

within secretor negative populations (Nordgren et al., 2010), and therefore 

excluding them from the calculation of 𝑃 may artificially limit the risk of infection 

and illness. Another factor which may not be considered within this susceptibility 

value (𝑃) is the possibility of immunity due to previous exposure and infection, 

and the possibility of reinfection after antibodies have waned. This may 
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artificially inflate the 𝑃 value, over-estimating the susceptible population. 

Additionally, most dose response models for norovirus have been based on the 

dose response generated by norovirus GI.1. However most large-scale 

outbreaks and pandemics of norovirus in the past decades have been caused 

by GII norovirus strains (particularly GII.4), and dose response models would 

likely benefit from norovirus data from different genogroups and genotypes 

(Messner et al., 2014). 

For the HEV beta-Poisson model, some limitations are discussed by Teunis 

and Havelaar, (2000) on the use of the beta-Poisson model, with particular 

regard to the possibility of overinflation of risk at low doses. However, Teunis 

and Havelaar, (2000) focussed on beta-Poisson modelling of three different 

organisms, Campylobacter jejuni, Vibrio cholerae and rotavirus, all of which 

gave different dose-response curves and levels of uncertainty at lower doses. 

The results for rotavirus indicated very minor over-inflation of the maximum 

risk at the lowest doses, (10-2 – 10-1), whereas the risk of illness for 

Campylobacter at most doses (10-3 – 105) was much more overinflated in 

comparison to the maximum risk. It appears that the model may be more 

appropriate for some organisms than others, however the dose-response 

curve modelled by Ruchusatsawat et al., (2021) appeared to show no 

overinflation of risk at lower doses for HEV, and indeed the probability of 

illness identified for the low doses of HEV in this study are rare. Another 

limitation of this model is that the dose- response data used by 

Ruchusatsawat et al., (2021) is very limited. The only dose response data 

available for use was that of McCaustland et al., (2000), where chimpanzee 

dose-response was measured using HEV dose challenge. Only seven 

chimpanzees could be included within the study, and as a result, low dose 

data was not included. Because of the high dose needed to cause illness, as 

identified by this limited study, the N50 parameter for the model is 

high, at 3.03×107. However, oral dosage data from pigs suggests the N50 may 

be lower, (Casas et al., 2009) and it is unknown whether chimpanzees (or pigs) 

would have the same N50 as humans. In addition, low dose-response data for 

the fractional-Poisson model by Messner et al., (2014) is lacking for 
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disaggregated norovirus, which may lead to inflation of the risks of infection and 

illness for lower doses of disaggregated norovirus. 

Another limitation of this data is that dilution factors for the sewage in surface 

waters are uncertain. Sites of sewage release across the UK are likely to have 

a variety of dilution rates, and indeed this is true for England, which had a 

median dilution of 8 times but an average of 150 times across 170 sites in the 

study by Comber et al., (2020). It was not possible to ascertain the specific 

dilution factors for each release site and each sample within chapter 5, which is 

why a range of dilution factors was used within this study. A range of dilution 

factors was also used to simulate the norovirus concentrations which may 

reach recreational waters. Realistically, the dilution of sewage in recreational 

surface waters will be dependent on the distance from sewage discharge 

points and environmental factors such as tidal flushing. Additionally, it is 

important to note that the sewage samples were taken during the winter period 

between 2018 and 2019. Norovirus shows a pattern of seasonality, where 

human cases and levels of the virus in sewage are higher during colder months 

of the year (Campos et al., 2016; Public Health England, 2021a). Whether there 

is a similar pattern of seasonality for HEV in the UK is unknown, but this means 

that the risk results of this study can only be applied to winter months, as the 

levels of norovirus in sewage during summer months is much lower, and 

therefore the exposure doses and risk of illness would be lower. For more 

specific and accurate risk assessment, dilution factors for specific sewage 

release sites should be used alongside norovirus levels in sewage and surface 

waters, and risk assessments should be conducted on a month-by-month basis, 

due to the changes in norovirus levels seen throughout the year, to better 

inform policies which reduce the risk of illness. 

 

Finally, the models which have been discussed in this paper have utilised 

different viability factors depending on the sample matrix. The estimate used 

for the viability in wastewater originated from Teunis et al., (2008a), which 

estimated that a single norovirus particle from a diluted inoculum had a 50% 

chance of causing illness. This was used as an estimate of viability for the 

wastewater samples, but realistically the matrix within the dose-response study 
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was unlikely to be representative of a wastewater sample diluted within 

environmental waters, and subject to factors such as temperature, pH and UV 

which may have affected virus viability within the environment. Additionally, a 

viability factor of 0.07 (7%) was used for norovirus in shellfish, based on the 

ratio of PCR detected and cultured surrogate bacteriophage (F-specific 

bacteriophage GII) levels detected in oyster samples. Whilst this is likely to be 

a better measure of norovirus viability than a capsid-integrity assay which may 

overestimate virus viability Williams and O’Brien, (2019), it is unknown whether 

the bacteriophage has the same susceptibility to environmental factors which 

may reduce viability as norovirus. Also, the viability ratio has been taken from 

the average ratio of PCR detectable to cultured bacteriophage, but the median 

(1.7%) and geometric mean (1.5%) of the viability data were much lower, and it 

is unclear which viability factor would be the most ideal to use due to the lack 

of knowledge on norovirus viability within shellfish. Additionally, we apply the 

same viability factors to HEV despite no known data on the viability of HEV. 

Norovirus has been cultured relatively recently within 3D intestinal organoid 

structures (Ettayebi et al., 2016), and HEV is also culturable, however these 

culturing processes require high viral titres and specific strains and are likely to 

be inhibited by matrices such as environmental waters and sewage. 

Additionally, culturing facilities, resources and higher containment laboratories 

were not available for this project. Therefore, a level of uncertainty surrounds 

the viability factors used within the dose calculations, this is an ongoing issue 

within the virus research community. 

Conclusion 

 
In conclusion, this study is the first of its kind to apply dose-response models to 

quantitative virus levels from sewage from the UK to assess the risk of infection 

from these samples during recreational water activities. We also used dose- 

response models to estimate the risk of HEV and norovirus illness in shellfish. 

We identified that the risk of illness from recreational water activities and 

shellfish consumption was highly dependent on the dose type (aggregated or 

disaggregated) and that the risk of HEV illness from water activities and 

shellfish consumption was almost negligible, but that the risk from norovirus 
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was much higher, likely due to the higher prevalence of norovirus within the 

community in comparison to HEV. When considering exposure to influent, the 

risks are much higher for all water users due to higher doses, and this is 

significant because when combined sewer overflows (CSOs) discharge, they 

release raw sewage into surface waters which can impact recreational waters. 

Considering that combined sewer overflows were used for over 3 million hours 

collectively in 2020 (Environment Agency, 2020a), it would be a fair assumption 

that surface waters in the UK are consistently becoming contaminated with 

faecal pollution, and this may cause significant risk to recreational water users, 

and it is known to lead to contamination of shellfish harvesting areas. However, 

with a lack of virus monitoring within surface waters, and bathing water quality 

being assessed using faecal indicator bacteria (Wyer et al., 2018), which 

correlate poorly with virus concentration (Kitajima et al., 2014; Gibson et al., 

2011), the extent of the risks to human health is yet unknown. Quantitative risk 

assessment of viruses within recreational waters and shellfish still requires 

work to identify the best practices, such as the best model type, the level of 

virus aggregation and viability. However, given more information on these 

variables, this could become a promising technique for identifying the risk of 

illness from norovirus for oyster consumers and recreational water users, and 

in turn could encourage stricter policies on the release of raw sewage into 

surface waters in the UK. 
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Chapter 8 

General Discussion 

General Overview 

This PhD has endeavoured to assess the presence of hepatitis E virus (HEV) 

and norovirus in the aquatic environment in the UK. I aimed to identify if the 

aquatic environment is a likely source of HEV transmission within the UK, in 

comparison with norovirus, a known environmental water contaminant. 

Additionally, I aimed to identify the sources of HEV contamination in the aquatic 

environment and evaluate the risk of illness which HEV and norovirus may 

cause. To answer these questions, I investigated the presence of these viruses 

within different sample matrices, including sewage, shellfish, and cetacean and 

seal liver. I also investigated the sources of HEV and the common genotypes of 

norovirus which were present in sewage samples using next generation 

sequencing approaches, and I assessed the risks of illness from water activities 

and shellfish consumption using quantitative data for microbial risk assessment. 

Enteric Viruses within Wastewater 

 
Surveillance of sewage for viruses can be a useful tool to identify the disease 

burden within a population and monitor local outbreaks of a disease before 

cases become symptomatic in some cases, which has specifically been 

highlighted during the SARS-CoV-2 pandemic (Medema et al., 2020a; Medema 

et al., 2020b; Agrawal et al., 2021; Martin et al., 2020). Sewage can present an 

onward transmission route for viruses and other pathogens during 

contamination of surface waters, either because recreational water activities are 

conducted in polluted waters or because of consumption of shellfish from 

contaminated harvesting areas. HEV and norovirus have been identified as 

contaminants of sewage, surface waters, and shellfish in other parts of the 

world due to the fact that they are shed in faeces and urine (La Rosa et al., 

2010; Romalde et al., 2018; Di Bartolo et al., 2015; Beyer et al., 2020). 

However, investigations into the presence and abundance of HEV in 

environmental samples in the UK have been lacking, with only studies in 

Scotland investigating the presence of HEV in sewage (Smith et al., 2016), and 

shellfish samples (Crossan et al., 2012; O’Hara et al., 2018). The detection of 
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HEV and norovirus in sewage can help to inform whether there is a large HEV 

disease burden in the UK population and can determine whether the aquatic 

environment may become contaminated with these viruses, leading to possible 

public health risks. Not only is sewage discharged into surface waters after 

treatment, which classically is less effective for virus removal than for bacteria 

(Campos et al., 2016) but sewage can also be discharged raw into surface 

waters through combined sewer overflows (CSOs), for example when storm 

conditions would otherwise cause sewers to overflow. CSOs in the UK in 2020 

released raw sewage into surface waters collectively for over 3 million hours 

(Environment Agency, 2020), and therefore this can lead to the contamination 

of the aquatic environment with faecal pollution which contains viruses such as 

HEV and norovirus. 

I wanted to identify if HEV is present in sewage in England, considering its 

presence in sewage in Edinburgh (Smith et al., 2016). I also wanted to 

determine the levels of HEV within sewage. Additionally, I tested the sewage for 

norovirus to provide a comparison of HEV and norovirus levels. I also aimed to 

identify if sewage treatment was effective for the removal of viruses. I did this 

using qRT-PCR detection techniques, followed by statistical analysis. 

Chapter 4 identified the presence of HEV and norovirus within sewage in 

Southern England. Unfortunately, a study with a wider scope of locations (e.g., 

all of England) was not possible due to resource limitations. However, for 

influent and effluent respectively, a HEV prevalence of 45.7% (32/70) and 

16.4% (11/70) was identified. For norovirus, a prevalence of 100% (70/70) and 

90% (63/70) was identified within influent and effluent samples respectively. 

Levels of HEV were much lower than those of total norovirus. Influent samples 

contained a median of 0 copies/ml in all HEV positive influent samples (median 

of 2 copies/ml in HEV positive influent samples) and a maximum of 113 

copies/ml. In contrast, the median norovirus in influent samples was 250 

copies/ml and the maximum was 9,034 copies/ml. These results reinforce the 

idea that the disease burden of norovirus within England is much higher than 

the disease burden for HEV. It also means that norovirus and HEV from human 

sewage are likely to contaminate the aquatic environment in England during 
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release of raw sewage and treated effluent into surface waters. These results 

build upon those obtained by Smith et al., (2016), which showed that HEV was 

present within sewage samples in Edinburgh at a prevalence of 93% 

(14/15),and show that HEV is also present in England. The presence of these 

viruses within sewage indicates that they are likely to contaminate the aquatic 

environment in these countries. 

I identified that there was a significant correlation between levels of norovirus 

and HEV within the sewage samples, suggesting a common source and risk 

factors for both viruses in human sewage. This result suggests that levels of 

HEV and norovirus vary in similar ways. Furthermore, some of the WWTPs 

within the study may have been supplied by waste from farms in the local areas, 

meaning that HEV of animal origin may have been detected within the sewage. 

This was investigated further by sequencing methods, and I identified that 

though the majority of the HEV sequences from the sewage samples were most 

similar to other sequences from humans in the UK, some were also similar to 

strains from wild boar, which could either have originated from the animals 

themselves, or from infection after consumption of meat. This means that HEV 

from both humans and animals is likely to contaminate the aquatic environment 

in England. In theory, the contribution of farm-run off to the concentration of 

HEV within surface waters could be significant, though there is no evidence to 

prove this. 

For norovirus, I identified that the prevalence of GI and GII was almost identical 

within influent and effluent samples, yet levels of GI norovirus were much lower 

than GII. The high prevalence of both genogroups of norovirus suggests a high 

disease burden for GI and GII norovirus within the communities served by the 

WWTPs, but the higher levels of GII noroviruses suggest this genogroup is 

more prevalent within the community. This theory is supported by case data 

released from UK Health Security Agency (formerly PHE), which shows the 

majority of norovirus cases during the study period to be attributed to GII.4 

norovirus (Public Health England, 2020). However, the high prevalence of GI 

within the sewage samples suggests that GI also has a significant disease 

burden within the community. Case data for GI norovirus is comparatively low, 
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however a theory to explain this is that GI norovirus may cause more 

asymptomatic infections than GII norovirus. Additionally, the reported cases of 

norovirus annually are expected to be vastly under-reported at various stages 

(e.g., the public, GP reports, etc), due to generally low severity and a short 

period of illness (Ondrikova et al., 2021). Between 2018 and 2019, just 6,172 

cases of norovirus were reported for England (Public Health England, 2021); 

whereas estimates of UK norovirus cases are approximately 3 million annually 

(Gherman et al., 2020). 

I identified that norovirus was present at all WWTPs, within both influent and 

effluent samples, and that sewage treatment only gave a significant reduction 

of norovirus from certain WWTPs (four of seven). WWTPs using a tertiary 

treatment method were more effective for norovirus removal than WWTPs 

using secondary treatment, showing significant reductions in norovirus RNA 

levels. These results agree with another study investigating the effect of 

different levels of treatment on norovirus, identifying that the use of UV following 

biological treatment was most effective for norovirus removal (Campos et al., 

2016). This means that many WWTPs around the country may not have an 

effective treatment system for the removal of viruses such as norovirus before 

discharge into surface waters, as secondary treatment without UV is very 

common. This may lead to potential public health risks from recreational water 

use and consumption of contaminated shellfish. A limitation of this assessment 

of treatment efficacy is that influent and effluent samples were collected within 

ten minutes of one another, meaning that the norovirus levels in influent 

samples may not have been representative of the norovirus levels which were 

present prior to the treatment of the paired effluent samples as the treatment 

process takes more than ten minutes. I did however consider that the samples 

were still useful for measuring real time reductions, as the dataset was likely to 

have captured times when the norovirus levels in influent were both increasing 

and decreasing, meaning that inflation and reduction of norovirus levels should 

have been cancelled out. However, this is something to consider when looking 

at the efficacy of the treatment processes for each WWTP. In contrast to 

norovirus, I was not able to assess whether HEV was effectively removed from 
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sewage due to the low levels of the virus which were detected in influent and 

effluent samples. 

In summary, HEV and norovirus have been detected in both influent and 

effluent samples from southern England, with HEV at a much lower prevalence 

and concentration than norovirus. The detection of norovirus and HEV within 

sewage in England may have wider implications for the risks to public health 

due to release of raw and treated sewage into surface waters. The 

contamination of surface waters in the UK can lead to contamination of shellfish 

harvesting areas, as well as areas used for bathing and recreational water 

activities. It also can contaminate the habitats of aquatic organisms. As a 

result, I aimed to investigate the presence of HEV and norovirus in shellfish 

samples from the UK, as well as the presence of HEV within cetacean and 

seal samples from Southern England. 

Viruses in the Aquatic Environment 

 
Shellfish 

 
There are many enteric viruses which have been detected in surface waters 

around the world, including norovirus, hepatitis A virus (HAV), HEV and 

sapovirus (Lodder and de Roda Husman, 2005; Iaconelli et al., 2015; Salvador 

et al., 2020; Sano et al., 2011). These viruses are commonly shed in the faeces 

and urine of infected individuals, and during pollution events or release of 

treated sewage into surface waters, these viruses can contaminate shellfish 

harvesting areas. 

Enteric viruses have been detected in shellfish worldwide, and outbreaks of 

norovirus from shellfish consumption are common. In the UK alone, norovirus is 

estimated to cause 11,800 cases of illness from shellfish consumption annually 

(Hassard et al., 2017). Outbreaks of HAV and sapovirus have also been 

reported in some parts of the world, with a large outbreak of HAV from clams 

affecting around 290,000 people in China (Tang et al., 1991), and outbreaks of 

sapovirus from shellfish have also been identified in Japan (Iizuka et al., 2010). 

No outbreaks of HEV have yet been conclusively linked to shellfish 

consumption, however it is theorised to be a transmission route due to the 
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identification of HEV in shellfish from many countries (Rivadulla et al., 2019; 

Gao et al., 2015; La Rosa et al., 2018) and also a retrospective study of a HEV 

outbreak on a cruise ship identified shellfish to be the probable cause (Said et 

al., 2009). 

Though norovirus has been well established as a contaminant of the aquatic 

environment in the UK, investigations of the presence of HEV, HAV and 

sapovirus have been lacking. Previous studies in the UK have identified the 

presence of norovirus in shellfish from retailers and from harvesting areas. 

Lowther et al., (2012) identified that norovirus was present in 76% (643/844) of 

oyster samples from production areas during a two year study, and Lowther et 

al., (2018) identified 69% (433/630) of oyster samples from retailers contained 

norovirus. Until now, the only investigations of HEV contamination in the UK 

aquatic environment have originated from Scotland, where studies have 

identified HEV contamination of shellfish. The first study identified the presence 

of HEV in wild shellfish, some of which were located downstream from a pig 

slaughterhouse, and the prevalence of HEV in these shellfish was 85% (41/48) 

(Crossan et al., 2012). A later study then identified the presence of HEV in 

samples of shellfish sold at retail in Scotland, with a prevalence of 3% (9/310) 

(O’Hara et al., 2018). No studies, however, have yet investigated the presence 

of HEV, HAV or sapovirus in shellfish throughout the whole of UK. 

Pilot Shellfish Study 

 
To identify the prevalence and levels of enteric viruses within shellfish in the 

UK, two studies were performed within chapter 5. The first was a pilot study of 

shellfish samples obtained from harvesting areas in England which had 

previously shown high norovirus levels during the winter months (making it a 

biased selection). I tested for HEV as norovirus data was already available. I 

did this using qRT-PCR techniques for detection and quantification. A 

prevalence rate of 6% (5/91) was identified within these harvesting area 

shellfish samples, with levels of HEV between 16 – 121 copies/g of digestive 

tissue in positive samples. The health risk from both a presence and 

concentration standpoint appear to be low from these shellfish samples and 

considering that these sites are known to be contaminated with human faecal 
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pollution (therefore leading to norovirus contamination) this suggests the risk 

from an unbiased study may be even lower. However, these samples were 

obtained between 2009 and 2018, and therefore had long storage periods at -

20°C, which may have affected the levels of RNA detected for HEV. 

An important limitation to note is that the retail shellfish tested were not 

representative of the whole of the UK, with just 11 sites from England involved, 

and the study was biased to select sites which had high levels of norovirus in 

some samples, and therefore this should not be considered as a 

representative prevalence estimate for HEV in UK shellfish. Another important 

limitation of the study is that due to the length of time that the shellfish 

samples from the harvesting area study were stored at -20°C, it is possible 

that the prevalence and levels of HEV are lower than when the shellfish were 

originally collected due to RNA degradation, therefore this could possibly lead 

to an underestimation of the levels, prevalence, and risk of illness from HEV in 

shellfish. Despite this limitation, I decided that it was still worth investigating the 

presence of HEV within these shellfish samples as viral RNA was shown to 

persist for days within samples which were stored at ambient temperature 

(Weesendorp et al., 2010), and therefore freezing samples whilst they are still 

fresh can enable later testing for viral RNA. Overall, the significance of this 

pilot study is that HEV was detected in shellfish samples from harvesting 

areas, showing that HEV does contaminate the aquatic environment in the UK. 

 
 

Retail Shellfish Study 

 
The second study within chapter 5 was for shellfish samples purchased fresh 

from eleven retailers within England and Scotland (retailers within Wales and 

Northern Ireland were unavailable). Within the retail study I tested for HEV, 

norovirus, sapovirus and HAV. The retail shellfish were tested for norovirus to 

compare the prevalence and levels of the other viruses, and to determine how 

many samples and retailers may be affected by proposed European Union 

legislation on a norovirus limit of 500 copies/g. Additionally, I wanted to 

determine whether sites, locations or regions were significant risk factors for 
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detection of norovirus in UK shellfish. As the number of retailers, locations and 

samples was limited, I could not provide accurate UK prevalence estimates, 

however, the aim was to identify the prevalence and levels of these viruses 

within the shellfish samples to act as a baseline for what might be expected 

from a larger, more comprehensive study. I did this using qRT-PCR techniques 

for detection and quantification, followed by statistical analysis. I was unable to 

detect HEV within the panel of shellfish samples from retailers. There are 

multiple possible reasons for this. The first is that the shellfish from retailers are 

likely to have undergone post-harvest processing, such as depuration or 

relaying. This is required for shellfish from harvesting areas with a B or C 

harvesting site classification (according to UK hygiene regulations), which is 

determined by levels of E. coli (a faecal indicator organism) (UK Government, 

2021). All of the harvesting areas within this study were class B or C sites. A 

class B site is defined as one where 90% of samples from a site do not exceed 

230 E. coli per 100 grams of shellfish and a class C site is one where shellfish 

samples from a site contain must not contain more than 46,000 E. coli per 100 

grams of shellfish. However, the effect which post-harvest processing (such as 

depuration and relaying) has on HEV is currently unknown. For norovirus, the 

effect of these processes is limited, however this is thought to be at least partly 

due to norovirus binding to histo-blood group antigen-like particles, and sialic 

acids within oyster digestive tissues (Almand et al., 2017; Maalouf et al., 2010). 

Another reason why HEV may have been undetected in the retail shellfish 

samples could be related to sample size. If the biased pilot study generated a 

low prevalence within shellfish samples which were expected to be 

contaminated with norovirus (and therefore human sewage), then a study which 

utilises a non-biased sampling approach may have an even lower prevalence, 

and HEV may not, as a result, have been detected within the small sample size 

for the retail study (85 samples). These results were not unexpected, due to the 

low levels of HEV identified in Scottish retail shellfish samples (O’Hara et al., 

2018). If the same prevalence rate (3%) for the Scottish study were applied to 

this retail study, then only 2/85 samples would have been HEV positive. 

Therefore, the true HEV prevalence in these retail shellfish may have been 

lower. These results suggest that the aquatic environment in the UK can be 
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contaminated with HEV, however the levels of the contamination appear to be 

low, and the prevalence of HEV within shellfish also appears to be rare. This 

means that the risk of developing illness from HEV in shellfish from the UK 

appears to be low. 

In addition to identifying the prevalence of HEV, we also investigated the 

presence of HAV and sapovirus within the retail shellfish. I was unable to detect 

HAV or sapovirus in the samples, suggesting that the disease burden of 

sapovirus and HAV within the UK is much lower than that of norovirus, and that 

the risk of illness from the consumption of these viruses in oysters is low. As the 

positive PCR DNA controls for these assays were successfully detected during 

the sample tests, I was confident that these results were true negative results. 

Furthermore, frequent detection of norovirus RNA in these same samples 

indicates that the RNA extracts were satisfactory for testing of viral targets. 

For norovirus in the retail study in chapter 5, we identified that the prevalence 

of norovirus was 79% (67/85), which is a similar result to the previous UK 

studies. Levels of total norovirus (sum of GI and GII) in positive samples 

ranged from 1 – 1,525 copies/g of digestive tissues, which are also similar to 

levels observed in March 2016 by Lowther et al., (2018). All shellfish suppliers 

provided at least one norovirus positive oyster sample, showing the 

widespread contamination of shellfish with norovirus, and therefore the 

widespread contamination of surface waters with human faecal pollution. 

Eight of the eleven suppliers provided at least one oyster sample with over 

500 copies/g, which is the proposed limit for norovirus within shellfish 

according to the draft EU legislation (Younger, A. Personal Communication, 

2021). 23% of the samples were over this proposed limit. This means that 

over 70% of the suppliers involved in this study would be negatively impacted 

by the draft EU legislation. However, considering that shellfish are estimated 

to cause 11,800 cases of norovirus in the UK each year (Hassard et al., 

2017), and that the consumption of shellfish was linked to 17.5% of 

international food and waterborne outbreaks between 2000 and 2007 (Baert et 

al., 2009), such legislation may be necessary to protect public health. 

Additionally, I discovered that GI norovirus had a slightly higher prevalence, 
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average and maximum levels than GII norovirus. This is a contrasting result 

both to the sewage study and the previous study by Lowther et al., (2018) 

which found that GII had a higher maximum level than GI. It is also contrasting 

to data from PHE, which showed that norovirus cases were dominated by 

GII.4 during the time of the study (Public Health England, 2020). This may 

indicate that GI norovirus contamination of shellfish samples within this study 

have been caused by unreported GI cases, or asymptomatic norovirus 

infections. It could also be explained by longer retention times for GI norovirus 

within oysters, as GI noroviruses bind to shellfish digestive tissues with a 

better efficiency than GII during colder months (January to May) (Maalouf et 

al., 2010). Another possible reason that the results are different to those seen 

in Lowther et al., (2018) is that different genogroups of noroviruses may be 

circulating within the population in 2019 compared to 2015 – 2016. 

In terms of risk factors for norovirus in shellfish, I identified that there was a 

significant difference in the norovirus levels between samples from regions 

southern England and northern England as well as southern England and 

Scotland. This suggests that human faecal pollution is a more significant 

problem in southern England than the other regions. This result is in agreement 

with previous studies, which have shown lower levels of norovirus from 

Scottish shellfish (Lowther, 2011; Williams and O’Brien, 2019), suggesting that 

Scottish waters are less affected by human faecal pollution. However, it is 

important to note that fewer suppliers (and therefore fewer samples) from 

Scotland were incorporated in the study than suppliers from Southern 

England, which may have skewed the data. The exact locations (where 

available) of the harvesting areas for the shellfish did not affect the probability 

of an oyster sample containing norovirus, which is likely because of how 

widespread norovirus contamination of surface waters is within the UK. 

A limitation of the retail study is that it was conducted over a short period in 

March 2019 (two weeks), and though there is no identified pattern of 

seasonality for HEV in shellfish yet, it is possible that this short study period 

may have missed peak HEV levels. The study was also limited by the number 

of UK oyster retailers which were available to purchase from, which prevented 
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the inclusion of suppliers from Wales or Northern Ireland in the study. Due to 

these limitations, the study should not be considered as a UK-wide prevalence 

measure for HEV, HAV, norovirus or sapovirus, but more as a baseline for the 

potential levels which may be found in a more systematic study. The same 

applies to the harvesting area study. 

Overall, the prevalence and levels of norovirus within oysters are much higher 

than those of HEV, HAV or sapovirus. Within the retail oyster study, high levels 

and prevalence of norovirus were detected, whereas no HEV was detected in 

these samples. Additionally, no HAV or sapovirus was detected in these 

samples. This indicates that there is little to no risk of HEV, HAV and sapovirus 

infection or illness to oyster consumers from these samples, and that the risk of 

norovirus infection and illness is higher. However, HEV has been detected 

within shellfish from harvesting areas, and therefore it can be concluded that 

HEV does contaminate the aquatic environment in the UK. Further work 

establishing the levels of HEV contamination in shellfish from both harvesters 

and retailers UK-wide would provide a more accurate estimate of the 

prevalence and levels of HEV in UK shellfish and identify any seasonal 

patterns of contamination (similar to norovirus). However, the results of these 

shellfish studies can provide a baseline for the levels of HEV which may be 

expected from a more comprehensive study and provide a preliminary 

estimate of risk to public health. 

Cetaceans and Seals 

 
In Cuba, a study identified that dolphins in captivity were experiencing 

symptomatic HEV infection; 32% (10/31) of captive dolphins were found to be 

seroprevalent for antibodies to HEV, and five of these were also positive for 

HEV RNA using qRT-PCR (Villalba et al., 2017). One of these dolphins 

subsequently died of the infection. They then went on to identify genotype 3 

(G3) HEV within the dolphins whose HEV RNA could be sequenced. This 

study highlighted for the first time that marine mammals were vulnerable to 

infection and symptomatic illness with HEV. However, the source of the HEV 

was unknown, whether it was from dolphin food (fish), poorly treated tank 

water, or from alternative sources. No studies have yet been conducted to 
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identify if human faecal pollution containing HEV could cause HEV infection 

within dolphins but considering that they were infected with a genotype which 

is commonly found in humans and other animals, this suggests that it could be 

possible. 

Therefore, I wanted to determine whether human faecal pollution in surface 

waters could be having a detrimental effect on marine mammals in a study in 

chapter 5. I decided to investigate the presence of HEV within cetacean and 

seal liver samples, donated to us by the Cornwall branch of the UK Cetacean 

Strandings Investigation Program. I did this using qRT-PCR. 

HEV was not detected within seal liver samples, however 39.7% (29/73) of 

common dolphin samples and 18.5% (5/27) of harbour porpoise samples 

tested positive for HEV by qRT-PCR. This was a higher prevalence than was 

expected, however the HEV levels in the samples were low, ranging from 1 – 

210 copies/mg of cetacean liver in positive samples. I also identified that 

positive results seemed to be significantly more common in females than in 

males. If these qRT-PCR results are true HEV detections, then they indicate 

the circulation of HEV within cetacean species in their wild habitats. However, 

when attempting to sequence 18 of the cetacean samples with the highest 

detected levels of HEV using G3 and genotype 1 (G1) specific HEV assays, 

no sequencing data could be obtained. I theorised that this may be because of 

a variant or genotype of HEV which may circulate within cetaceans, instead of 

false negatives, due to the levels of HEV which were detected in the samples. 

Of the 18 cetacean samples selected for sequencing, the CT values ranged  

from 31 – 33. Shellfish and sewage samples with lower detected levels of HEV 

were capable of being sequenced using the G3 assay (CT range 37 – 39), and 

therefore the chances of the cetacean samples being false positives seems 

unlikely. Additionally, it seems improbable that the positive results were caused 

by large contamination issues as this would probably have caused higher CT 

values across PCR plates. To avoid contamination by positive controls, 

samples were also processed, extracted, PCR mastermixes prepared, and 

samples added to PCR mastermix plates all in different rooms to avoid 

introducing positive controls into the samples at any stage. All negative PCR 
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and extraction controls were negative for HEV amplification also, meaning that 

cross contamination of the samples was unlikely. Some samples were also 

retested to double check the HEV results, and the results were the same for the 

second qPCR. The HEV qRT-PCR targets a small region of the genome 

(approximately 69 bases) and was designed to target genotypes 1-4, however 

an alignment of genotypes 1-8 shows that the qPCR would be capable of 

targeting these genotypes also, as it is a highly conserved region (based on 

alignment results). Therefore, it is possible that it could detect another 

genotype which is circulating within cetaceans. The sequencing nested PCRs 

(nPCRs), on the other hand, are targeted to specific genotypes as it is difficult 

to identify primer regions which encompass all genotypes for larger amplicons. 

This may explain why the G1 and G3 nPCRs were not capable of generating 

amplicons for the cetacean samples to sequence them, if the HEV within the 

cetacean samples is of a different genotype (possibly one which has not been 

discovered yet). This would mean that the HEV circulating within cetaceans is 

unlikely to have sourced   from human or animal faecal pollution in the UK, as 

the dominant genotype      in the UK is G3, which would have been sequenced 

using the nPCRs. 

Another limitation of the cetacean testing was that during testing of the 

extraction efficiency, some cetacean samples had over 100% extraction 

efficiency. This may be due to some reference extractions extracting more 

poorly than samples themselves. This could perhaps be due to the more 

complex matrix within the sample extractions than the reference extractions, as 

this pattern has been identified during extraction of SARS-CoV-2 from water 

compared to viral transfer media (Carter, D. Personal Communication, 2022). It 

may also suggest that the RNeasy Mini kit (Qiagen) may not be the best RNA 

extraction method, however this could not have been known until PCR testing 

for mengo virus and HEV had already begun, and the kit seemed to be the 

best virus extraction method for the sample type (liver). An RNA integrity 

control also could not be utilised for the cetacean samples; however, as 

discussed previously for the older shellfish samples, I still believed that older 

samples may contain valuable data, with the caveat that HEV quantification 

and prevalence may not be as accurate with older samples due to RNA 
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degradation. 

These studies have shown that HEV does contaminate the aquatic environment 

and lead to the contamination of shellfish, and potentially also cetaceans, 

possibly because of faecal pollution from humans or animals infected with HEV. 

I subsequently looked to use Oxford Nanopore Technologies (ONT) sequencing 

to identify the possible sources of the contamination. 

Sources of Viral Contamination 

 
HEV 

 
HEV is a zoonotic virus which can infect many different host species. Within 

the UK, G3 HEV is the most common genotype within human infections and 

has also been detected within pigs in the UK. However, G3 HEV is also 

capable of infecting other hosts, such as deer and rabbits (Kenney, 2019), and 

it is possible that animal reservoirs of HEV lead to transmission to humans 

through the consumption of meat and milk from infected animals (Grierson et 

al., 2015; Huang et al., 2016). For example, consumption of a spit roasted 

piglet at a wedding lead to an outbreak of HEV within 17 people (Guillois et 

al., 2015). Furthermore, an outbreak of HEV from consumption of raw deer 

meat lead to HEV illness within seven individuals (Tei et al., 2003). It is 

possible that the HEV which contaminates the aquatic environment in the UK 

could source from both human sewage, animal farm run-off, slaughterhouse 

waste streams, or from wild animals themselves. 

To determine where the HEV from both the shellfish and sewage samples 

originated, I used nPCRs which targeted either G1 or G3 to amplify small 

regions of the virus genome before sequencing it using a barcoding 

sequencing approach on the ONT MinION. 

During the study in chapter 6, twelve sequences were obtained from nine 

wastewater influent samples and one shellfish sample from 2009, using the 

G3 HEV nPCR assay followed by metabarcode sequencing. Using a typing 

tool, I determined that at least eleven of the twelve sequences belonged to 

G3, with the final sequence (obtained from the shellfish sample) not capable 

of being assigned. Using BLAST, I determined that published sequences with 
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the closest homology to those from this study originated mainly from humans, 

with some also closely related to sequences originating from wild boar in Italy. 

Unfortunately, the size of the sequenced amplicon could not give enough 

resolution to enable four sequences to be conclusively linked to just one 

previously published sequence. These results suggest that faecal pollution from 

both humans and animals may contaminate the aquatic environment through 

release of raw sewage into surface waters (through use of CSOs), and possibly 

from farm run-off; or it could show that people who have consumed imported 

pork products from infected boar have become infected and excreted the virus. 

The only sequence obtained from shellfish was more distantly related to other 

HEV sequences identified in the past and was shown through distance matrix 

analysis to possibly be considered a new subtype of G3. As there are many 

possible sources of the shellfish contamination, including farms (from run off), 

wild animals, and human sewage, it is difficult to know what the source of this 

contamination would have been without more sequencing data from animals in 

the UK. 

Most of the sequences which were related to those from this study in chapter 6 

were identified in the UK, but some were also identified from France, Italy, and 

the Netherlands, suggesting that HEV strains in the UK may also circulate 

elsewhere, or these may have been travel-associated cases. Using a final 

phylogenetic analysis, I determined that all the sewage sequences belonged to 

G3 (as expected) and that they fell into the subtypes G3c, and G3e, with one 

sewage sample remaining inconclusive. The shellfish sample genotyping and 

subtyping results suggested that it may be considered to belong to a new 

subtype within G3. Some previous studies in the UK had identified that many of 

the UK cases of HEV between years 2003 – 2011 belonged to one 

phylogenetic clade (group 1), and then in 2011 a new phylogenetic clade 

(group 2) started to become more dominant (Ijaz et al., 2013; Grierson et al., 

2015; Oeser et al., 2019). Group 1 includes subtypes 3e, 3f, 3g and group 2 

includes subtypes 3a, 3b, 3c, 3d, 3h, 3i, 3j (Ijaz et al., 2013; Smith et al., 2021). 

This was theorised to have resulted from European HEV strains being 

imported into the UK within European pork products as evidence of infection of 
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UK pigs with group 2 HEV infections was lacking (Grierson et al., 2015). I 

observed HEV sequences from both phylogenetic clades within the sewage 

samples and the sample sizes were too low to determine whether one clade 

occurred more commonly than another. 

A limitation of the phylogenetic data is that within the G3 clade, some branches 

within subtypes had low bootstrap support (<70%), which may limit the 

accuracy of the subtype clustering; though subtype sequences were seen to 

cluster well together generally, and the phylogenetic results agreed with the 

subtyping results for the most closely related strains using the RIVM Hepatitis 

E Virus Genotyping tool. The low bootstrap support for some branches is likely 

to be a result of low phylogenetic resolution due to small amplicon sizes. The 

small amplicon sizes may also have prevented detection of new norovirus and 

HEV variants, however using smaller amplicons did allow limited data to be 

obtained from more samples for norovirus. 

No PCR products were generated from the G1 HEV nPCR assay, and there 

are two possible reasons for this, the first being that the nPCR was not fit for 

purpose as we were unable to obtain a G1 positive control for the assay, and 

the other is that G1 HEV is less common in the UK than G3 HEV (Oeser et al., 

2019). As G1 HEV is normally a travel-associated infection in the UK, and the 

PhD was focussing more on endemic HEV within the UK (G3 HEV (Ijaz et al., 

2013)), I did not pursue sequencing of G1 HEV products any further. I did, 

however, investigate norovirus sequences from sewage. 

Norovirus 

 
Norovirus is an enteric virus which has been detected in several different 

animal hosts, such as pigs, cattle, and dogs (Villabruna et al., 2019). However, 

the genotypes of norovirus which infect humans appear to infect humans 

exclusively. This means that human faecal pollution is the source of norovirus 

GI and GII within the aquatic environment. Sequencing of viruses within 

sewage can be a useful tool for tracking the variants of a virus through a 

pandemic, or through endemic outbreaks, as has been demonstrated by the 

SARS-CoV-2 pandemic (Agrawal et al., 2021; Martin et al., 2020). Sequencing 
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of norovirus within sewage can also provide insights into the circulating strains 

or genotypes within the community and could be used to identify new strains 

before they are able to become highly abundant, and possibly lead to 

outbreaks (Matsushima et al., 2015). 

I sequenced GII norovirus from sewage to identify the circulating norovirus 

strains within the community at the time, and how well these reflected the 

strains from reported cases published by PHE. To do this, I used an nPCR 

which generated small amplicons (approximately 344 bp in size including 

primers) followed by barcode sequencing on the ONT MinION. 

Sequencing data was obtained for 23 sewage samples. In total, 120 sequences 

belonging to eight genotypes were generated. The genotype was determined 

using the RIVM norovirus typing tool (Kroneman et al., 2011). The most 

common genotype was GII.4, which is the genotype most associated with 

outbreaks of norovirus (Lindesmith et al., 2008). This was unsurprising as GII.4 

has been the most detected norovirus genotype in reported cases worldwide 

since 2014 (Public Health England, 2020). However, the genotype with the 

most reads was GII.3, and GII.2 and GII.3 were the only genotypes detected in 

the influent and effluent of every WWTP which provided sequencing data (five 

of seven). Additionally, cases from genotypes GII.9 and GII.13 were not 

reported by PHE during the time of the sewage study in chapter 4, despite their 

presence in sewage. These results indicate that many norovirus cases from 

different genotypes go unreported by the public, or that the rate of 

asymptomatic illness is high. Under- reporting is supported by estimates of 

annual norovirus cases. PHE reported 6172 norovirus cases between 2018 

and 2019 (Public Health England, 2021), yet norovirus is estimated to cause 3 

million cases in the UK annually by the Food Standards Agency (Gherman et 

al., 2020). Additionally, a study of the ratio of symptomatic to asymptomatic 

norovirus cases identified that 32% were asymptomatic (Miura et al., 2018), 

which could explain why some sequences are less prominent than others in 

recorded cases in comparison to within sewage. 

Some limitations of using the ONT sequencing chemistry are that, determining 

whether a sequencing run is of good quality and has little to no cross- 
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contamination can be difficult. Many studies using NGS sequencing have 

assigned an arbitrary cut-off for a negative control of 1,000 reads as the point 

where a run has failed quality control. However, there is no actual scientific 

basis for picking 1,000 reads, and in fact this cut off may have limited the results 

available to analyse in this study in chapter 6. Additionally, ONT is known to 

produce more error prone reads than technologies such as Illumina sequencing. 

ONT has previously been shown to have an error rate of approximately 5-20%, 

and ONT only provides the modal accuracy for high accuracy reads, at 97.8%. 

However, applying this percentage accuracy would mean that just four to five 

bases of the 202 bp HEV sequences were incorrect, or six to seven bases of 

the 302 bp norovirus sequences. 

These results have shown that G3 HEV is present in sewage and shellfish, 

meaning that contamination of the aquatic environment with human or animal 

faecal pollution can lead to health risks for the public. I have also shown that 

monitoring of viruses such as norovirus within sewage can provide information 

on strains and genotypes of norovirus which are under-reported, perhaps due 

to asymptomatic illness, or due to a lack of reporting. Though I have shown 

that sewage and shellfish in England are contaminated with HEV and 

norovirus, the risks to health have not yet been investigated in a UK context. I 

therefore looked to investigate the risk of infection and illness from the 

consumption of shellfish, and from recreational water activities, using the 

quantitative data obtained for the shellfish and sewage samples within these 

studies. 

Assessment of the Risks to Human Health by Viruses in the Aquatic 

Environment 

This PhD has focussed on the presence of viruses within the aquatic 

environment, and their sources. Norovirus has been known to contaminate the 

aquatic environment in the UK for many years, having been detected through 

surveillance of norovirus in shellfish (Lowther et al., 2012; Lowther et al., 2018). 

Shellfish are known to be sensitive to water pollution due to their ability to 

bioaccumulate pathogens during filter feeding. However, despite the detection 

of norovirus in the aquatic environment and shellfish in the UK, risk 
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assessments have not been performed to identify the risk of norovirus from 

recreational water activities in the UK. Additionally, as HEV research in the UK 

has typically been limited, no risk assessment for HEV illness has been done 

for shellfish or recreational water activities in the UK either. 

Chapter 7 used previously published dose response models and data from 

reviews to identify calculations and parameters to find the doses of norovirus 

and HEV which may result from consumption of shellfish and from recreational 

water activities. For surface water ingestion doses, I used the median and 

maximum virus copies/ml alongside dilution factors to simulate dilution of 

influent and effluent within surface waters prior to ingestion. I then used 

ingestion volumes of water from Leonard et al., (2015) to calculate the doses 

received during each recreational water activity for each sewage dilution 

factor. For the shellfish doses, I used the median and maximum virus copies/g 

of digestive tissue from the shellfish studies and applied a calculation which 

corrected for the likely dose from the whole oyster (minus the shell). I then 

multiplied the dose in one oyster by a range of oyster meal sizes. Dose data 

for HEV and norovirus were then used to identify the risk of illness using dose 

response models, with an assumption of exposure. The risk of illness was 

calculated for shellfish consumption and from ingestion of surface water during 

recreational water activities. For norovirus, two different scenarios were 

investigated with the dose response models, the first being where the virions 

were aggregated (virions clumped together) and the second being where the 

dose was disaggregated (virions separate to each other). These scenarios 

affected the risk of illness from the norovirus dose. 

HEV and norovirus within sewage 

 
Quantitative data for the median and maximum copies/ml of virus in influent or 

effluent was obtained during chapter 4. Using the HEV copies/ml from the 

influent, I identified that the median dose of HEV from influent and effluent 

would have been 0 copies/ml, and therefore only the maximum dose of HEV 

was used for calculating the risk of illness from HEV during recreational water 

activities. Doses were not calculated for the effluent as the levels of HEV were 

too low. Using the maximum dose of HEV within influent, I identified the risk of 
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HEV illness from recreational water activities by applying the dose-response 

models to the calculated doses for each dilution. The risk of HEV illness was 

low, with a 10-fold dilution of the influent HEV dose giving a risk of 0.69% for 

surfers, and a negligible risk for all other water activities. For all subsequent 

dilutions, the risk was negligible for all water activities. This means that the 

chance of becoming ill with HEV from recreational water activities using these 

sewage doses is low. This is because levels of HEV within influent were low, 

and because the calculated dose at which 50% of the population are 

susceptible to infection is high for HEV (3.03×107). Additionally, the chance of 

becoming ill with HEV from effluent release into the environment would be 

negligible as the maximum concentration of HEV in effluent was just 5 

copies/ml. 

For norovirus, I identified that the risk of illness was dependent on the type of 

dose received, whether norovirus was in an aggregated state within the 

shellfish and environmental water or not. The risk of infection and illness from a 

disaggregated dose of norovirus was high for both the median and maximum 

doses in comparison to those from aggregated doses. Assuming exposure, a 

1,000-fold dilution of the median disaggregated norovirus dose from influent 

gave a 15.0 – 43.2% chance of illness for all water activities. This makes the 

contamination of the aquatic environment with raw sewage particularly more of 

a public health risk. Even 1,000-fold dilutions of the median disaggregated dose 

from treated effluent gave a risk of illness of 1.3 – 34.0% for all water activities, 

with the highest risks seen in surfing (due to higher ingestion volumes). The 

risks from a maximum disaggregated dose of influent and effluent were even 

higher, with a 1,000-fold dilution of influent or effluent giving a range of 42.8 – 

43.2%. Norovirus within water is suspected to be in a disaggregated form as the 

pH of the water is normally higher than the isoelectric point of the virus (Van 

Abel et al., 2017), which means that the risks to public health from faecal 

pollution containing norovirus is likely to be quite high. However, as the 

norovirus originates within sewage, and that and environmental water may 

represent more of a complex matrix due to the presence of organic matter (and 

a more complex matrix can cause virus aggregation (Teunis et al., 2008)), it is 
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possible that norovirus may exist within a more aggregated form in 

environmental waters. Therefore, as best practise, I calculated the risk using an 

aggregated dose model also. 

The risk of illness, assuming exposure, from an aggregated norovirus dose was 

much lower, with the median effluent norovirus dose at a 1,000-fold dilution 

providing a risk of 0.17% for surfers, but a negligible risk for all other water 

activities. For the median dose of norovirus in influent at a 1,000-fold dilution, 

the probability of illness was 0.05 – 2.2%, which is much lower than the 

estimates from the disaggregated doses. The maximum influent and effluent 

aggregated doses provided higher risks, again signifying the importance of 

reducing environmental water pollution; with 1,000-fold dilutions of the 

maximum effluent dose giving probabilities of illness between 0.5 – 18.6%, and 

1,000-fold dilutions of the maximum influent dose giving probabilities of illness 

between 1.7 – 36.9%. The results from the aggregated dose calculations can 

be compared to a UK study by Kay et al., (1994), which identified that the 

likelihood of gastroenteritis was 14.8% in bathers compared to non-bathers 

(9.7%). The cause of gastroenteritis in these cases was not specifically 

identified, however the almost ubiquitous nature of norovirus in sewage (see 

chapter 4 and Campos et al., (2016)) suggests that it may have been a 

contributing factor to the reported gastroenteritis cases. In comparison, the risk 

calculations from the disaggregated doses are much higher, and may be less 

realistic, suggesting that perhaps norovirus is aggregated within sewage 

diluted by environmental waters. Vergara et al., (2016) also identified that the 

risk from water activities which involved submersing the head was just 0.61%, 

however this study used a Monte Carlo simulation to estimate the exposure to 

the population, whereas these calculations assumed exposure to the dose. 

These results mean that there is a high risk of contracting norovirus illness 

from recreational water activities where the recreational waters are impacted 

by treated or untreated sewage. Even 1,000-fold dilutions of the sewage within 

environmental waters may not be enough to make the risk of illness negligible, 

and release of raw sewage through CSOs poses a particular risk due to the 

high levels of norovirus which can be found in raw influent. To reduce the risk 
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of norovirus from recreational water activities, investment in sewage treatment 

infrastructure should be prioritised which will limit the use of CSOs and enable 

more effective removal of viruses from influent. 

However, it is important to note that quantitative microbial risk assessment 

(QMRA) is not a perfect science due to the lack of knowledge which surrounds 

certain parameters which are used in the risk assessment process. This lack of 

knowledge can introduce uncertainty into the results of QMRA. During this study 

in chapter 7, there were many limitations to the calculation of risk of illness from 

HEV and norovirus during recreational water activities. The first is that some of 

the ingestion volumes used from Leonard et al., (2015) were obtained by 

survey, meaning that the volumes may be subjective to the individual, which 

may influence whether dose calculations are correct. A second limitation is that 

during sample processing and viral RNA extraction, some virus is likely to be 

lost, which may result in a lower dose than the exposed dose would have been. 

Additionally, this study utilised dilution factors with sewage data from chapter 4 

which made direct comparison of risk data to other studies difficult. The viability 

constants used for the calculations were also taken from a dose-response study 

for norovirus with a different sample matrix, and without viability data on 

norovirus and HEV in these samples, it is difficult to say whether this viability 

factor would indeed be correct, or even the same for HEV. Another factor which 

may influence virus viability is treatment at WWTPs, if these treatment 

processes can reduce norovirus viability within sewage, this suggests that 

norovirus viability in effluent may be lower than in influent. Another significant 

issue is that the state of aggregation of norovirus and HEV within the sewage 

and diluted sewage is unknown, and this may affect the dose response. These 

factors may all influence the risk calculations observed, but another assumption 

which may make the data more uncertain is that exposure has been assumed 

within all water activities in order to calculate the risk of illness, and this may not 

be truly representative of reality because though norovirus is fairly ubiquitous 

within sewage (see chapter 4 and Campos et al., (2016)), HEV is not, and the 

presence of these viruses in environmental waters is also not likely to be 

ubiquitous. 
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HEV and norovirus within shellfish 

For shellfish, the dose of virus was calculated by multiplying the copies/g of 

digestive tissue by a correction factor to enable calculation of the amount of 

virus within whole oysters (minus the shell). For HEV, I calculated that the 

probability of illness (assuming exposure) from the consumption of a single 

oyster was 0.0074%, and for twelve oysters was 0.089%. Consumption of 24 

oysters gave a 0.18% risk of illness. Therefore, the risk of HEV from these 

shellfish samples was low, especially for consumption of a small number of 

oysters. This means that the risk to the public from HEV in shellfish is likely to 

be very low, however the harvesting area shellfish study from chapter 5 was 

only representative of eleven English harvesting locations, and therefore 

cannot be ruled as a decisive risk probability for the public. The HEV doses 

were calculated from the quantified HEV from qRT-PCR of the shellfish 

samples from 2009 – 2018, and there is therefore a limitation that the 

quantification of HEV in these samples may be lower than when the shellfish 

were originally harvested, due to long-term storage at -20°C. This could mean 

that the HEV dose and the risk of illness may be underestimated. Additionally, 

the shellfish were obtained from harvesting areas and had not yet undergone 

any form of post-harvest processing (depuration or relaying). It is unknown 

whether these techniques may be helpful for the removal of HEV from 

shellfish, but if these techniques are effective, it may mean that the risk to the 

public is lower as most shellfish sold in the UK are subject to post harvest 

processing before sale (due to E. coli classification systems mentioned 

previously). 

For norovirus, the risk was dependent on whether the dose of norovirus was 

aggregated or disaggregated. A median and a maximum dose of norovirus 

was used to calculate the probability of infection and illness from shellfish 

consumption. A disaggregated dose from shellfish consumption gave a risk of 

illness of 43.2% for all oyster meal sizes for the median and maximum doses. 

Whether norovirus would be in a disaggregated state within shellfish is 

unknown, though norovirus has been shown to aggregate within infected host 

cells (Green et al., 2020) (though norovirus does not infect oyster tissues), and 
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(Williams and O’Brien, 2019) predict that norovirus is likely to aggregate within 

shellfish tissues. For aggregated doses, the risk of illness was much lower, 

with the risk from one oyster at a median aggregated norovirus dose at 0.98%, 

and the risk from twelve oysters at 10.4%. The risk from one oyster with a 

maximum aggregated dose was 12.1%. For 12 oysters, the risk of illness from 

a maximum aggregated dose was 42.4%. The results from a median 

aggregated dose are closer to those from previous studies, for example 

Lowther et al., (2010) observed an illness reporting rate from oysters 

containing norovirus of 0.21%, and Williams and O’Brien, (2019) identified a 

risk of illness per oyster meal of 0.68%. The similarity to the estimates from 

these studies may suggest that norovirus is within an aggregated state whilst 

in oysters. 

There are limitations for the calculation of the risk of illness from oyster 

consumption. Similar to the recreational water dose estimates, the shellfish 

dose estimates may also be low due to loss of virus during sample processing 

and extraction. For HEV, the shellfish doses were also calculated from oysters 

kept in storage at -20ᵒC for up to ten years, and therefore the detected virus 

genome copies within the samples may be lower than original contamination 

levels, which may lead to an underestimation of risk. These shellfish were also 

collected from shellfish harvesting areas rather than retailers (as no shellfish 

were HEV positive during the retail study, see chapter 5) and had therefore not 

undergone post-harvest processing techniques such as depuration or relaying. 

It is unknown whether these processing techniques could enable a reduction in 

HEV within the shellfish as depuration studies on HEV have not been 

performed, to my knowledge. In the case that HEV concentration can be 

reduced in shellfish using these techniques, this may mean that the risk of 

illness from oysters available to the consumer is lower than estimated here. 

The viability constant used for the calculations was taken from the ratio of PCR 

genome copies and cultured F-specific bacteriophage (GII) in oysters, but 

although the data comes from similar oyster samples, it is impossible to tell 

whether it directly represents the viability of norovirus and HEV within these 

shellfish samples. Without viability data on norovirus and HEV in these 

samples, it is difficult to say whether this viability factor would indeed be 
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correct, or even the same for HEV. Another issue is that the state of 

aggregation of norovirus and HEV within the oysters is unknown, though Green 

et al., (2020) observed norovirus aggregation within infected host cells (though 

shellfish tissues are not infected with norovirus) and Williams and O’Brien, 

(2019) predict that norovirus is likely to be in an aggregated form in shellfish. 

Aggregation affects the dose response and therefore the risk of illness, and 

therefore information on the aggregation of norovirus in shellfish would be 

useful. Another assumption which may make the data more uncertain is that 

exposure has been assumed within all oyster meals in order to calculate the 

risk of illness, and this may not be truly representative of reality because 

norovirus and HEV are not ubiquitous within shellfish (see chapter 5 and 

Lowther et al., (2012) and Lowther et al., (2018)), and therefore this may lead 

to overestimation of the risk of illness for both aggregated and disaggregated 

data, and it makes it difficult to compare these results to other studies. 

Exposure estimates for norovirus 

Unfortunately, exposure estimates for the number of water activities which may 

lead to HEV illness annually and the number of meals which may cause HEV 

illness annually could not be calculated as the median HEV dose in sewage 

and shellfish samples was 0 copies/ml and 0 copies/g respectively and using 

the maximum levels would potentially overestimate the risk of illness from HEV 

in shellfish. Additionally, the HEV data from shellfish was obtained from a 

biased study in chapter 5. However, these calculations were possible for 

norovirus in water activities and shellfish. 

I identified that the number of water activity sessions annually which may lead 

to norovirus illness was again very dependent on the dose type, whether 

aggregated or disaggregated. To calculate the number of water activity 

sessions resulting in illness annually, the illness risk data obtained from a 

1,000-fold dilution of a median norovirus dose was used. For effluent, 

assuming 100% of water activities were exposed to this median effluent 

dose of norovirus, the number of water activity sessions resulting in illness 

ranged from 53,533 – 13,272,718 (with the higher estimate for disaggregated 

doses). Using the risk data from a 1,000-fold dilution of the median influent 
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dose (again assuming 100% exposure), the number of water activity sessions 

resulting in illness ranged from 725,994 – 47,501,918 (with higher estimate 

for disaggregated dose). This represents 0.03 – 32.0% of water activity 

sessions occurring annually in England and Wales. The lower estimates 

were calculated from aggregated doses and seem to be more realistic in 

comparison to other study estimates. A study by (EFTEC, 2002) estimated 

that the number of gastrointestinal illnesses from water activities in 2002 was 

2.84 million; higher than the aggregated dose estimates but lower than the 

disaggregated dose estimates. The reason for the discrepancy may be that 

gastrointestinal illnesses can be caused by several pathogens within water 

(e.g., Giardia, astrovirus), and therefore the burden of norovirus is lower than 

that estimate. Considering that norovirus causes an estimated 3 million 

cases in the UK annually (Gherman et al., 2020), the exposure estimates for 

a disaggregated dose seem more unrealistic. However, there is an 

assumption that 100% of the water activities are exposed to this median 

norovirus dose, which is unlikely to be correct. Therefore, the disaggregated 

risk of illness is possible, were a lower rate of exposure considered. 

Additionally, I identified that 947,754 – 3,949,695 oyster meals could cause 

norovirus annually, depending on whether the dose is aggregated or 

disaggregated and assuming that all oyster meals would lead to norovirus 

exposure. Again the estimates from a disaggregated dose are very high and 

may seem unrealistic when compared to previous studies. Williams and 

O’Brien, (2019) estimated that oyster consumption would cause 14,000 cases 

of norovirus in the UK annually, whilst Hassard et al., (2017) estimated 11,800 

cases. These values are also much lower than the exposure estimates for an 

aggregated norovirus dose. This may be due to the assumption that 100% of 

consumed oysters contain the median dose of norovirus, which is unlikely to be 

true, and therefore if exposure were factored into these estimates, the 

predicted number of oyster meals which could cause norovirus annually would 

be lower for both the aggregated and disaggregated doses. As they stand, the 

exposure estimates for the disaggregated doses are very high, and would 

suggest that more than 3 million people may become ill with norovirus in the 

UK annually (which is the current estimate (Gherman et al., 2020)) due to the 
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contribution from shellfish consumption and water activities alone. Norovirus is 

known to be under-reported in the UK (Tam et al., 2012), however it seems 

unlikely that 13 million cases of norovirus are caused by water activities, and 4 

million cases are caused by shellfish consumption annually. It is also important 

to note that the risk of illness for calculating the population exposure for 

shellfish was taken from an oyster meal size of twelve, which may not 

represent the meal size most consumed in the UK, as data on common oyster 

meal sizes was taken from Florida as UK data was unavailable (Degner and 

Petrone, 1994; Pouillot et al., 2021). 

The results of the risk assessment suggest that shellfish and recreational water 

contamination with norovirus and sewage in general are under-appreciated 

threats to human health. Sewage contamination of surface waters is a 

significant problem in the UK, with wastewater treatment plants discharging 

over 3 million hours worth of raw sewage in 2020 (Environment Agency, 2020). 

In order to tackle the infections associated with shellfish consumption and 

recreational water activities, both the government and water companies must 

invest in improving wastewater treatment practices, standardizing practices 

across the industry to ensure the maximum efficacy of wastewater treatment, 

and increasing the capacity of WWTPs to meet the demands of, not only the 

current catchment populations, but anticipated increases in population levels 

over time. The use of Combined Sewer Overflows must be reduced as much as 

possible to prevent discharging of raw sewage into water courses, and there 

must be investment in sewerage infrastructure to reduce the effect of 

stormwater pressure on the water system. However, as acknowledged in 

Figure 8.1, the biggest risk of transmission of norovirus is unlikely to be from 

consumption of shellfish or recreational water activities, but instead comes from 

person-to-person transmission during an outbreak. Much of the public are 

unaware of norovirus and other viruses until they are affected by them, and 

simple policies like ensuring that hands are washed after using the toilet, and 

before eating or preparing food are simple ways to reduce norovirus spread. 

Better education of the public, perhaps through simple NHS advertising 

campaigns, could also help to reduce the spread of norovirus and other 

viruses, and perhaps reduce the burden of norovirus infections within hospitals 
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each year (Public Health England, 2021a). 

 

Figure 8.1 A risk hierarchy for the transmission routes of norovirus to humans 

A risk hierarchy showing the transmission routes with the highest risk at the top and 
the lowest risk at the bottom. Person-to-person transmission is the route which causes 
most norovirus cases, but other transmission routes such as contaminated foods can 
lead to outbreaks which are then amplified by secondary person-to-person 
transmission.  

Despite these recommendations, it is important to note that the effect of 

sewage treatment and environmental conditions on norovirus and HEV viability 

is unknown, and that estimates of viability cannot be confirmed for these 

samples. Though qRT-PCR can detect norovirus and HEV RNA, I was unable 

to tell if the viruses which provide this RNA were viable prior to testing. The 

culturing of norovirus within human intestinal enteroids is a relatively new 

technique, which some laboratories have had limited success with (Ettayebi et 

al., 2016). Currently, it appears that only certain strains are capable of being 
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cultured, and the culturing process requires high titres of virus to start. The 

method is also labour-intensive and requires much time and resources 

(Ettayebi et al., 2016). HEV culture has also proven to be difficult for certain 

strains, and also requires high titres of virus to begin the culturing process 

(Johne et al., 2014). Unfortunately, norovirus and HEV cell culturing was not 

possible during this PhD due to laboratory and resource limitations, as well as 

low viral concentrations for many of the samples, so it was not possible to test 

for viability within these sewage and shellfish samples. Surrogate viruses have 

typically been used to estimate norovirus viability previously (Lowther et al., 

2019; Farkas et al., 2019; Farkas et al., 2020), but none have yet been 

considered the ideal surrogate for this purpose as it has not been possible to 

compare it to the viability of norovirus. Therefore, it is possible that viability 

estimates within shellfish may not be correct. Additionally, the viability estimate 

used for the sewage samples was obtained from a dose response study 

(Teunis et al., 2008), which may not accurately represent the sample matrix or 

environmental conditions which norovirus would be exposed to within sewage 

and environmental waters, and therefore may over- or under- estimate risk. 

Additionally, the sewage samples which were used to perform the risk 

assessment were all collected during the winter period between 2018 and 

2019. This is a limitation of the data because norovirus is seasonal, with higher 

cases and levels of the virus in sewage in colder months of the year (Public 

Health England, 2021a; Campos et al., 2016; Lowther et al., 2012). Therefore, 

the risk data can only be assumed to be correct for the winter months and 

should not be applied to the summer months when the levels and therefore 

dosage of norovirus in both sewage and shellfish would be lower. Monthly 

sampling and QMRA would enable more accurate risk assessment to better 

inform policy changes which could reduce the risk of norovirus transmission 

from recreational water activities and shellfish consumption. 

There are additional limitations due to the models or assumptions which formed 

the models. Unfortunately, the HEV dose-response model was only able to 

utilise one study by McCaustland et al., (2000), which had a very limited 

sample size of chimpanzees to measure dose response data from. This may 
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mean that the risk of illness has been incorrectly estimated, but only with more 

dose- response data for HEV will more accurate estimates be achieved. Both 

the HEV and the disaggregated norovirus models also lacked data on the 

response to low doses of HEV and norovirus, leading to possible inaccuracies 

for the risks 

at these lower doses. Additionally, the value of 𝑃 within the norovirus model 

(which is the proportion of the population fully susceptible to norovirus) may be 

too low, as this value has been calculated based on the assumption that 

secretor negative people (those who do not secrete histo-blood group antigen 

complexes within the gut) cannot be infected with norovirus. However, an 

outbreak of norovirus was shown to affect secretor negative people, and 

therefore the risk of infection may be under-estimated (Nordgren et al., 2010). 

Additionally, this estimate is unlikely to consider acquired immunity (meaning 

lower susceptibility) or waning of acquired immunity (meaning greater 

susceptibility), and this is due to the complexity of individual immune responses 

to norovirus. Other significant limitations of the study in chapter 7 are that the 

exposure scenarios used within the study may not be representative of real-life 

exposures. Exposure calculations were made with the assumption that faecal 

contamination of waters was caused by either influent or effluent; however, in 

reality, when CSOs are used to discharge influent into waters, effluent will still 

also be discharging. Additionally, influent will not be discharged from CSOs 

constantly. Therefore, the real risk of illness to an exposed individual may be 

between the risk calculated for the effluent and influent doses, and therefore the 

population exposure events would also fall between these calculations. Another 

issue with the population exposure estimates is that the 1,000-fold dilution 

illness risk data was used to calculate the number of water activity sessions 

which may cause illness annually, assuming exposure, and this dilution may not 

best represent all recreational water sites in the UK. Therefore, conducting this 

form of QMRA would be more beneficial if it were conducted on a site-by-site 

basis, using a specific calculated dilution factor for each individual recreational 

water site to obtain more specific risk estimates. Data on the specific sewage 

dilutions in recreational waters surrounding the WWTPs within the sewage 

study in chapter 5 were unavailable. 
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In summary, this study has identified the difficulties which can be associated 

with QMRA, in that many parameters which are needed to accurately assess 

the risk are unknown, or little information is known about them, and so 

assumptions must be made. This can cause uncertainty within risk estimates. 

We have identified that the risk of HEV illness from shellfish consumption and 

recreational water activity sessions is low within the UK, however the risk of 

norovirus illness is much higher, which makes it important to invest in 

infrastructure which enables effective removal of viruses from sewage and 

prevents the use of CSOs. 

Further Work 

 
Though this PhD has sought to provide some answers about the presence and 

transmission of HEV within the UK, limited resources and time mean that there 

is still much to learn. Given more time, and unlimited resources and equipment, 

there are several studies which could help researchers to better understand the 

transmission of HEV in the UK. 

Wastewater and Surface Waters 

 
A study which was to investigate the prevalence of HEV and norovirus in 

wastewater throughout the UK using qPCR techniques could be incredibly 

beneficial to identify the true burden of disease in the population as this would 

capture HEV from both symptomatic and asymptomatic individuals and enable 

us to identify if there are correlations between HEV and norovirus presence. 

Sequencing the positive PCR samples could also allow an identification of the 

different genotypes and subtypes which are commonly identified in the UK, 

which could enable us to identify patterns in sources of contamination, monitor 

outbreaks, and even track variants, much like the SARS-CoV-2 pandemic. 

Combining a study such as this with another which assesses the presence and 

levels of HEV and norovirus in surface waters at outfall and storm overflow 

points, within nearby surface waters and nearby bathing areas could also help 

to inform risk assessment models more accurately on the risks of becoming ill 

from HEV and norovirus in surface waters. 

Additionally, whilst pigs have been established as the main reservoir of HEV, 
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little research in the UK has been performed on whether pig farm run off and 

abattoir waste into surface waters may lead to contamination of the aquatic 

environment. It would be interesting to investigate HEV presence and 

sequences within surface waters from outside of abattoirs and nearby to pig 

farms to investigate if such areas may be more affected by HEV contamination 

to others with no local pig farms or abattoirs. Indeed, the study by Crossan et 

al., (2012) identified shellfish downstream from a slaughterhouse to be 

contaminated with HEV, and therefore this could be an interesting avenue to 

investigate. 

 

Shellfish 

 
To determine whether the consumption of shellfish from the UK may constitute 

a significant risk of contracting HEV, a more thorough and representative study 

of HEV in UK shellfish is needed. Different types of shellfish (e.g. oysters, 

mussels, cockles) should be collected from farms around the UK and, much like 

the UK norovirus baseline survey from Lowther et al., (2012), tested for the 

presence and levels of HEV. If a prevalence of 5% were to be anticipated, with 

high statistical power, approximately 2,473 samples would be required to 

estimate the true prevalence of HEV with significant statistical power. This 

would require a lot of financial and administrative resources, as well as a lot of 

time. However, spreading the study across some years would enable an 

identification of any changes in HEV levels, as well as a possible identification 

of any seasonal patterns (much like norovirus has). Additionally, the shellfish 

could be tested for norovirus for monitoring purposes and to compare HEV 

presence with norovirus presence and identify any correlations between the 

data. Using the HEV sequencing technique from this thesis, it could then be 

possible to sequence the HEV samples and identify possible contamination 

sources by comparing the sequences to others from animals and humans, 

though HEV sequences from most animals are generally lacking. 

Additionally, a study investigating the effect of depuration and relaying on HEV 

in shellfish would be interesting and useful. It is well known that norovirus is 

capable of binding to organic molecules within the digestive glands of oysters, 
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causing it to bioaccumulate, but whether a similar process also occurs for HEV 

is unknown. Studies in Scotland have shown high levels of contamination of 

individual wild shellfish (85%) (Crossan et al., 2012), yet a low prevalence of 

HEV in retail shellfish samples (3%) (O’Hara et al., 2018), and perhaps 

depuration or relaying techniques could be one explanation for this. 

HEV in animals and animal products 

 
Though UK studies have identified a high seroprevalence of HEV antibodies in 

pigs, and established that many pigs were positive for HEV at slaughter 

(Grierson et al., 2015), little research has been conducted into the presence of 

HEV in other animals in the UK. Deer are well known to be reservoirs of HEV, 

and many other animals have also been identified as capable of carrying the 

virus. It would be interesting to plan a study which investigated the 

seroprevalence of HEV antibodies and the presence and levels of HEV RNA 

within cattle and deer. It would also be interesting to investigate the presence 

and levels of HEV RNA within cow’s milk. Considering that Slot et al., (2017) 

identified 14% of vegetarians within the study were seroprevalent for HEV 

antibodies in The Netherlands, this brings the question of how vegetarians who 

do not consume meat, but may consume other animal products, may have 

been infected with HEV. Therefore, an investigation of cow’s milk would be 

interesting, especially considering that previous studies have found high levels 

of HEV in milk from cows which were also infected with HEV (Huang et al., 

2016; Yan et al., 2016; Demirci et al., 2019). An investigation of the prevalence 

of HEV in deer in the UK may also be interesting, as though it is a less 

commonly consumed meat in the UK, outbreaks have been known to occur 

after the consumption of it (Tei et al., 2003). Identifying whether HEV is present 

in cattle, cow’s milk and deer and then sequencing any positive samples may 

allow researchers to piece together the sources of some HEV cases, as 

sequences from animals in the UK are significantly lacking. 

In addition to investigating the prevalence of HEV in other animals and animal 

products, given more time and resources I would like to investigate the 

cetacean samples which were positive for HEV by qRT-PCR. I would like to 

investigate, using shotgun sequencing, if there is indeed a HEV-like virus 
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within the cetacean samples, or whether perhaps there is a new genotype of 

HEV within them. Considering that the CT values for some samples were low 

in comparison to some of the shellfish and sewage samples, it would be 

interesting to see why the attempts to sequence the virus initially using the 

metabarcoding approach were unsuccessful. The results of such a study would 

better inform researchers of whether a HEV-like virus circulates in cetaceans; 

and how related this virus is to existing HEV genotypes may better inform the 

host diversity and evolutionary history of the virus. 

 
 

Final Conclusion 

 
During this PhD I have identified that HEV is present infrequently, and at low 

levels within sewage and shellfish in the UK, and that it may also be present 

within cetaceans. I also identified that norovirus is present at much higher levels 

and prevalence within sewage and shellfish in the UK in comparison with HEV. 

I was also able to determine that G3 HEV sequences from within sewage and 

shellfish were closely related to other sequences which had been obtained from 

humans and pigs, and that some strains of norovirus which were detected in 

sewage were not commonly reported within the population despite their 

presence within samples. Additionally, I identified that the risk of illness from 

HEV during oyster consumption or water activities was low, but that the risk of 

illness from norovirus was high, though this was dependent on whether the 

norovirus was aggregated within the dose. The importance of this research is 

that I have identified that HEV can contaminate the aquatic environment in the 

UK from sewage release into surface waters, and that HEV has been detected 

within shellfish from the aquatic environment. However, the concentration and 

prevalence of HEV is low, and so, therefore, is the risk of illness from HEV in 

the aquatic environment, though it is not negligible. However, the same cannot 

be said for norovirus, which was detected in high levels in sewage and shellfish 

and was shown to constitute a high risk of norovirus illness during water 

activities and shellfish consumption. 

These results highlight the risks to human health from faecal pollution of the 
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aquatic environment and show that more must be done to reduce and monitor 

faecal pollution within environmental waters, with a particular focus on 

significantly reducing the use of CSOs which release raw sewage into 

environmental waters. This may require significant investment in the 

infrastructure of sewage treatment in the UK. 
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Abstract 27 

Globally, Hepatitis E virus (HEV) causes over 20 million cases worldwide. HEV is an emerging and 28 

endemic pathogen within economically developed countries, chiefly resulting from infections with 29 

genotype 3 (G3) HEV. G3 HEV is known to be a zoonotic pathogen, with a broad host range. The 30 

primary source of HEV within more economically developed countries is considered to be pigs, and 31 

consumption of pork products is a significant risk factor and known transmission route for the virus 32 

to humans.  However, other foods have also been implicated in the transmission of HEV to humans. 33 

This review consolidates the information available regarding transmission of HEV and looks to 34 

identify gaps where further research is required to better understand how HEV is transmitted to 35 

humans through food. 36 

 37 

Keywords 38 
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Introduction 41 

Globally, hepatitis E virus (HEV), of the family Hepeviridae, is considered the most common cause of 42 

acute viral hepatitis. There were an estimated 20 million infections worldwide annually in 2005 from 43 

genotype 1 (G1) and 2 (G2) HEV combined (Rein et al., 2012), and 44,000 recorded fatalities due to 44 

the virus in 2015 (World Health Organisation, 2019). Generally, HEV causes an acute, self-limiting 45 

infection which resolves within a few weeks; however, in some persons (such as the 46 

immunocompromised) it can cause chronic infections, fulminant hepatitis (acute liver failure) and 47 

extrahepatic manifestations (infections in other organs), which can be fatal. Table 1 shows a 48 

summary of the pattern of infection of the different HEV genotypes, demonstrating the variable 49 

clinical manifestations and factors such as average age of infection and gender, where these are 50 

known. There is limited data to be able to estimate the number of infections worldwide, but with a 51 

high level of asymptomatic infections seen in numerous outbreaks it is probable that more infections 52 

occur worldwide than estimated in 2005 (Guillois et al., 2015; Yin et al., 2019); especially considering 53 

that this estimate was made only considering G1 and G2. 54 

HEV was once thought only to be endemic to certain economically developing countries within Asia 55 

and Africa, but research over the past decade has highlighted the emergence of HEV within higher 56 

income countries. The virus spreads through a faecal oral route, making it easily transmissible 57 

through faecally contaminated water. Indeed, this is thought to be the main transmission route 58 

within China, where G1 and genotype 4 (G4) HEV are dominant (Wang et al., 2001). However, it is 59 

also possible for the virus to be transmitted through foodstuffs such as pork, due to the ability for 60 

some HEV genotypes to infect non-human animals. Currently, the virus is classified into eight 61 

genotypes, with G1-4 and genotype 7 (G7) capable of infecting humans. There is, however, a diverse 62 

host range for the different genotypes, with G1 and G2 generally only infecting humans and non-63 

human primates, but genotypes 3-8 infecting many other animals, such as pigs, deer, camels, 64 

rabbits, and dolphins. A summary of the different host species of HEV was published recently 65 

(Kenney, 2019), and is summarised briefly in table 2. Genotype 3 (G3) HEV has been found to be the 66 
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most geographically diverse of the viruses thus far (Pérez-Gracia et al., 2015), and is the genotype 67 

which has emerged in the past two decades in many developed countries. The geographical 68 

distribution of genotypes 1-4 can be seen in Fig 1. 69 

G3 HEV is thought to be spread primarily through the consumption of undercooked pork products 70 

from infected pigs, however it is unknown if all transmission routes to humans have been identified. 71 

The current theories and known routes of transmission can be seen in Fig 2. This review will discuss 72 

theoretical routes of HEV transmission to humans through foodstuffs and identify areas which 73 

require further research for better understanding of the virus. 74 

 75 

HEV in Pigs and Pork Products 76 

Over the past two decades, evidence has accumulated implicating pigs and other animals in the 77 

zoonotic transmission of G3 HEV to humans (Tei et al., 2003; Guillois et al., 2015; Lhomme et al., 78 

2013; Rivero‐Juarez et al., 2017). In 1998 it was shown that a HEV strain isolated from an acute HEV 79 

patient in the USA was capable of infecting pigs, and that a genetically similar strain isolated from 80 

pigs was capable of infecting non-human primates; suggesting a significant possibility that pigs could 81 

act as a zoonotic source of HEV (Meng et al., 1998). Since this study, many countries have noted the 82 

emergence of HEV cases. At this stage, it was thought that HEV was only endemic in developing 83 

countries; (such as those in Asia, Africa, and central America) and that HEV cases in non-endemic 84 

areas were obtained through travel. However, studies such as those by Dalton et al., (2007) and 85 

Fraga et al., (2017) identified that indigenous cases of HEV were occurring in economically 86 

developed countries such as the UK and Switzerland. It is now widely accepted that pigs are a 87 

zoonotic source of HEV transmission to humans and may be at least partially responsible for 88 

increasing cases worldwide annually, though increased detection and awareness of HEV may also 89 

play a small role in the observed increase in cases. Outbreaks of HEV have directly been linked to 90 

pork product consumption, including an outbreak in Spain linked to consumption of wild boar 91 

(Rivero‐Juarez et al., 2017), and another outbreak associated with consumption of a spit-roasted 92 
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piglet in France (Guillois et al., 2015). 93 

Consumption of pork products is now considered a significant risk factor for developing HEV 94 

infection, which is concerning considering the seroprevalence levels in European pigs (Said et al., 95 

2014; Slot et al., 2017). Table 3 shows a non-exhaustive list of countries that have detected anti-HEV 96 

antibodies in pigs, and HEV RNA in pork products. 97 

Considering Table 3, it is possible that the HEV prevalence in pork sausages may be over- or under-98 

estimated by the fact that the sample sizes for some of these studies are relatively small. It is also 99 

important to note that different methods have been used between studies, some of which have 100 

been shown to be less sensitive for detecting HEV than others. Interestingly, the seroprevalence of 101 

HEV in pigs is significantly higher than the prevalence of HEV RNA in pork products in most cases; 102 

this discrepancy is expected as not all pigs would be viraemic at slaughter.  103 

It has been found that HEV generally infects swine asymptomatically at an early point in their life 104 

(prior to 6 months of age (de Oya et al., 2011)), and that because of this, many pigs are seropositive 105 

at the time of slaughter (Grierson et al., 2015; Rose et al., 2011; de Oya et al., 2011). The slaughter 106 

age of pigs is normally slightly before one year of age. The transmission between pigs is suspected to 107 

be through a faecal-oral route and this is likely to be due to the high shedding that is seen in pig 108 

faeces and urine (Bouwknegt et al., 2009; Halbur et al., 2001). Infection with HEV early in life means 109 

that there is a lower chance of the pigs being viraemic at slaughter, and they are therefore less likely 110 

to be capable of HEV transmission to humans through the pork food chain. However, whether HEV 111 

causes life-long immunity in swine after recovery has been open to debate. In rhesus macaques and 112 

humans, the anti-HEV IgG antibodies (characteristic of long term immunity) wane over a variable 113 

number of years until they are undetectable, and the period for which individuals may be IgG-114 

positive for varies (Arankalle et al., 1999; Lee et al., 1994). This may not be an issue in pigs as they 115 

are normally slaughtered before a year of age, so early life infections would likely allow immunity 116 

against subsequent HEV challenge over their lifetime. However, it has been shown that animals can 117 

be re-infected by different HEV strains (De Deus et al., 2008), and whether or not one strain can 118 
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confer protective immunity to all other HEV strains has also been contested. It has been shown that 119 

after infection with one strain of G3 HEV, pigs developed some protective immunity against other 120 

strains within the same genotype, and also within G4 (Sanford et al., 2011). However, in rhesus 121 

monkeys, it was shown that infection with one strain from a genotype could not confer protective 122 

immunity to a strain in a different genotype upon subsequent challenge; and that in some cases, 123 

infection with a different strain from the same genotype could also not confer protective immunity 124 

(Huang et al., 2008). If there is genetic or environmental variation in host development of immunity 125 

to HEV, and some strains of HEV may not provide protection against others, then farms with multiple 126 

circulating HEV strains could be more likely to have viraemic pigs at the time of slaughter. This would 127 

therefore mean that there could be a higher likelihood of contracting HEV from undercooked pork 128 

products or food products containing raw pig components from these sources. 129 

It has been reported that 21% of pigs in the UK tested positive for HEV RNA at the time of slaughter 130 

(Grierson et al., 2015), and that in the USA 6.3% of pigs from slaughterhouses were HEV RNA 131 

positive (Sooryanarain et al., 2020). As such it is probable that the consumption of raw and 132 

undercooked pork products is acting as a transmission route of HEV to humans.  133 

Table 4 summarises studies that have investigated the thermal inactivation of HEV in non-food 134 

matrix samples. Inactivation condition combinations found sufficient to inactivate virus in these 135 

studies are shown in Fig 3. Results vary between the different studies, and several factors make 136 

comparison difficult. The studies use a variety of different units or expressions of 137 

reduction/inactivation. In the study by Huang et al., (1999) a temperature of 56°C for 30 minutes 138 

was reported to completely inactivate the virus; however the virus was only left to grow for a 139 

relatively short period of time (72 hours). However, it was shown that HEV was still viable following 140 

similar heat treatments in cell culture studies with longer growth periods (Emerson et al., 2005; 141 

Tanaka et al., 2007). Schielke et al., (2011) used RNase treatment in an attempt to remove viral RNA 142 

that had broken from the capsid after heat treatment, assuming this would remove RNA from non-143 

viable virus. However, it is unknown if any RNA from viable virus could have been lost during this 144 
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treatment, and the standard deviations seen within the results were relatively large. Without a cell 145 

culture component, it is not possible to say with 100% certainty that remaining detected RNA was 146 

from viable virus. In addition to these limitations, it is known that HEV is difficult to culture 147 

effectively in vitro, often requiring large titres of virus to begin the culture, and therefore it is 148 

possible that the inactivation requirements for HEV have been underestimated as treatments 149 

sufficient to eliminate infectivity in vitro may not completely eliminate in vivo infectivity. Some 150 

researchers have investigated different cell lines and strains of HEV which appear to be more 151 

efficiently cultured in vitro due to insertions within the HEV genome, however culturing these strains 152 

still requires large titres of virus to begin the culturing process (106 copies/ml) (Johne et al., 2014; 153 

Schemmerer et al., 2016).  154 

It is possible that interactions of HEV with organic molecules in food matrices may cause the thermal 155 

inactivation temperature to be higher. Some studies have investigated the thermal inactivation of 156 

HEV within food stuffs, such as liver and pork sausage (summarised in Table 5). These studies have 157 

all taken different approaches to heat inactivation of the virus and the food types used, and 158 

therefore it is difficult to compare the results and form a definitive answer for the heat treatment 159 

required to inactivate the virus within foodstuffs. Feagins et al., (2007) identified that boiling or stir-160 

frying infected pig liver to an internal temperature of 71°C for 5 minutes could prevent infection 161 

when the liver was then fed to pigs. However, though the pigs were not infected by this oral dose, it 162 

is known that pigs commonly require a high dose of HEV to become infected through the faecal-oral 163 

route (Kasorndorkbua et al., 2004), of approximately 106 genome copies (Andraud et al., 2013), and 164 

therefore it is possible that lower doses of active virus were still present in these food stuffs. The 165 

oral infectious dose for humans is unknown. Intravenous inoculation of pigs with the cooked 166 

foodstuffs as carried out by Barnaud et al., (2012) is likely to have provided a more accurate 167 

estimate of whether viable virus still existed, especially as intravenous inoculation of pigs has been 168 

reported to require much lower HEV doses to cause infection (Dähnert et al., 2018). Imagawa et al., 169 

(2018) reported similar inactivation requirements to Feagins et al., (2007). However, the limit of 170 
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detection for the cell culture system was 104-105 genome copies, and therefore, as with the previous 171 

study, viable virus remaining in the minced pork may not have been detected in the cell culture 172 

system. In addition, the different food preparations between the studies may have influenced viral 173 

stability, as could the different strains of G3 HEV used. The initial viral titres used could also have 174 

influenced the results and explain why a longer treatment time was needed in some studies.  175 

Further research is clearly required to investigate HEV inactivation within foods. This may require a 176 

more efficient cell culturing method and an assessment of different foods, cooking methods and HEV 177 

strains. However, taking the results of studies conducted in non-food and food (pork product) 178 

samples together, a conservative measure would be to cook pork products for longer than 20 179 

minutes at temperatures higher than 72°C. 180 

In addition to the potential for HEV to survive some cooking processes, raw pork products are used 181 

in some consumables. Raw blood products are commonly used in ready-cooked foods such as 182 

processed ham (fibrinogen) and other blood proteins are used as food additives such as emulsifiers. 183 

Spray-dried plasma powder (SDPP) is also used in domestic and farm animal foods but this has some 184 

heat processing prior to use. SDPP is commonly fed to weaned piglets; although a previous study 185 

reported no transmission of HEV in pigs fed spray dried plasma products that were positive for HEV 186 

RNA (Pujols et al., 2014), and therefore the heating of spray dried plasma may be sufficient to 187 

inactivate the virus present. However, as other porcine products are not subjected to heat processes 188 

before they are used, they could constitute a transmission risk to humans through use in food. A 189 

study conducted in 2017 found that of 36 liquid porcine products derived from blood, 33 were 190 

positive for HEV RNA, and seven of 24 spray dried plasma products were also positive for HEV RNA 191 

(Boxman et al., 2017). This is especially significant when blood products from multiple animals are 192 

commonly pooled together, meaning that products from one viraemic animal could contaminate a 193 

batch and lead to widespread HEV transmission through many different food products. 194 

Pork product consumption has been considered to be a major risk factor in the development of HEV 195 

due to the connection to foodborne outbreaks and the fact that HEV in pork products can reach high 196 
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levels (e.g. 7x104 genome copies/g in liver pâté in the Netherlands, (Boxman et al., 2019)). However, 197 

pigs are not the only animals consumed which can act as reservoirs for the virus. 198 

 199 

HEV in other Land Animals and Animal Products 200 

In addition to pigs, deer have been reported to be infected with HEV in many different countries 201 

(summarised in Table 6). It is important to identify the transmission risk that deer may have to 202 

humans, as HEV outbreaks have been directly linked to the consumption of raw deer meat. For 203 

example, in Japan, multiple people who had consumed raw Sika deer meat contracted HEV 6-7 204 

weeks later (typical of the HEV incubation period), with the HEV sequence confirmed as 100% 205 

identical between the meat and infected patients (Tei et al., 2003). With the presence of HEV in deer 206 

being so variable between studies (perhaps due to study limitations such as sample size), further 207 

research is required to identify the level of active HEV infection within deer populations through 208 

larger prevalence studies. However, with the number of countries that have detected HEV in deer, 209 

and the occurrence of foodborne outbreaks from deer meat, deer could be acting as another 210 

reservoir for HEV.  211 

There have been reports of HEV infections in cattle (Bos taurus) from China, where both antibody 212 

seroprevalence and HEV RNA of G4 has been identified in multiple studies. Hu and Ma, (2010) 213 

showed the presence of G4 HEV RNA in 8.8% of cattle from Xinjiang Autonomous Region. A 214 

subsequent study then identified that 37.1% of tested dairy cows in Yunnan Province were HEV RNA 215 

positive, and that 100% of the HEV-positive cows were producing milk that contained HEV RNA 216 

(Huang et al., 2016). A further study in Shandong Province also found 3% of yellow cattle to be G4 217 

HEV RNA positive, with 47% seroprevalent for anti-HEV antibodies (Yan et al., 2016). A study in 218 

Turkey identified HEV from G1, G3 and G4 in 20.3% of raw milk samples from various domestic 219 

animals (cows, sheep, goats, donkeys) (Demirci et al., 2019). Other studies investigating HEV in cattle 220 

have produced negative or mixed results; a study in Beijing, China identified 29.4% of cattle were 221 

seroprevalent for HEV, but no HEV RNA could be detected (Chang et al., 2009). A study in Burkina 222 
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Faso also found 26.4% of 72 cattle to be seroprevalent for HEV (Ouoba et al., 2019). Another study in 223 

Germany testing 400 milk samples found no evidence of HEV RNA; although G4 HEV is much less 224 

commonly reported in Europe than in Asia (Baechlein and Becher, 2017). Likewise, a study in 225 

Belgium also found no evidence of HEV RNA in cow milk or faeces (Vercouter et al., 2018). In the 226 

USA, Yugo et al., (2019) identified that of 983 cows, 20.4% were seroprevalent for anti-HEV 227 

antibodies; however HEV RNA could not be detected in any of the cows. The authors concluded that 228 

this may have been because of an antigenically similar relative to HEV rather than due to HEV itself, 229 

which could be possible as G4 HEV is not thought to be endemic to the USA; however this would call 230 

into question the specificity of ELISA assays and studies investigating HEV seroprevalence. 231 

Notwithstanding the significant number of studies with negative findings, these results are 232 

concerning as meat and dairy from cows are consumed worldwide by humans, and the possibility 233 

that cows could be a HEV reservoir could have a significant impact on our understanding of HEV 234 

transmission to humans. More research worldwide is therefore needed to identify which HEV 235 

genotypes are capable of infecting cattle, and to find the prevalence of HEV in cattle and dairy 236 

products. This will help to identify the risk of transmission of HEV from cattle to humans.  237 

Goats have also been shown to be potential reservoirs for HEV infection, which is important due to 238 

goat meat, milk, and cheese production. In Italy in 2016, 9.2% of goat faecal samples from six farms 239 

were found to be positive for HEV RNA, belonging to G3 strains which were highly related to strains 240 

found in pigs and humans (Di Martino et al., 2016). Also, in Yunnan province, China, Long et al., 241 

(2017) found 70.3% of goat faecal samples to be positive for HEV RNA, with milk samples from these 242 

animals also positive for HEV RNA. The strains obtained from these animals were from G4 HEV; and 243 

the Huang et al., (2016) and Long et al., (2017) studies highlight that farms with mixed animals may 244 

demonstrate a higher risk of HEV transmission. Another study in the Tai’an Region in China identified 245 

4% of goat livers to be HEV positive, with G4 HEV that was similar to cow HEV detected in the same 246 

region (Li et al., 2017). In Turkey, 18.5% of goat milk samples were reported positive for HEV RNA 247 
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(Demirci et al., 2019). Meanwhile in Burkina Faso, 28.4% of 81 goats were found to have anti-HEV 248 

antibodies (Ouoba et al., 2019). In the USA however, (Sanford et al., 2013) suggested that a HEV-249 

related agent was causing HEV in goats after discovering a seroprevalence of 16% but a lack of any 250 

HEV RNA; however this again calls into question the accuracy of HEV ELISAs. In addition, no HEV RNA 251 

was detected by conventional RT-PCR in goats that had been experimentally infected with three 252 

different HEV strains from G1, G3 and G4 in this study; however the sensitivity of this PCR may be 253 

lower than previously reported HEV PCR assays, as assays which target a larger amplicon are 254 

generally observed to have lower sensitivity (Debode et al., 2017), and qRT-PCR has generally been 255 

observed to be more sensitive for amplicon detection of HEV and other amplicon targets (Zhao et 256 

al., 2007; Zemtsova et al., 2015). 257 

Dromedary camels have been implicated in the transmission of G7 HEV to humans. In one case, a 258 

patient who regularly consumed camel meat and milk contracted chronic G7 HEV after a liver 259 

transplant (Lee et al., 2016). This chronicity is likely to have been opportunistic and influenced by 260 

immunosuppressive medication to prevent organ rejection. In a separate paper, HEV was 261 

demonstrated to be seroprevalent in 23.1% of dromedary camels which originated in Sudan and 262 

Saudi Arabia (El-Kafrawy et al., 2020). Due to the recent discovery of this genotype of HEV, and its 263 

implication in human infection, further research is warranted to investigate how widespread camel 264 

HEV is within countries which regularly consume camel products to determine the risk such products 265 

may have for the foodborne transmission of HEV. 266 

Rabbits and related species e.g. hares are also gaining increasing attention for their potential to 267 

transfer HEV to humans through consumption of meat. In France, five cases of rabbit HEV (defined 268 

within Orthohepevirus A, G3ra) were identified in confirmed HEV-positive patients out of 919 from 269 

2015-2016 (Abravanel et al., 2017). Several countries have identified rabbits to be seroprevalent and 270 

RNA positive for HEV (table 7). The number of observations and the apparent ability of humans to 271 

contract rabbit HEV suggests that it is a source of zoonotic HEV transmission. However, with most 272 
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human cases worldwide belonging to other genotypes and sub-genotypes, rabbits are likely to be 273 

the cause of only a minority of cases. Studies have shown mixed results in terms of the ability of 274 

rabbits to carry other sub-genotypes of HEV. Zhang et al., (2017) has shown that though rabbits are 275 

capable of carrying sub-genotype 3ra, attempts to cause infections with another sub-genotype (3b) 276 

were unsuccessful; however, Hammerschmidt et al., (2017) identified a wild rabbit with HEV sub-277 

genotype 3g. Further research is therefore needed to identify which genotypes or sub-genotypes of 278 

HEV are capable of infecting rabbits. An interesting observation from the studies summarised in 279 

table 7 is that concordance in HEV prevalence between different samples from the same animals is 280 

often lacking. For example, Burt et al., (2016) found that 60% of liver samples from 32 animals were 281 

HEV positive, however only 16% of these 32 animals were faecally shedding the virus. It may 282 

therefore be wise to identify standardised testing methods worldwide for identification of infected 283 

animals, with a decision made on what samples to test and which assays are best to use, to avoid 284 

underestimating HEV prevalence. 285 

Despite identifying that animal product consumption is a risk factor in the transmission of HEV it is 286 

quite possible that there are other food transmission routes. One study in the Netherlands showed 287 

that though seroprevalence of HEV antibodies was higher in meat-eaters (22.8%), vegetarians still 288 

displayed a relatively high seroprevalence (13.8%) (Slot et al., 2017). This suggests that either they 289 

became HEV-positive before becoming vegetarian through animal meat, or they were infected 290 

through other transmission routes. Fig 2 shows the known and theorised routes of HEV transmission. 291 

One transmission route, which is much more tightly controlled now, was the transmission of HEV 292 

through blood transfusion (Hewitt et al., 2014), which may be one way to explain the seroprevalence 293 

levels in vegetarians. Another explanation could be consumption of dairy products such as milk. It is 294 

also possible to contract HEV through organ transplant with an infected organ (Pas et al., 2012), and 295 

organ transplant-associated cases commonly result in chronic infections due to immunosuppression 296 

medication.  297 
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Contamination of the Aquatic Environment 298 

In addition to medical routes of transmission, it is important to consider the impact that HEV within 299 

animal farm run off and sewage has on the aquatic environment. It has been suggested that human 300 

and farm sewage may have a part to play in other HEV transmission routes, potentially through farm 301 

run-off from animal slurry stores or application of animal slurry to crops; and through contamination 302 

of surface waters used for irrigation and shellfish farms. Raw human sewage collected at two week 303 

intervals in 2014-15 from a sewer which serves the whole of Edinburgh was found to contain HEV in 304 

93% of the samples collected (Smith et al., 2016), and many other countries have also detected HEV 305 

in human sewage influent, such as Spain, Switzerland, Portugal and France (Clemente-Casares et al., 306 

2009; Clemente-Casares et al., 2003; Rodriguez-Manzano et al., 2010; Matos et al., 2018; Masclaux 307 

et al., 2013). This could therefore mean that when storm overflows discharge into water courses 308 

such as rivers and seas, HEV contamination can occur. Because there are many different types of 309 

wastewater treatment practises, and many combinations of practices between wastewater 310 

treatment plants, it is difficult to know which wastewater treatment plants will be more effective at 311 

removing viruses from wastewater. However, other viruses such as adenovirus and norovirus are 312 

commonly found in treated sewage (Bofill-Mas et al., 2006; Campos et al., 2016). It is therefore 313 

possible that in addition to storm overflows, inadequate treatment of sewage could result in HEV 314 

pollution of the aquatic environment, especially considering that HEV is a single stranded RNA non-315 

enveloped virus like norovirus. Pig farm and slaughterhouse sewage has also been found to be 316 

positive for HEV in multiple countries, for example, HEV RNA was detected in sewage from one of 317 

twelve slaughterhouses in Spain (Pina et al., 2000), whilst 75% of swine slurry samples collected 318 

from Italian pig farms were HEV positive (La Rosa et al., 2017), and both fresh swine faecal material 319 

and pooled stored slurry from pig farms in the USA were shown to contain HEV (Kasorndorkbua et 320 

al., 2005). Human sewage, pig farm run off and abattoir outflows could also therefore be 321 

contaminating water courses with HEV, which is supported by studies in Italy, the Philippines and 322 

Cambodia, showing river water contamination with HEV (Iaconelli et al., 2015; Li et al., 2014; Baez et 323 
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al., 2017; Rodriguez-Manzano et al., 2010).  324 

Countries within the European Union must conform to EU regulations on how farm manure, animal 325 

carcasses and digestive tract content are processed, transported, stored, used as crop fertiliser, and 326 

disposed of. The sewage and wastewater that originates on farms must either be discharged to 327 

public sewers or treated in a sewage treatment plant on the farm before the effluent can be 328 

discharged to surface waters, and a permit is required for the processing and disposal of sewage and 329 

wastewater in this way. However, it is possible for farms within EU countries to use sewage and 330 

slurry that has been produced on a farm to be spread on crops at the same farm, without prior 331 

processing, for the sake of fertiliser or soil quality improvement (European Commission, 2001). 332 

Accordingly, the United States also allows manure originating on one farm to be spread on crops 333 

from that farm (Environment Protection Agency, NA). However, manure use and farm practises are 334 

likely to be more diverse and potentially problematic in countries within Asia, Africa, and South 335 

America.  336 

Previous studies have shown that sewage treatment processes such as long term fermentation and 337 

composting are likely to be capable of removing HEV from sewage (García et al., 2014). A study in 338 

Switzerland also identified HEV positive influent samples from wastewater treatment plants, but no 339 

HEV positive effluent samples, suggesting effective wastewater treatment using a cleaning and 340 

activated sludge process (Masclaux et al., 2013).  However, Loisy-Hamon and Leturnier, (2015) 341 

detected HEV in treated pig sewage samples from France that had been treated using one of: 342 

sawdust composting, slurry dehydration or anaerobic digestion. Other studies have found that river 343 

water close to pig farms and pig processing plants had been contaminated with HEV, for example, in 344 

Scotland and Italy (Crossan et al., 2012; Idolo et al., 2013; Marcheggiani et al., 2015). Therefore, it is 345 

possible that leachate (liquid leaching from solids into the environment) from stored manure and 346 

yard run off from farms and abattoirs may be polluting surface waters such as rivers. However, it is 347 

unknown whether all of the virus leaching into the environment is viable – for example, viral RNA 348 

detected in treated sewage may not indicate viable virus, but remaining RNA. 349 
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Crop Contamination 350 

Surface waters from sources such as rivers and groundwater are commonly used as crop irrigation 351 

sources throughout the world (Food and Agriculture Organisation, 2011; Food and Agriculture 352 

Organisation, 2016). Due to the potential contamination of such water with HEV and other 353 

pathogens from faecal matter (whether from human or animal sources), this could cause 354 

contamination of irrigated crops. Animal waste (that can potentially be contaminated with HEV as 355 

shown above) is also used as crop fertiliser for farms. A small number of studies have found some 356 

evidence of crop contamination with HEV. In France, two out of 230 herb and spice samples were 357 

positive for HEV RNA (Loisy-Hamon and Leturnier, 2015), a study testing 125 lettuce samples from 358 

Greece, Serbia and Poland detected four positive samples (Kokkinos et al., 2012), and in Italy, six of 359 

911 “pre-washed and ready to eat” vegetable samples tested positive for HEV RNA (Terio et al., 360 

2017). Another study in four European countries (Czech Republic, Finland, Poland and Serbia) also 361 

detected HEV RNA in one frozen raspberry sample of 38 tested (Maunula et al., 2013). However, it is 362 

important to note that no foodborne outbreaks of HEV from contaminated crops have been 363 

reported, and the quantities of virus found on the crops is also low enough to call into question 364 

whether they would cause illness when consumed. It is also unknown whether the HEV RNA 365 

detected originated from viable virus.  366 

HEV in Bivalve Shellfish and other Aquatic Animals 367 

Bivalve molluscs are filter feeding organisms, meaning that they can accumulate and concentrate 368 

pathogens from their environment within their tissues. In the EU, bivalve shellfish are tested 369 

regularly for faecal contamination, using a faecal indicator, Escherichia coli, in accordance with food 370 

safety regulations. However, studies have shown that though it functions well as a bacterial faecal 371 

indicator, E. coli can be a poor indicator of the presence of faecally-derived viruses. Lowther et al., 372 

(2012) found that norovirus RNA was present in 76.2% of total UK oyster samples 373 
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from commercial harvesting areas, with 73.9% of those samples giving E. coli results compliant with 374 

the end product standard of ≤230 E. coli/100g shellfish flesh. Norovirus within oysters is linked to 375 

human faecal pollution that has originated from storm overflows and CSOs, or sewage that has 376 

received insufficient treatment (Campos et al., 2013; Campos et al., 2016). CSOs release untreated 377 

sewage into surface water to prevent overflows within mains drainage, but outfall events can last for 378 

several hours or days and are often poorly monitored (Marine Conservation Society, 2011). 379 

Considering that farm or abattoir run off, combined sewer overflows, and inadequately treated 380 

sewage could be polluting watercourses with HEV, it is also possible for aquatic organisms, such as 381 

shellfish, to be affected by HEV contamination. Indeed, studies around the world have found HEV to 382 

be present within bivalve shellfish, these are summarised in table 8. The study by Rivadulla et al., 383 

(2019) also showed shellfish to have as much as 1.1 × 105 RNA copies per gram of shellfish tissue, 384 

which is close to the pig ID50, but the human infectious dose is still unknown. It is important to note 385 

however, that not all RNA found in the shellfish may have been associated with viable virus. To date, 386 

there have been no proven foodborne outbreaks of HEV from shellfish consumption, although an 387 

outbreak of HEV on a cruise ship was theorised to have been caused by consumption of shellfish on 388 

the basis of a retrospective risk analysis (Said et al., 2009).  389 

HEV has also been found in other aquatic organisms, including dolphins, who present clinical 390 

symptoms of HEV infection. A study of 31 dolphins at the National Aquarium, Cuba, found that 391 

32.2% of their dolphins were seroprevalent for HEV during two different studies  (Villalba et al., 392 

2017). The cause of the infections within the dolphins was unknown, however, it is possible that 393 

contamination of food items such as fish may be the cause, making an investigation of the presence 394 

of HEV in such animals important to determine whether there is any risk of HEV to humans from the 395 

consumption of fish. It may also be important to investigate the presence of HEV in aquatic 396 

mammals as they are used as a food source in some countries. 397 

Conclusion 398 
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In summary, the host range of HEV appears to be diverse, having been found within pig, deer, rabbit, 399 

cattle, goat, and camels, amongst other animals. HEV has also been detected in shellfish meat as a 400 

result of contamination of their growing waters. Therefore, there is a risk of contracting HEV from 401 

undercooked products from these animals (although it is important to note that epidemiological 402 

evidence of foodborne transmission for many of these is currently lacking), and there is also 403 

potential for other livestock species to be unidentified hosts for the virus. Generally, foodstuffs 404 

containing raw meat or shellfish products are more likely to cause a foodborne infection than 405 

cooked foods or crops due to no thermal inactivation of the virus through cooking. Cooking in such a 406 

way that a minimum internal temperature of 72°C is reached for at least twenty minutes is likely to 407 

completely inactivate any HEV present, however this is likely to produce unwanted deterioration of 408 

organoleptic qualities in some risky food types e.g. shellfish. 409 

In addition to animal meat, milk from cows, sheep, goats, donkeys, and camels has also been found 410 

to contain HEV in some countries, but studies investigating the presence of HEV in milk are much 411 

more limited. Because of this, the true risk of HEV transmission from animal milk is yet unknown and 412 

requires further research. However, if proven to be a prominent transmission route for the virus, a 413 

worrying consideration is that high temperature short time (HTST) pasteurisation of milk products, 414 

which is commonly used in the UK and USA, may be insufficient to reduce infectious HEV within milk, 415 

as generally the heat treatment used for HTST pasteurisation is only 72°C for 15 seconds. Other 416 

pasteurisation methods, such as ultra-high temperature pasteurisation which utilise treatments of 417 

around 135°C for 2-4 seconds, should be more capable of removing viable virus from milk products 418 

due to the higher temperature.  419 

Though crops can also become contaminated with HEV, it seems that the risk of contracting HEV 420 

from them is much less likely, as confirmed outbreaks from crops have not been identified, and the 421 

HEV RNA prevalence and copies of viral RNA present are lower for these foods. However, it may be 422 
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safe to conduct further research into the contamination of irrigation water, and the presence of HEV 423 

in crops from other countries to better assess the risk of contracting HEV from crop contamination. 424 

It has also been shown that marine mammals can be infected with HEV, which is concerning both 425 

from an ecosystem and a seafood point of view. If marine mammals are becoming infected naturally, 426 

it could be possible that fish and other seafood also become contaminated or infected. Considering 427 

that shellfish in many countries have been found to be contaminated with HEV, this is perhaps 428 

something that warrants further investigation. 429 

Due to mixed conclusions between and within countries about HEV presence within different hosts 430 

or matrices, it appears that there needs to be not only standardised and improved methods for the 431 

purpose of HEV detection, but also that further research through larger studies around the world are 432 

required to identify the full host range of HEV and the risk of each potential host to transmit the 433 

virus to humans (through food or other means). In particular, the suggestion that a HEV-related virus 434 

may be causing seroprevalence estimates to be higher than they genuinely are requires 435 

investigation. 436 

Further studies identifying both the seroprevalence and the presence of HEV through ELISA and RT-437 

PCR techniques respectively (or similar techniques identifying RNA presence) would be best 438 

equipped to identify both the prevalence of the virus within animal populations and the amount of 439 

active infections within the populations at that point in time. However, sequencing technologies 440 

such as nanopore RNA sequencing within human and animal populations would also be useful to 441 

identify similarities between HEV sequences, enabling the identification of infection sources. Some 442 

studies investigating the evolution of the virus have already been performed, but are often biased by 443 

the large amount of HEV sequences derived from humans (Forni et al., 2018).  444 

Investigations of HEV within food and environmental matrices using whole genome sequencing 445 
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approaches have been limited so far due to the general observation of low genome copy numbers 446 

and fragmented HEV RNA within these matrices. However, techniques utilising methods such as 447 

multiplexing RNA extracted samples to obtain a full genome from multiple amplicons, followed by 448 

MinION next generation sequencing, which has been successfully applied to sequencing of low levels 449 

of zika virus (Quick et al., 2017), could be instrumental in future efforts to identify low levels of HEV 450 

in a variety of matrices, including foods.  451 

Globally, HEV is an under-recognised viral threat, which causes an increasing case incidence 452 

annually. The best way to tackle a virus is to understand its sources and modes of transmission. 453 

Therefore, further research and better understanding of HEV will allow a better assessment of the 454 

risk that animal products and other foods may have in the transmission of HEV to humans. In turn, 455 

this may allow the introduction of legislative controls to prevent and control the spread of the virus.456 
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Fig 1 The geographical distribution of HEV genotypes 1-4  457 

This figure shows the genotypes of HEV which are endemic to each country, where enough data was 458 
available. For graphs which are compatible with the conditions protanopia, deuteranopia and 459 
achromatopsia please see online resources 1 and 2. Maps created in ArcMap using the World 460 
Countries (generalized) layer package by esri_dm and visualised in GIMP.  461 
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Fig 2 Theoretical and confirmed transmission routes of HEV 462 

The figure shows confirmed and theoretical routes of HEV transmission to humans. The theoretical 463 
routes of transmission include HEV infections contracted from the consumption of shellfish, sheep, 464 
and cows, as well as crops and drinking water, as no confirmed outbreaks from these sources have 465 
yet been identified. Illustration created using Adobe Illustrator and edited using GIMP.466 
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Fig 3 A summary of the reported thermal inactivation requirements for HEV from different 

studies 

 
This graph summarises the observed HEV inactivation requirements for five different studies 
investigating the effect of heat treatment over time on HEV viability, with the highest reported 

inactivation requirements being 70°C for 10 minutes, and the lowest being 56°C for 30 minutes. 
Graph created in R studio.  
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Table 1 Pattern of infection for the different genotypes of HEV, adapted from Centers for Disease 

Control and Prevention, (2020) 

[a]Pathak and Barde, (2017), [b]Spina et al., (2017), [c]Peron et al., (2007), [d]Kumar et al., (2017), 
[e]Jin et al., (2016), [f]Kamar et al., (2014), [g]Horvatits et al., (2019), [h]Mizuo et al., (2005) 
  

Genotype Transmission 
in humans? 

Transmission 
Routes 

Geographical 
distribution 
pattern 

Extrahepatic 
manifestations 

Age 
groups at 
higher 
risk 

Gender 
more 
commonly 
affected 

Lethality 

1 Yes Faecal-oral; 
Waterborne; 
Blood 
transfusion; 
Organ 
donation 

Economically 
developed and 
developing 
countries 

 Pancreatic Differs by 
country 
[a,b]  

Differs by 
country [a,b] 

0.5-1%[c]; 
20% in 
pregnant 
women 
[d,e,f] 

2 Yes Faecal-oral; 
Waterborne; 
Blood 
transfusion; 
Organ 
donation 

Economically 
developing 
countries 

Unknown Young 
adults 

Unknown 0.5-1%[c] 
 

3 Yes Foodborne; 
Blood 
transfusion; 
Organ 
donation 

Economically 
developed and 
developing 
countries 

Chronic infections 
in immune-
compromised 
patients. 
Neurological, 
haematological, 
immunological 
and renal 
manifestations[g] 

Older 
adults 
(>40 
years) 

Males 0.5-1%[c] 
 

4 Yes Foodborne; 
Blood 
transfusion; 
Organ 
donation 

Economically 
developed and 
developing 
countries 

Unknown Young 
adults 

Possibly 
males 
(limited 
data)[h]  

0.5-1%[c] 
 

5 No Faecal-oral  Unknown Unknown Unknown Unknown Unknown 

6 No Faecal-oral  Unknown Unknown Unknown Unknown Unknown 

7 Yes Foodborne; 
Faecal-oral; 
Blood 
transfusion? 

Unknown Unknown Unknown Unknown Unknown 

8 No Faecal-oral Unknown Unknown Unknown Unknown Unknown 
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Table 2 Summary of HEV host species by genotype adapted from Kenney, 2019 

Genotype Hosts identified 

(common names) 

Species infected 

1 Humans, Chimpanzees, 

Monkeys, Horses 

Homo sapiens, Pan troglodytes, Chlorocebus 

sabaeus*, Chlorocebus pygerythrus*, Erythrocebus 

patas*, Macaca mulatta, Macaca radiata, Macaca 

fascicularis, Semnopithecus entellus, Aotus 

trivirgatus*, Saguinus mystax mystax*, Saimiri 

sciureus*, Equus caballus ferus 

2 Humans, Monkeys Homo sapiens, Chlorocebus pygerythrus*, 

Erythrocebus patas*, Macaca mulatta, Macaca 

fascicularis, Aotus trivirgatus*, Saguinus mystax 

mystax*, Saimiri sciureus* 

3 Humans, Monkeys, Hares 

and Rabbits, Rats, Minks, 

Mongooses, Pigs, Goats 

and Sheep, Deer, 

Dolphins, Horses, 

Vultures 

 

Homo sapiens, Erythrocebus patas, Macaca mulatta, 

Macaca fascicularis, Macaca fuscata, Lepus 

europaeus, Oryctolagus cuniculus domesticus, Rattus 

norvegicus, Neovison vison, Herpestes javanicus, Sus 

scrofa, Sus scrofa domestica, Capra hircus aegagrus, 

Ovis aries orientalis, Cervus elaphus, Cervus nippon, 

Capreolus, Tursiops truncatus, Equus africanus, Equus 

caballus ferus, Gyps himalayensis 

4 Humans, Monkeys, 

Gerbils, Dogs, Bears, 

Leopards, Pigs, Cows, 

Goats, Deer, Cranes, 

Pheasants 

Homo sapiens, Macaca fascicularis, Macaca mulatta, 

Meriones unguiculatus*, Canis lupus familiaris, Ursus 

thibetanus,  Neofelis nebulosa,  Sus scrofa,  Sus scrofa 

domesticus, Bos taurus primigenuis, Bos grunniens, 

Capra hircus aegagrus, Ovis aries orientalis, Cervus 

nippon, Elaphodus cephalophus,  Muntiacus reevesi, 

Balearica regulorum, Lophura nycthemera 

5 Monkeys, Pigs Macaca fascicularis, Sus scrofa 

6 Pigs Sus scrofa 

7 Humans, Camels Homo sapiens, Camelus dromedarius,  

8 Camels  Camelus bactrianus 

*Infections instigated through experimental conditions 
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Table 3 A list of the seroprevalence levels of anti-HEV antibodies in pigs and the percentage of 

pork products found to be HEV-positive by RT-PCR in those locations 

Location Pig sample population anti-

HEV antibody seroprevalence 

Percentage of tested 

foodstuffs HEV-positive by 

RT-PCR 

Brazil 63.6%  of 357 pigs (Vitral et 

al., 2005) 

1.7% of 118 slaughterhouse 

livers (Gardinali et al., 2012)  

Canada  59.4% of 998 pigs (Yoo et al., 

2001) 

8.8% of 283 livers, 1.0% of 

599 pork chops (Wilhelm et 

al., 2014) 

47.0% of 76 pork pâtés and 

10.5% of 19 retail raw pork 

livers (Mykytczuk et al., 2017) 

France 31.0% of 6565 pigs (Rose et 

al., 2011); 60% of 1034 pigs 

(Feurer et al., 2018) 

4.0% of 3715 slaughterhouse 

livers (Rose et al., 2011)  

2.8% of 1034 slaughterhouse 

livers (Feurer et al., 2018)  

30.0% of 140 figatelli and 

fitone, 29.0% of 169 liver 

sausages, 25.0% of 55 

quenelles or quenelle paste, 

3.0% of 30 dried salted livers  

(Pavio et al., 2014) 

58.3% of 12 raw liver sausage 

(Colson et al., 2010) 

Germany 49.8% of 1072 pigs (Baechlein 

et al., 2010)  

4.0% of 200 retail livers 

(Wenzel et al., 2011) 

20.0% of 70 raw sausages and 

22.0% of 50 liver sausages 

(Szabo et al., 2015) 

Italy 45.1% of 2700 pigs (Mughini-

Gras et al., 2017)  

20.8% of 48 slaughterhouse 

livers (Di Bartolo et al., 2011)  
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6.0% of 33 slaughterhouse 

livers (Di Bartolo et al., 2012) 

13.3% of 15 fresh liver 

sausages, 7.1% of 14 dried 

liver sausages (Di Bartolo et 

al., 2015) 

Japan 57.9% of 2500 pigs (Takahashi 

et al., 2003) 

1.9% of 363 retail livers 

(Yazaki et al., 2003) 

Netherlands 89.0% of 417 organic pigs, 

72% of 265 conventionally 

farmed pigs, 76% of 164 free 

range pigs (Rutjes et al., 

2014) 

6.5% of 62 commercial pork 

livers (Bouwknegt et al., 

2007) 

12.7% of 79 livers, 70.7% of 

99 liver sausages, 68.9% of 90 

liver pâté samples (Boxman et 

al., 2019) 

Spain 20.4% of 1441 pigs (de Oya et 

al., 2011) 

6.0% of 93 sausages, 3.0% of 

39 slaughterhouse livers (Di 

Bartolo et al., 2012) 

Switzerland 62.3% of 1001 pigs in 2006, 

53.8% of 999 pigs in 2011 

(Burri et al., 2014) 

1.3% of 160 slaughterhouse 

livers (Müller et al., 2017) 

11.8% of 102 raw liver 

sausages (Giannini et al., 

2017) 

11.7% of 90 pork liver and 

raw meat sausages (Moor et 

al., 2018) 

UK 92.8% of 629 pigs, with 20.5% 

viraemic at slaughter 

(Grierson et al., 2015) 

10.0% of 63 sausages, 3.0% of 

40 slaughterhouse livers 

(Berto et al., 2012) 

USA 21.9% of 182 pigs (Owolodun 

et al., 2013) 

11.0% of 127 retail liver 

(Feagins et al., 2007) 
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Table 4 A summary of studies investigating thermal inactivation treatments for HEV in non-food 

matrix samples 

Study Cell culture or molecular 

detection? 

Genotype Heat treatment  Growth 

period 

Inactivation/ 

Reduction Temperature 

(°C) 

Time 

(minutes) 

Emerson 

et al., 

(2005) 

Cell culture, 

HepG2/C3A cells 

1 (strain Akluj1) 56 60 5-6 days >80% reduction 

1 (strain SAR552) 56 60 5-6 days ~50% reduction 

2 (strain 

Mex143) 

60 60 5-6 days 96% reduction 

Huang et 

al., (1999) 

Cell culture, A549 cells 3 (strains G93-

1*, G93-2*, 

G93-3*, G93-4*) 

56 30 72 hours <1.0 

(TCID50/0.025 

ml)  

Johne et 

al., (2016) 

Cell culture, A549/D3 

cells 

3 (strain 

47832c6) 

55 1 35 days ~1 log reduction 

in focus forming 

units 

70 2 “no infectious 

virus” 

Schielke et 

al., (2011) 

Molecular detection  3 (strain 

wbGER275) 

56 15 N/A 74.07% 

reduction 

3 (strain 

wbGER275) 

56 60 N/A 99.90% 

reduction 

Tanaka et 

al., (2007) 

 

Cell culture, PLC/PRF/5 

cells 

3 (strain JE03-

1760F4) 

 

70 10 35 days “no infectious 

virus” 

3 (strain JE03-

1760F4) 

56 30 50 days “still infectious” 

*Accession numbers unknown; 1AF107909; 2M80581.1; 3KX578717.1; 4AB437319.1; 5FJ705359.1; 
6KC618403.1 
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Table 5 A summary of studies investigating thermal inactivation treatments for HEV in foodstuffs  

Study Food stuff Cooking 

method 

Temperature 

(°C) 

Time 

(minutes) 

Measurement 

of inactivation 

HEV 

inactivated? 

Barnaud et al., 

(2012) 

Pâté 

preparation 

(spiked with 108 

HEV genome 

copies) 

Water bath 62 5 Intravenous 

administration 

to pigs 

No 

20 No 

120 No 

68 5 No 

10 No 

20 No 

71 5 No 

10 No 

20 Yes 

Feagins et al., 

(2008) 

Pig liver 

(naturally 

infected) 

Incubation 56 60 Oral 

administration 

to pigs 

No 

Boiling ≥71 (internal) 5 Yes 

Stir fry ≥71 (internal) 5 Yes 

Imagawa et 

al., (2018) 

Minced meat 

(spiked with 

1010 HEV 

genome copies) 

Boiling or 

roasting 

63 1 Cell culture No 

5 No 

30 Yes 

65 1 No 

5 Yes 

70 1 No 

5 Yes 
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Table 6 Summary of studies investigating the prevalence of HEV in deer 

Study Location Deer species ELISA observed 

seroprevalence 

RT-PCR 

prevalence 

Weger et al., (2017) Canada Odocoileus virginianus 

(White-tailed deer) 

8.8% ND† 

Odocoileus hemionus 

(Mule deer) 

4.5% ND† 

Rangifer tarandus 

groenlandicus (Barren-

ground caribou) 

1.7% ND† 

Rangifer tarandus 

(Woodland caribou) 

5.2% ND† 

Zhang et al., (2015) China Cervus nippon (Sika 

deer) 

5.4% ND† 

Anheyer-Behmenburg 

et al., (2017) 

Germany Capreolus (Roe deer) 0.0%  6.4% 

Cervus elaphus (Red 

deer) 

0.0%  3.5% 

Neumann et al., (2016) Cervus elaphus (Red 

deer) 

2.5% 3.7% 

Capreolus (Roe deer) 6.5% 0.0% 

Reuter et al., (2009) Hungary Capreolus (Roe deer) ND† 12.2% 

Di Bartolo et al., (2017) Italy Cervus elaphus (Red 

deer) 

13.6% 11.0% 

Sonoda et al., (2004) Japan Cervus nippon (Sika 

deer) 

2.0%  0.0% 

Matsuura et al., (2007) Cervus nippon (Sika 

deer) 

2.6% 0.0% 

Tomiyama et al., (2009) Cervus nippon 

yesoensis (Yezo deer) 

34.8% ND† 

Spancerniene et al., 

(2018) 

Lithuania Capreolus (Roe deer) ND† 22.6% 

Cervus elaphus (Red 

deer) 

ND† 6.7% 
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Medrano et al., (2012) Mexico Odocoileus virginianus 

(White-tailed deer) 

62.7% ND† 

Rutjes et al., (2010) The Netherlands Cervus elaphus (Red 

deer) 

8.0% 15.0% 

Capreolus (Roe deer) 12.5% 0.0% 

Boadella et al., (2010) Spain Cervus elaphus (Red 

deer) 

10.4% N/A* 

Kukielka et al., (2016) Cervus elaphus (Red 

deer) 

12.9% 11.1% 

Roth et al., (2016) Sweden Capreolus (Roe deer) 7.0%  0.0% 

Cervus elaphus (Red 

deer) 

7.0%  0.0%  

* did not test full sample population which were tested for seropositivity; ND† not done 
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Table 7 A summary of studies identifying HEV (genotype 3ra) in rabbits and hares 

Country Study Seroprevalence RNA prevalence 

Burkina Faso Ouoba et al., (2019) 60.0% of 100 rabbits, 

52.6% of 19 hares 

ND† 

Canada Xie et al., (2017) ND† 5.0% of 63 companion 

rabbit faecal samples, 

0.90% of 114 commercial 

rabbit faecal samples 

China Geng et al., (2011a) 54.6% of 119 farmed 

rabbits 

7.0% of 119 farmed rabbit 

serum samples 

Geng et al., (2011b) 15.4% of 1094 farmed 

rabbits 

2.0% of 1094 farmed 

rabbit serum samples 

Xia et al., (2015) ND† 5.0% of 492 rabbit faecal 

samples 

Li et al., (2020a) ND† 15.0% of 120 rabbit faecal 

samples 

Li et al., (2020b) 7.1% of 70 farmed 

rabbits 

11.4% of 70 farmed rabbit 

faecal samples 

France Izopet et al., (2012) ND† 7.0% of 200 farmed rabbit 

bile samples, 23.0% of 205 

wild rabbit liver samples 

Germany Eiden et al., (2016) 30.8% of 13 wild 

rabbits 

30.8% of 13 wild rabbit 

serum samples 

Hammerschmidt et al., 

(2017) 

37.3% of 164 wild 

rabbits, 2.2% of 669 

wild hares 

17.1% of wild rabbit serum 

samples, 0.0% of wild hare 

serum samples 

Ryll et al., (2018) 25% of 72 wild rabbits 34.7% of 72 wild rabbit 

liver samples 

Corman et al., (2019) 0.04% of 2389 wild 

hares 

2.6% of 2389 wild hare 

serum samples 

Italy Di Bartolo et al., (2016) 3.4% of 206 farmed 

rabbits, 6.6% of 122 

pet rabbits 

0.0% of 7 IgG positive 

farmed rabbit serum 
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ND† not done  

samples, 0.0% of 122 pet 

rabbit serum samples 

The 

Netherlands 

Burt et al., (2016) ND† 23.0% of 35 petting farm 

rabbit faecal samples, 0% 

of 10 farmed rabbit liver 

and faecal samples, 60.0% 

of 32 wild rabbit liver 

samples and 16% of wild 

rabbit faecal samples 

Poland Bigoraj et al., (2020) 6.0% of 482 farmed 

rabbits 

14.9% of 482 farmed 

rabbit liver samples 

South Korea Ahn et al., (2017) ND† 6.4% of 264 rabbit faecal 

samples 

USA Cossaboom et al., 

(2011) 

36.5% of 85 rabbits 16.5% of 85 serum 

samples, 15.3% of 85 

faecal samples  
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Table 8 The presence of HEV in shellfish in different countries   

Location  Study  Percentage of shellfish HEV-

positive  

China Gao et al., (2015)  17.5% of 126 

shellfish samples* of various 

species from production areas  

Denmark  Krog et al., (2014) 0% of 29 mussel samples* 

from 19 production areas  

France Grodzki et al., (2014)  0% of 286 shellfish samples* 

of various species from two 

production areas  

Italy  La Rosa et al., (2018)  2.6% of 384 shellfish samples* 

of various species from 

production areas  

Japan  Li et al., (2007)  6.3% of 32 Yamato-

Shijimi clam samples*  

Scotland  Crossan et al., (2012) 85.4% of 48 individual wild 

mussels 

O’Hara et al., (2018)  2.9% of 310 retail 

shellfish samples* (mussels 

and oysters) 

Spain Mesquita et al., (2016) 14.8% of 81 

mussel samples* from a 

production area  

Rivadulla et al., (2019) 24.4% of 164 mussel, clam, 

and cockle samples* 

*Where the study states that samples of shellfish were tested, it was either stated or assumed in 
each publication that each “sample” would have been formed by ten or more shellfish individuals 
and is therefore technically a pooled sample. 
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Supplementary Data 
Supplementary data provided includes alternative versions of Fig 1 which are compatible for 

people with the conditions deuteranopia, protanopia and achromatopsia. The Fig 1 displayed in 

the article is compatible for the conditions protanomaly, deuteranomaly, tritanopia, tritanomaly, 

and achromatomaly, tested using colour blindness filters in GIMP.  

Supplementary data 1: Fig 1 compatible for the conditions deuteranopia and protanopia 

Fig 1 The geographical distribution of HEV genotypes 1-4 

 

This figure shows the genotypes of HEV which are endemic to each country, where enough data 
was available. Maps created in ArcMap using the World Countries (generalized) layer package by 
esri_dm and visualised in GIMP. 
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Supplementary data 2: Fig 1 compatible for the condition achromatopsia 

Fig 1 The geographical distribution of HEV genotypes 1-4 (achromatopsia compatible) 

 

This figure shows the genotypes of HEV which are endemic to each country, where enough data 

was available. Maps created in ArcMap using the World Countries (generalized) layer package by 

esri_dm and visualised in GIMP. 
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