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Abstract
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Foodborne viruses such as norovirus, hepatitis A virus and hepatitis E virus cause a high
burden of disease worldwide. Reverse transcription (RT) quantitative real-time PCR (qPCR)
is the current standard method for monitoring viral contamination in the food chain. However,
quantitative detection of viruses in food is challenging and RT-qPCR has several limitations,
for example in terms of biased quantification and high variability of results. Therefore, there is a
high need for further developments to provide reliable data for official controls, risk assessments
and surveillance studies.

The aim of this thesis was to develop, improve and validate methods for molecular
detection and quantification of viruses in food. Particular emphasis was placed on evaluating
the usefulness of a new technique, RT droplet digital PCR (ddPCR), for food virological
applications. In addition, many foodborne viruses have high sequence variability, which makes
assay development for PCR-based methods time-consuming and error-prone. Another important
focus was therefore to simplify and improve the design process for such assays.

Five articles form the basis for this work. In Paper I, we validate and evaluate RT-ddPCR
for quantitative detection of noroviruses in oysters. In Paper II we show that (RT)-ddPCR can
provide less biased quantification of viruses with high sequence variability compared to (RT)-
qPCR. In Paper III we develop and validate a new improved assay for hepatitis A virus in
food. In Paper IV we present a new tool for the design of (RT)-PCR assays for viruses with
high sequence variability. In the last study, Paper V, we optimise and validate a method for
quantitative detection of hepatitis E virus in pork sausages.

In addition, through a combined analysis of the validation data from Papers I, III and
V, we show that RT-qPCR performs somewhat better in qualitative detection, but that RT-
ddPCR is superior to RT-qPCR in quantitative detection. Furthermore, we demonstrate through
comparisons with data from Poisson distributions that we achieve almost ideal precision in
quantification with RT-ddPCR.

In summary, this work presents methodological improvements for quantitative detection of
the three most important foodborne viruses in high-risk foods. I hope that such methods will
help us to better understand the transmission routes and epidemiology of foodborne viruses and
reduce the burden of foodborne diseases.
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Introduction 

In recent years, foodborne viruses such as norovirus, hepatitis A virus (HAV) 
and hepatitis E virus (HEV) have become an important concern for the food 
industry and regulatory authorities. Foodborne viral infections cause a high 
burden of disease worldwide and are now considered a top food safety priority 
by risk assessment experts [1, 2]. Reverse transcription (RT) quantitative real-
time PCR (qPCR) is the standard method for monitoring viral contamination 
in the food chain [3, 4], but detection and quantification of viruses in food is 
challenging and RT-qPCR has several limitations. For example, the method 
relies on external quantification standards, which can lead to quantification 
bias, and measurement results often exhibit high variability, both within and 
between laboratories [5].  

Highly accurate detection and quantification methods are required to provide 
reliable data for official controls, risk assessments and surveillance studies. 
An incorrect test result can lead to large batches of food being unnecessarily 
withdrawn from the market, resulting in large economic losses, or conversely, 
contaminated food remaining on the market and causing a large disease bur-
den. Therefore, to ensure that test results contribute to appropriate decision-
making, all analytical methods intended for food control must be thoroughly 
validated before they are used [6]. 

The aim of this thesis was to develop, improve and validate methods for mo-
lecular detection and quantification of viruses in food. Particular emphasis 
was placed on evaluating the usefulness of a new technique, RT droplet digital 
PCR (ddPCR), for food virological applications. It has previously been hy-
pothesised that RT-ddPCR offer lower bias and higher precision in quantifi-
cation compared to RT-qPCR [5]. In addition, many foodborne viruses have 
high sequence variability, making assay design for PCR-based methods time-
consuming and error-prone. Poorly designed assays can lead to underestima-
tion of virus concentration or, in the worst case, false-negative results. Another 
important focus of this work was therefore to simplify and improve the design 
process for such assays. 

Five articles form the basis for this thesis. In Paper I, we optimise, validate 
and evaluate RT-ddPCR for quantitative detection of noroviruses in oysters. 
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In Paper II, we investigate how sequence variability of the target virus influ-
ence quantification in RT-qPCR and RT-ddPCR. In Paper III, we develop and 
validate a new assay for quantitative detection of HAV in food and provide an 
in-depth analysis of the variability associated with RT-qPCR and RT-ddPCR. 
In Paper IV, we develop and evaluate a new tool for the design of (RT)-PCR 
assays for viruses with high sequence variability. In the final study, Paper V, 
we validate an optimised method for quantitative detection of HEV in pork 
sausages.  

I hope that the tools and methods presented here will support future research, 
outbreak analyses and risk assessments. Activities that, in the long term, will 
help to better understand the epidemiology of foodborne viruses and reduce 
the burden of foodborne disease. 

The work was carried out at the Swedish Food Agency and the Department of 
Medical Sciences at Uppsala University, with financial support from the Eu-
ropean Union Reference Laboratory (EURL) for foodborne viruses at the 
Swedish Food Agency (Papers I-V), the Swedish Civil Contingencies Agency 
(Papers I-III) and Ivar och Elsa Sandbergs stipendiefond (Paper V).  
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Background 

What is a foodborne virus?  
Viruses are infectious, obligate intracellular parasites that depend on a suscep-
tible host cell for replication. In the environment, viruses exist as small parti-
cles, virions, consisting of an RNA or DNA genome, surrounded by a protein 
capsid and sometimes a lipid envelope derived from a host cell membrane [1]. 
A small proportion of all known viruses can cause disease in humans, and 
foodborne viruses are those that cause disease after ingestion of food or drink-
ing water. Several viruses can be transmitted through food, but norovirus and 
hepatitis A virus (HAV) are the most commonly reported causes of foodborne 
viral illness worldwide. In addition, hepatitis E virus (HEV) has recently 
gained increasing attention as an emerging foodborne pathogen [7].    

Norovirus  
Norovirus is the most common cause of acute gastroenteritis in all age groups 
worldwide, causing an estimated 699 million cases and 70,000-220,000 deaths 
annually [8-10]. Food consumption is a common route of transmission for no-
rovirus, and the World Health Organisation (WHO) ranks norovirus as one of 
the top contributors to the total global burden1 of foodborne illness, on par 
with Campylobacter spp., Salmonella and enteropathogenic Escherichia coli 
(EPEC) [2]. Norovirus is estimated to contribute to 7.6% of total disability-
adjusted life-years (DALYs) from foodborne illness [1, 2]. 

Taxonomy, genome and virion  
The genus Norovirus belongs to the family Caliciviridae. It consists of a di-
verse group of viruses that among others infect humans, cattle, dogs, sheep, 
mice, pigs and cats [11]. The genus is divided into ten accepted genogroups 
(GI-X) and two tentative genogroups (GNA1 and GNA2) [12].  Infections in 
humans are caused by GI, GII and, to a very small or at least less known ex-
tent, GIV [13].  

                               
 
1As estimated in disability-adjusted life years (DALYs) 
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Human norovirus genomes consist of a 7.6 kilobases (kb) long, positive sense 
(+), single-stranded RNA molecule with three open reading frames (ORFs) 
[13, 14]. ORF1 encodes a large non-structural polyprotein, ORF2 encodes the 
major structural protein VP1 and ORF3 encodes the minor structural protein 
VP2. The genome is linked to a viral protein (VPg) at the 5’ end and is poly-
adenylated at the 3’ end [13]. The ORF1 polyprotein is processed by a virus 
encoded protease (Pro) to form six individual proteins involved in viral repli-
cation, including the RNA-dependent RNA polymerase (RdRp) responsible 
for genome replication [11].  

The virion is small (28-30 nm in diameter) and non-enveloped. The capsid 
consists of an icosahedral arrangement of 90 dimers of VP1 [15]. In addition, 
a few copies of VP2 are associated with the inner surface of the capsid [11, 
16, 17]. VP1 consists of three domains: an N-terminal domain, an intermediate 
shell (S) domain and a protruding (P) domain [15]. The P domain is the most 
variable part of the genome and contains epitopes for immune recognition and 
cellular receptor interactions [18].   

Genotypes and genetic diversity  
Noroviruses evolve rapidly and exhibit remarkable genetic and antigenic 
(amino acid) variation; different genogroups have only 51-56% RNA se-
quence identity with each other [19]. Genogroups are classified into genotypes 
based on the sequences of the polymerase (RdRp) and capsid (VP1) genes 
[20]. At the last classification in 2019, over 60 polymerase (P) types and 49 
capsid types had been described [12]. Within a genogroup, the different gen-
otypes have an RNA sequence identity of 69-97% [19]. 

The high genetic diversity can be explained by large population sizes, short 
generation times and high substitution rates [21]. As with most other known 
RNA viruses (with the coronavirus family being a notable exception [22]), the 
RdRp of norovirus lacks 3’-to-5’ exonuclease proofreading activity, resulting 
in an error-prone but efficient replication process [23, 24]. During replication, 
a swarm of new viral genomes with different nucleotide substitutions emerges, 
so that the virus constantly evolves through genetic drift under the selective 
pressure of the host immune system. In addition, noroviruses also evolve 
through genetic shift resulting from recombination between different strains 
during coinfection. Recombination within the overlap between ORF1 and 
ORF2 can lead to new combinations of polymerase and capsid types [17, 25].  

In the last 20 years, strains of capsid type GII.4 have been responsible for 
about 70% of all reported norovirus cases [26]. New drift variants of GII.4 
have appeared with a periodicity of 2-3 years, causing global pandemics of 
gastroenteritis [13, 21, 26]. In 2012, a new successful drift variant called GII.4 
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2012 Sydney emerged, and in addition to genetic drift, this variant evolve also 
through recombination, suggesting that recombination somehow favours the 
persistence of the virus in the human population [26, 27]. However, while 
GII.4 strains typically causes large outbreaks and spreads effectively between 
individuals in closed or semi-closed environments, non-GII.4 types, such as 
GI.3, GI.6, GI.7, GII.3, GII.6 and GII.12 are thought to be more commonly 
associated with foodborne transmission and sporadic cases [28].  

Clinical picture 
Human noroviruses infect epithelial cells in the small intestine and cause acute 
gastroenteritis [29]. The average incubation period is estimated to one to two 
days and the most common symptoms are diarrhoea and vomiting, sometimes 
accompanied by abdominal pain, headache and fever [13]. However, not all 
people are equally susceptible to norovirus infection and not all genotypes are 
equally pathogenic [17]. The disease is usually self-limiting within one to 
three days, but the disease can be more severe in people with underlying med-
ical conditions, and very young or very old age is a risk factor for mortality 
from the infection [13]. In addition, norovirus can cause chronic infection of 
varying severity in individuals with underlying immune deficiencies, suggest-
ing that these individuals may serve as reservoirs for the virus [30]. Asymp-
tomatic infection is also common, and both symptomatic and asymptomatic 
individuals experience extensive faecal shedding of the virus (up to 105-109 

genomic copies per gram faces), which may persist for several days to weeks 
after the onset of infection [13, 31]. Like most successful human-specific 
foodborne viruses, norovirus is stable outside its host and is likely to remain 
infectious in the environment for at least several days to weeks [32]. The in-
fectious dose is difficult to determine, but is estimated to be from one to ten 
virus particles or from 15 to 1300 genome copies [1, 33, 34].  

Norovirus infection results in adaptive immunity that may last for months to 
years. An effective vaccine to control the disease burden would be of great 
benefit both from an economic and public health perspective. Unfortunately, 
the development of a vaccine is hampered by several factors, including the 
uncertain duration of immunity, potentially limited heterotypic immunity, on-
going viral evolution, uncertain efficacy in immunocompromised individuals, 
and the lack of a robust cell culture system for human norovirus [13]. There-
fore, there is currently no licenced vaccine, but there are promising candidates 
in preclinical research and some have reached clinical trials [13, 35-37].  
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Transmission and epidemiology  
Noroviruses transmit between humans mainly via the faecal-oral route. Trans-
mission can occur through close contact between people or through contami-
nated food, water or surfaces. Foods commonly implicated in norovirus out-
breaks include raw or lightly cooked shellfish, soft fruits, green leafy vegeta-
bles and ready-to-eat foods [7, 38]. Norovirus contamination can occur essen-
tially anywhere in the food chain, from cultivation, irrigation and harvesting 
to the final stages of preparation [7]. The epidemiology follows a clear sea-
sonal pattern, with the incidence of outbreaks being highest in the winter 
months [39]. There is no conclusive evidence of zoonotic transmission (trans-
mission from animals to humans), but genetic material from human no-
roviruses has been found in cattle, dogs and pigs [40, 41]. 

Human noroviruses in oysters  
Contamination of oysters with human noroviruses is an important food safety 
concern. A large number of outbreaks have been reported in the scientific lit-
erature and in official statistics [42]. In Paper I of this thesis, particular em-
phasis was placed on the evaluation of methods for quantitative detection of 
noroviruses in oysters. Therefore, the following sections describe how oysters 
become contaminated with noroviruses and how microbiological risk assess-
ment and management of oysters are currently carried out in Sweden and 
many other countries within the EU. 

Norovirus contamination of oysters  
Human noroviruses are present in municipal wastewater, especially during the 
winter months. Wastewater treatment reduces norovirus concentrations only 
to a limited extent, by a factor of about 10-1000 [43-45], resulting in large 
numbers of infectious norovirus particles entering adjacent coastal waters and 
oyster production areas [46, 47]. Oysters are filter feeders that efficiently ac-
cumulate virus particles in their digestive tract. Norovirus can remain stable 
in the environment for long periods of time [32], and because oysters are usu-
ally eaten raw, infectious virus particles can be transmitted to humans. The 
risk of norovirus contamination of oysters depends on several factors includ-
ing temperature, the number of norovirus infections in the community and the 
proximity of production areas to sources of contamination, particularly sew-
age outlets [48].    

Microbial criteria and classification of production areas   
In Sweden and most other countries in the EU, oysters are not routinely tested 
for norovirus. Instead, competent authorities classify oyster (and mussel) pro-
duction areas as Class A, B or C based on the concentration of the faecal in-
dicator E. coli in order to monitor and manage microbial risks arising from 
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human faecal contamination. Oysters from Class A areas can be dispatched 
directly for human consumption. In contrast, oysters from Class B or C areas 
must be decontaminated before consumption, either by depuration in commer-
cial tanks (Class B) or by relaying the oysters to marine or estuarine areas 
(Class B or C) [49, 50] (Figure 1). However, relaying and depuration remove 
viruses less efficiently than bacteria, and the presence of E. coli does not ac-
curately reflect the presence of noroviruses. Consequently, oysters that are 
considered safe by bacteriological standards may still contain noroviruses [51, 
52]. It has therefore been concluded that the current criteria for assessing the 
microbial risk in oysters are not sufficient to protect consumers from exposure 
to norovirus [53]. 

 
Figure 1. A schematic picture of production of oysters intended for raw consumption. 
The image was created with BioRender.com and adapted and simplified from [50]. 

Prevalence of norovirus RNA in oysters  
Several studies have been conducted to estimate the prevalence of human no-
roviruses in oysters by measuring the presence of norovirus RNA using re-
verse transcription-polymerase chain reaction (RT-PCR) based methods. A 
large European survey conducted between 2016 and 2018 found an overall 
prevalence of norovirus RNA of 35% in production areas and 11% in dispatch 
centres [49]. As expected, there was a strong seasonal effect with higher prev-
alence in the winter months. Other studies conducted in production areas, dis-
patch centres and retail outlets in different European countries found preva-
lences ranging from 5% to 76% [43, 48, 54-56]. However, it is important to 
note that the presence of norovirus RNA does not indicate whether the virus 
particles are infectious (i.e. pose a risk of infection to humans) or not. 

Discussions on future EU legislation on norovirus in oysters  
Because of the limitations of the current E. coli-based classification system, a 
microbiological criterion for noroviruses in oysters has been proposed for EU 
legislation. The European Commission is currently (as of October 2022) con-
sidering ways to implement such a criterion in practice (personal communica-
tion, Magnus Simonsson, EURL for foodborne viruses). One proposal that has 
been discussed is the introduction of a quantitative threshold value, because 
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previous studies have shown that there is a strong association between human 
disease and high norovirus RNA concentrations in oysters (thousands of ge-
nome copies/g) [57-59], while low concentrations (less than about 150 ge-
nome copies/g) are less commonly associated with disease outbreaks [58]. In-
deed, the majority of the positive samples in the studies mentioned in the pre-
vious section contained relatively low concentrations of norovirus RNA, often 
less than a few hundred genome copies/g.  

Hepatitis A virus 
Hepatitis A virus is the second most commonly reported cause of foodborne 
viral illness [1]. There are an estimated 114 million human HAV infections 
worldwide each year, but the incidence and burden of disease vary widely 
from country to country [60]. The overall global burden of foodborne hepatitis 
A is equal to or only slightly lower than that of foodborne norovirus [2]. Food-
borne HAV infections have gained attention in Europe in recent years, with 
several large, international outbreaks linked to frozen berries reported [61-63]. 

Taxonomy, genome and virion 
Hepatitis A virus, or Hepatovirus A, belongs to the genus Hepatovirus within 
the family Picornaviridae [64]. Unlike norovirus, HAV has a high degree of 
genetic and antigenic conservation, and all human HAV strains belong to a 
single serotype. However, a certain degree of genetic variability between 
strains allows HAV to be divided into six genotypes (I-VI). Genotypes I-III 
are associated with humans, while genotypes IV-VI infect simians [64].  

The genome of HAV consists of a positive-sense, 7.5 kb long, single-stranded 
RNA molecule. It contains a single open reading frame (ORF) flanked by two 
untranslated regions (UTRs). The 5’ UTR is the most conserved region of the 
genome and harbours an internal ribosomal entry site (IRES). The 5’ UTR is 
bound to a viral protein (VPg, or 3D) and the 3’ UTR is short (40-80 nucleo-
tides) and polyadenylated. The ORF encodes a polyprotein with three different 
regions: P1, P2 and P3. The P1 region codes for the viral proteins VP4, VP2, 
VP3 and VP1. VP4 is essential for formation of the virion, and VP2, VP3 and 
VP1 are the major proteins of the capsid. P2 and P3 encode non-structural 
proteins associated with RNA synthesis, replication and virus assembly (2A, 
2B, 2C, 3A, 3B, 3C and 3D). Upon translation, the polyprotein is cleaved by 
the viral protease 3C [65]. 

The virion is quasi-enveloped, meaning it is non-enveloped in the faeces and 
enveloped in the bloodstream [66]. The naked capsid is about 30 nm in diam-
eter and has an icosahedral arrangement composed of 60 copies of VP1, VP2 
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and VP3. It remains unclear whether VP4 is incorporated into the mature cap-
sid. However, it is assumed that VP4 plays an important role in the entry of 
the virus into the host cell and in the release of the viral genome into the cy-
tosol [67]. 

Human HAV subtypes   
The human HAV strains (genotypes I-III) are divided into seven subtypes: IA, 
IB, IC, IIA, IIB, IIIA and IIIB [68, 69]. Within the VP1/2A region (the region 
most commonly used for genome characterisation), the sequences differ by 
15-25% between genotypes and 7.0-7.5% between subtypes [70]. The distri-
bution of subtypes varies in different geographical regions. Subtypes IA and 
IB are the most common variants in most parts of the world, while subtype 
IIIA is more common in South Asia [71]. However, strains of subtype IIIA 
are thought to spread rapidly to other parts of the world [7, 72, 73].  

Clinical picture   
Hepatitis A virus replicates in hepatocytes and affects liver function, trigger-
ing an immune reaction that leads to liver inflammation [74]. The clinical pic-
ture ranges from asymptomatic to liver failure and death, and the severity of 
symptoms generally increases with age. In most young children, the infection 
is asymptomatic or mild, while severe disease is more common in the elderly 
and people with underlying chronic liver disease. The incubation period 
ranges from two to six weeks (the average is four weeks), and common symp-
toms include loss of appetite, nausea, vomiting, abdominal pain, fever, dark-
coloured urine, pale stools and jaundice (yellowing of the eyes and skin) [75]. 
However, not all people experience all symptoms, and jaundice does not de-
velop in all symptomatic cases. The symptoms usually resolve completely 
within two months with no evidence of chronic infection or liver damage. 
However, 10-15% of infected symptomatic individuals experience longer-
lasting symptoms or relapse within six months [76, 77].  

Fulminant hepatitis is a rare but serious complication of HAV infection and is 
developed in 0.1-0.3% of cases. When it occurs, the mortality rate is 80% [74]. 
The risk of fulminant hepatitis is higher in people with underlying chronic 
liver disease. However, the risk may also depend on viral factors. Previous 
findings suggest that nucleotide or amino acid substitutions within the 5’ UTR 
and the P2 and P3 regions are associated with a more severe disease course 
[78]. In addition, a meta-analysis suggests that subtypes IB and IIIA are more 
frequently associated with fulminant hepatitis [79].  

Most infected individuals begin to excrete large numbers of viral particles in 
faeces one to two weeks after exposure. Viral excretion peaks just before any 
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eventual symptoms appear, with up to 109 infectious viral particles per gram 
of faeces [69, 80]. Importantly, faecal excretion may continue for up to several 
months after the onset of infection [81, 82]. There is no specific treatment for 
hepatitis A, and hospitalisation is usually not required in the absence of acute 
liver failure. Infection produces life-long immunity and several vaccines are 
available [7].  

Transmission and epidemiology  
Like norovirus, HAV is transmitted mainly via the faecal-oral route, either 
directly from person to person or through ingestion of contaminated food or 
water. Both sporadic cases and outbreaks are common [83]. The virus may be 
present in sewage, thereby contaminating shellfish production areas and irri-
gation water for berries and vegetables, leading to foodborne outbreaks [7]. 
Foods that have been associated with HAV infection include bivalve mollus-
can shellfish [84, 85], strawberries [61, 62, 86], raspberries [87, 88], blueber-
ries [89], dates [63], leafy green vegetables [90-92] and semi-dried tomatoes 
[93, 94]. The virus can also be transmitted by blood, especially among people 
who inject drugs (PWID) [95]. Sexual transmission also occurs, and several 
outbreaks have been reported among men who have sex with men (MSM) [96, 
97].  

The anti-HAV seroprevalence is highly related to socioeconomic indicators 
and sanitary conditions such as access to clean drinking water [95, 98, 99]. 
Low-income regions in Africa, Asia, the Middle East and South and Central 
America have the highest seroprevalence. In these areas, most people (90%) 
become infected at a very young age with an asymptomatic or mild infection 
that leads to lifelong immunity [98]. In regions with high incomes and good 
sanitary standards, the seroprevalence of HAV is very low. Here, only a few 
people are infected as children, which means that the majority of the adult 
population is susceptible (if not vaccinated). Symptomatic infections can 
therefore occur through travel to endemic regions or through consumption of 
imported high-risk food or among high-risk groups such as PWID and MSM 
[96, 97]. In regions of intermediate seroprevalence, a relatively large propor-
tion of the adult population is susceptible to infection. These countries may 
therefore have a relatively high burden of disease from symptomatic HAV 
infections and pose higher risk for foodborne transmission due to many sus-
ceptible individuals and relatively high levels of HAV circulating in the pop-
ulation and in sewage water [98].  
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Hepatitis E virus  
Hepatitis E virus infections in humans have gained increasing attention in re-
cent years, especially in Europe. The virus is now considered the most com-
mon cause of acute viral hepatitis worldwide, and it is estimated that 12% of 
all people become infected with HEV during their lifetime [100]. However, 
the prevalence varies widely between geographical regions and study popula-
tions, and the true burden of disease is still largely unknown [100, 101].  

Taxonomy, genome and virion  
Hepatitis E virus was originally classified as a calicivirus but now belongs to 
the family Hepeviridae. The family includes two genera: Piscihepevirus and 
Ortohepevirus. Piscihepevirus contains a single species, Piscihepevirus A, the 
cutthroat virus, while Ortohepevirus contains the species Ortohepevirus A, B, 
C and D. Ortohepevirus A infects a wide range of mammals, including hu-
mans, domestic pigs, wild boar, deer, sheep, rabbits, mongooses and camels; 
Ortohepevirus B infects birds; Ortohepevirus C infects rats, minks, ferrets, 
shrews and bandicoots; and Ortohepevirus D infects bats [102-104]. Ortohe-
pevirus A contains at least eight genotypes (HEV-1-8), of which HEV-1-4 are 
known to infect humans. HEV-1 and -2 are human-specific, while HEV-3 and 
-4 are zoonotically transmitted from domestic pigs, wild boar, deer and mon-
gooses [101, 103]. In addition, HEV-7 infection has been reported in a liver 
transplant patient associated with consumption of camel meat and milk [105]. 

The HEV genome consists of a single-stranded, positive-sense RNA molecule 
with a length of 6.4-7.2 kb. The genome has three ORFs flanked by short 5’ 
and 3’ end UTRs. The 5’ UTR contains a cap structure and the 3’ UTR is 
polyadenylated [106, 107]. ORF1 encodes a non-structural polyprotein, ORF2 
a capsid protein and ORF3 encodes a small protein associated with virion for-
mation, pathogenesis and virus exit from the host cell [102, 108, 109]. The 
virion is small (27-34 nm in diameter) and quasi-enveloped [110]. The ORF1 
polyprotein has several functional domains involved in viral replication and 
protein processing. It remains unclear whether the polyprotein is cleaved into 
smaller individual proteins after translation [111]. 

Clinical picture  
Most HEV infections are asymptomatic or mild and go unnoticed by the 
healthcare system. However, in 5-30% of cases, there is a classic presentation 
with acute icteric hepatitis, which is clinically indistinguishable from hepatitis 
A. The incubation period is two to six weeks and the disease is initially char-
acterised by fever, nausea, vomiting, malaise and abdominal discomfort. Jaun-
dice develops in 40-75% of patients and the disease is usually self-limiting 
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within weeks to months. However, patients with underlying chronic liver dis-
ease are at risk of developing life-threatening acute liver failure. Immunocom-
promised individuals often develop a chronic infection [104, 112]. 

In developing countries, pregnant women are particularly at risk of developing 
severe HEV-1 and -2 infections with a mortality rate of up to 20-25% in the 
third trimester. Death is usually caused by haemorrhage, eclampsia or acute 
liver failure. In addition, stillbirths and vertical transmission to the surviving 
baby are also common [104, 112, 113]. Excess mortality or increased risk to 
mothers and infants is not observed with HEV-3 and -4 infections [112].  

Acute and chronic HEV infections can sometimes cause extra-hepatic mani-
festations such as neurological disorders and impaired renal function. The 
most commonly reported HEV-related neurological disorders are neuralgic 
amyotrophy, Guillain-Barré syndrome, Bell's palsy, myelitis and polyradicu-
lopathy [104, 114-117]. A hepatitis E diagnosis may be overlooked if extra-
hepatic manifestation dominates the clinical picture [115].  

Both symptomatic and asymptomatic HEV infections produce long-lasting 
immunity [104]. A human vaccine has been available in China since 2011, but 
is not licenced in any other country. There is currently no commercially avail-
able vaccine for domestic pigs, although it has been discussed as a possible 
control measure to reduce zoonotic transmission of the virus [101]. No spe-
cific treatment is required for hepatitis E in most cases, and hospitalisation is 
usually not necessary if there is no acute liver failure [118]. 

Transmission and epidemiology  
The human-specific genotypes (HEV-1 and -2) have been found mainly in 
subtropical or tropical regions with low hygiene standards. These genotypes 
are mostly associated with faecal-oral transmission through contaminated 
drinking water and may cause large outbreaks. The zoonotic genotypes (HEV-
3 and -4), on the other hand, cause mostly sporadic cases. Genotype 3 is wide-
spread in Europe, America and Asia, while genotype 4 is mainly found in 
Northeast Asia [101, 104, 119]. Consumption of raw or insufficiently cooked 
pork products has been identified as the most common route of transmission 
of these genotypes to humans, but transmission is also likely to occur through 
contact with infected animals, blood transfusions, consumption of contami-
nated drinking water or bivalve molluscan shellfish [101, 120-124].  

Hepatitis E in Europe  
In the European Economic Area (EEA) and the EU, the number of reported 
cases of hepatitis E increased tenfold between 2005 and 2015 (from 514 to 
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5,617 cases per year). This increase could partly be explained by better aware-
ness and diagnostics, but the disease is still considered underdiagnosed in Eu-
rope [101]. Most cases are caused by locally acquired HEV-3 infections, and 
consumption of pork or wild boar products, raw pork liver sausages or other 
processed pork products, such as cold-smoked, fermented or air-dried sau-
sages, has been identified as a main risk factor for infection [101, 125-127].  

Detection and quantification of viruses in food  
Nucleic acid-based techniques such as PCR and RT-PCR have greatly im-
proved the ability to detect viruses and have become the gold standard for 
detecting viruses in food [3, 4]. However, it is not possible to perform PCR or 
RT-PCR directly on a food sample. Most food samples are complex, inhomo-
geneous and contain substances that can interfere with (RT)-PCR analysis [1, 
128]. Moreover, human pathogenic viruses are often present in low numbers 
in food and therefore remain below or close to the detection limit of most 
analytical methods available to date [1]. Nevertheless, many foodborne vi-
ruses are highly infectious, which means that even small amounts of viruses 
can pose a significant health risk to humans. Unlike many foodborne bacteria, 
there is currently no way to efficiently culture and thereby enrich viruses from 
food. The (RT)-PCR step must therefore be preceded by techniques that con-
centrate and separate the viruses from the food matrix. The exact protocol de-
pends on the type of food, but in general the analytical procedure consists of 
three steps: 1) virus extraction or separation of the virus from the food matrix, 
2) nucleic acid extraction and 3) (RT)-PCR-based detection or quantification 
[128]. In addition, if the sample is positive, genotyping is often performed to 
further characterise the virus and to establish an epidemiological link between 
the food sample and infected humans. Genotyping involves the amplification 
of a specific, relatively variable part of the genome and subsequent sequencing 
using Sanger’s chain-termination method or next generation sequencing 
(NGS) technologies. 

International standard methods  
An international standard method for quantitative detection of norovirus GI, 
norovirus GII and HAV in the most relevant food matrices was published in 
2017 through the International Organisation for Standardisation (ISO 15216-
1:2017, Microbiology of the food chain - Horizontal method for determination 
of hepatitis A virus and norovirus using real-time RT-PCR - Part 1: Method 
for quantification) [3, 129]. In addition, a corresponding method for qualita-
tive detection was published in 2019 (ISO 15216-2:2019, Microbiology of the 
food chain - Horizontal method for determination of hepatitis A virus and no-
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rovirus using real-time RT-PCR - Part 2: Method for detection) [4]. The stand-
ards describe specific procedures for virus extraction from foods frequently 
involved in viral outbreaks, such as leafy green vegetables, soft fruit (e.g., 
raspberries and strawberries), bivalve molluscan shellfish, food surfaces and 
bottled water. The RNA extraction step is the same for all food types, and is 
based on disruption of the viral capsids with guanidine thiocyanate followed 
by adsorption of nucleic acid onto silica beads and elution [130]. The proposed 
RT-PCR protocols involve singleplex (separate) detection and quantification 
of the different target viruses using RT real-time PCR. Several quality controls 
are included to reduce the risk of false positive and false negative results. Fig-
ure 2 shows a schematic diagram of the procedures for quantitative detection 
of norovirus GI, norovirus GII and HAV from bivalve molluscan shellfish, as 
described in ISO 15216-1:2017 [3].  

No standard method currently exists for HEV, but a standardisation process 
for a method to detect HEV in meat products was initiated in 2021 via the ISO 
(ISO/TC 34/SC 9/WG31 Hepatitis E virus). 

 
Figure 2. Schematic overview of the procedures for quantitative detection of norovirus 
GI, norovirus GII and HAV from bivalve molluscan shellfish according to ISO 15216-
1:2017. The image was created with BioRender.com and adapted and modified from 
ISO 15216-1:2017, Annex A [3]. 

PCR and RT-PCR  
The PCR technique is the result of a long series of scientific breakthroughs 
and technical advances [131]. The technique was first described in Science in 
1985 [132], was awarded the Nobel Prize in Chemistry in 1993 and has since 
then revolutionised the field of molecular biology. PCR works by copying a 
selected part of a DNA molecule to a concentration that can be detected by 
various methodologies. A DNA template (e.g. genomic material from a virus) 
is added to a reaction mixture containing a thermostable DNA polymerase 
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(e.g. Taq polymerase), nucleotides, specific ions, a buffer solution and a for-
ward and reverse primer. Primers are short, single-stranded oligonucleotides 
that bind exclusively to the desired DNA target. The DNA template is ampli-
fied by temperature changes in 20-50 cycles with steps of DNA denaturation, 
primer annealing and extension. The PCR technique is highly sensitive and 
often allows the amplification and detection of one or a few DNA molecules. 

RNA targets such as norovirus, HAV and HEV, must be converted to comple-
mentary DNA (cDNA) by reverse transcription (RT) before PCR. This is re-
ferred to as RT-PCR and can be done in one-step (in one tube, with PCR start-
ing immediately after RT, as used in this thesis) or in two steps (with RT done 
first in one tube, followed by PCR in another). The RT can be initialised with 
target-specific primers (as used in this thesis), random hexamer primers or 
oligo(dT)s (if the target molecule has a poly(A) tail).  

How the PCR product is detected depends on the type of PCR. In conventional 
PCR, the DNA is separated with agarose gel electrophoresis after the reaction 
is complete. The gel is stained with a DNA-binding dye so that the PCR prod-
ucts can be visualised under UV light. Newer applications such as real-time 
and digital PCR often use a fluorescent dye that binds to double stranded (ds) 
DNA or a hydrolysis probe directly in the reaction mixture. A hydrolysis 
probe is a short, single-stranded oligonucleotide that binds specifically to the 
DNA template between the two primers. It is labelled with a reporter (a fluo-
rescent dye, e.g. 6-carboxyfluorescein, FAM) at one end and a quencher at the 
other end (another fluorescent dye, e.g. 6-carboxytetramethylrhodamine, 
TAMRA or a non fluorescent quencher, e.g. Black hole quencher (BHQ)). 
When the probe is intact, the reporter and the quencher are in close proximity, 
and no fluorescent signal is emitted. However, when the probe has annealed 
to the target sequence and amplification occurs, the probe is digested by the 
5’-3’ exonuclease activity of the DNA polymerase. A fluorescent signal is 
then emitted when the quencher and fluorophore detach. Most quantitative 
PCR applications in virology now use hydrolysis probes as this reduces the 
risk of false-positive signals compared to dsDNA-binding dyes. This is be-
cause probes are specific to the target sequence of interest, whereas dsDNA-
binding dyes bind to any dsDNA. Another advantage of hydrolysis probes 
over dsDNA-binding dyes is that they are less sensitive to fluorescence inhi-
bition by e.g. humic acid from environmental or water samples [133, 134]. 

Real-time PCR  
The real-time or quantitative PCR (qPCR) technique became widely available 
in the early 2000s and has since gained enormous popularity in a variety of 
applications, including the analysis of viruses in food. In this technique, the 
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fluorescence is recorded at each cycle of the amplification process so that am-
plification can be followed as the reaction progresses (Figure 3). Positive sam-
ples show increased fluorescence compared to negative samples. The ampli-
fication cycle where the fluorescence increases the most or exceeds a certain 
threshold is called the cycle of quantification (Cq). A low Cq value indicates 
a high target concentration and vice versa.  

 
Figure 3. Fluorescence data plot from RT-qPCR analysis, showing a positive and neg-
ative sample. The reaction was run in 45 amplification cycles and the Cq value of the 
positive sample was estimated to 27. 

Quantification  
Quantification of the target concentration is usually done by analysing a quan-
tification standard consisting of a serial dilution of known concentrations of 
the target, in parallel with the sample(s). The log transformed concentration 
of the quantification standard is plotted against the obtained Cq value, and a 
linear regression analysis is performed to describe the relationship between 
the target concentration and the Cq value (Figure 4). The quantification stand-
ards often consist of in vitro transcribed RNA or dsDNA from plasmids or 
PCR amplicons containing the target sequence of interest. The nominal con-
centration of the standard is usually determined by a spectrophotometric or 
fluorometric method.  
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Figure 4. A qPCR standard curve generated with a quantification standard from a ten-
fold serial dilution of the target at known concentrations of 50, 500, 5000, 50,000 and 
500,000 copies/reaction. The dots represent obtained values from the standard, the 
black line represent fitted values from linear regression and the shaded areas represent 
a pointwise 95% confidence interval of the fitted values. The target concentration of 
the positive sample in the example in Figure 3 (with a Cq of 27) was estimated to be 
13,000 copies/reaction.  

Digital PCR 
In recent years, digital PCR has been recognised as a useful alternative to real-
time PCR. The idea of digital PCR was described already in the 1990s (then 
referred to as limited dilution PCR [135]), but it was not until the 2010s that 
the technique became widely commercially available. When this project 
started in early 2016, to our knowledge only one digital PCR-based method 
for the analysis of viruses in food had been published, by Coudray-Meunier et 
al. in 2015, who evaluated digital PCR for the quantification of HAV and no-
rovirus GI and GII in food and water samples [136].  

The basic principle of digital PCR is to divide each sample into a large number 
of very small partitions. These partitions can be formed by a grid structure on 
a small chip (as in chip-based digital PCR, cdPCR) or by droplets (as in digital 
droplet PCR, ddPCR, which was used in this work). In ddPCR, a sprayer dis-
perses each prepared (RT)-PCR reaction into thousands of nanoliter-sized 
droplets, which are kept separate using water-oil emulsion technology. The 
target molecules present in the sample are uniformly distributed into these 
droplets. For a positive sample, this means that some droplets will contain at 
least one target molecule while others will be empty. After droplet generation, 
(RT)-PCR is performed in a conventional thermal cycler. Amplification will 
take place only in the droplets that contain at least one target molecule. Since 
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the reaction mixture contains fluorescently labelled hydrolysis probes or 
dDNA-binding dyes, droplets in which amplification has occurred will show 
higher fluorescence than droplets in which no amplification has occurred. The 
fluorescence level of each droplet is recorded with a flow cytometer after com-
pletion of the (RT)-PCR. Droplets with high fluorescence level will be classi-
fied as positive and droplets with low fluorescence level will be classified as 
negative (Figure 5). The technique requires that at least one droplet is nega-
tive. Otherwise, the sample must be diluted and analysed again. 

 
Figure 5. Fluorescence data plot from a RT-ddPCR analysis showing a negative sam-
ple (left) and a positive sample (right). Each dot represents a single droplet. Red dots 
represent droplets that were classified as positive and blue dots represent droplets that 
were classified as negative.  

Quantification  
When the reaction and analysis are complete, the numbers of positive and neg-
ative droplets in the sample are known. However, it is not known whether the 
positive droplets originally contained one, two, three or even more copies of 
the target molecule. In a sample with, say, 10% positive droplets, it is quite 
unlikely that a positive droplet contained more than one target molecule. In 
contrast, in a sample with 90% positive droplets, it is very likely that a positive 
droplet was occupied by more than one copy of the target molecule. The av-
erage number of copies per droplet in the original sample is determined using 
Poisson statistics, based on the proportion of negative droplets. Then, since 
the droplet volume is known from the manufacturer, the number of target mol-
ecules in the whole sample can be calculated. This type of quantification is 
based on the assumptions that the droplets are of equal size and that the solu-
tion is perfectly mixed, i.e. that the target molecules in the reaction mixture 
are uniformly distributed in the different droplets. 
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Important differences between droplet digital PCR and real-time 
PCR 
There are three important differences between qPCR and ddPCR: 
 

• In qPCR, detection and quantification is based on the changes in the 
fluorescence level during the reaction (real-time detection), whereas 
in ddPCR, detection and quantification is based on the fluorescence 
level after the reaction is completed (endpoint detection).  
 

• In qPCR, an external quantification standard is required for absolute 
quantification, whereas in ddPCR, quantification is performed di-
rectly in each sample, so no external quantification standards are 
needed.  
 

• In qPCR, the sample is present in a single compartment, whereas in 
ddPCR the sample is divided into many small compartments.  

With these differences, ddPCR offers a number of potential advantages over 
qPCR [5], which will be discussed in more detail in the following sections. 
Before doing so, however, it is important to introduce the concept of accuracy, 
trueness and precision of a quantitative measurement method. 

Accuracy  
Accuracy is an important performance parameter for quantitative measure-
ment methods, and is divided into trueness and precision [137]. Trueness re-
fers to the degree of agreement between the average of a large number of test 
results and an accepted reference value, while precision refers to the degree of 
agreement between independent measurement results under specified condi-
tions [138] (Figure 6).  
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Figure 6. Illustration of the performance parameter accuracy, consisting of trueness 
and precision.  

Trueness  
Trueness refers to systematic measurement errors [137]. Such errors are con-
sistent and can be caused, for example, by the use of an incorrect quantifica-
tion standard, an incorrectly calibrated instrument or by staff making the same 
mistake over and over again due to inadequate training. Trueness is often as-
sessed as bias. The determination of trueness often involves the analysis of a 
certified reference material, where the obtained concentration of the reference 
material is compared to the stated reference value. It is important to know the 
trueness of a method in order to compare analytical results between different 
assays or laboratories.  

Precision  
Precision is related to random measurement errors [137]. Such errors are un-
avoidable and can be caused, for example, by variations in sampling, pipet-
ting, the enzymatic processes in RT-PCR and instrumental variations during 
e.g. fluorescence detection in the PCR machine. Precision is often expressed 
as a standard deviation (SD) or as a coefficient of variation (CV, which is the 
SD divided by the mean, i.e. the relative variability). Precision can be meas-
ured under different conditions. Repeatability conditions applies when inde-
pendent test results are generated using the same measurement method for 
identical samples, in the same laboratory, with the same operator, with the 
same equipment and under a short period of time. Reproducibility conditions 
applies when independent test results are generated using the same measure-
ment method for identical samples, in different laboratories, with different op-
erators and with the use of different equipment [138]. 
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Potential advantages of droplet digital PCR over real-time PCR 
The following sections summarise some potential advantages of ddPCR over 
real-time PCR that may be beneficial for quantitative detection of viruses in 
food.  

Droplet digital PCR may have higher trueness  
Despite recent efforts to harmonise and standardise methods for the analysis 
of viruses in food, there are still significant differences in RT-qPCR measure-
ments between different laboratories. Different laboratories often use quanti-
fication standards that are prepared and quantified in different ways, which 
can lead to significant quantification bias. However, even when harmonised 
standards are used, there can be considerable variation in results (Figure 7). 
Quantification by ddPCR may have higher trueness than (RT)-qPCR because 
no quantification standards are required. This has the potential to facilitate 
standardisation and harmonisation across laboratories [5]. 

 
Figure 7. Measured concentration of norovirus GI in an oyster sample analysed by 23 
laboratories in different European countries using a standardised, RT-qPCR-based 
method (ISO 15216-1:2017 [3]) and the same quantification standard. The data orig-
inates from a proficiency test arranged by the EURL for foodborne viruses [139].  

Droplet digital PCR may have higher precision   
Quantification by ddPCR has been shown to have higher precision in quanti-
fication than qPCR [5, 140, 141]. This has been attributed to the endpoint de-
tection technique. Small, random differences in amplification kinetics affect 
when (at which cycle in the reaction) detectable fluorescent signals are emitted 
from a sample. In qPCR, such differences directly affect the Cq value and 
consequently the quantification in relation to the standard curve. However, in 
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ddPCR, quantification is not affected as long as the fluorescence signal of the 
positive droplets reaches above the threshold after the reaction is complete [5]. 

Droplet digital PCR may better resist PCR inhibition 
Certain molecules from the food sample matrix or reagents added during sam-
ple preparation may act as PCR inhibitors and interfere with PCR analysis. 
These substances can lead to an underestimation of the target concentration 
or, in the worst case, to false negative results. PCR inhibitors can act in various 
ways, e.g. by reducing the activity of DNA polymerase, by quenching fluo-
rescence or by binding directly to single-stranded DNA so that annealing of 
primers and probes to the target sequence is impeded [134]. Examples of PCR 
inhibitors are humic substances from soil and sediment and bile salts from 
faeces [134, 142, 143]. Because of the endpoint detection strategy, quantifica-
tion by digital PCR has in some cases been shown to be less affected by subop-
timal PCR performance caused by PCR inhibitors, if the inhibitors do not 
completely abolish amplification [5, 136, 144, 145]. In addition, the fact that 
the ddPCR sample is divided into several small compartments may also play 
a role in increased tolerance to PCR inhibitors, as there are potentially fewer 
interactions between inhibitor molecules and the molecules involved in the 
PCR amplification process [134]. 

Droplet digital PCR may be less affected by target sequence variability  
Complementary binding (Watson-Crick base pairing) between primers, 
probes and their templates is critical for successful PCR analysis. However, 
for targets with high sequence variability, like many RNA-viruses, is often 
impossible to design primers and probes that match all sequence variants of 
interest perfectly. Mismatches between primers and their templates can affect 
the stability of the duplex formation and the efficiency of the DNA polymerase 
in extending the primer [146]. In general, primer-template mismatches at the 
3’ end of the primer are particularly unfavourable, as these mismatches can 
disrupt the nearby active site of the DNA polymerase [146-148]. However, 
the effects of mismatches are highly context dependent and depend on factors 
such as the annealing temperature in the PCR, where a lower temperature pro-
vides more permissive duplex formation, the choice of polymerase and buffer 
system and the type of mismatch. For example, A-C, C-A, T-G or G-T mis-
matches have been shown to have less severe effects than for example A-A, 
G-A, A-G or C-C mismatches [146]. Probe-template mismatches may affect 
the stability of the probe-template duplex and lead to underestimation of the 
target concentration or false-negative results if the probe does not hybridise 
appropriately with the target [149]. Again, because of the endpoint detection 
strategy, quantification by ddPCR has in some cases shown to be less affected 
by suboptimal PCR performance caused by sequence mismatches [5, 150, 
151].  
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Assay design and viral sequence variability   
One of the most important factors for a well-functioning (RT)-PCR assay is 
the design of primers and probes (oligonucleotides). An optimally designed 
oligonucleotide should bind exclusively to the desired target sequence and not 
fold or form stable interactions with itself or other oligonucleotides within the 
same reaction, so-called primer dimers or hairpin formations [152]. Even with 
highly conserved target sequences, the design process is complicated as there 
are several constraints to consider. For oligonucleotides, these include length, 
melting temperature, guanine-cytosine (GC) content, potential to interact with 
other oligonucleotides and non-target sequences. For intended target se-
quences, these include amplicon length, GC content, sequence complexity and 
possible RNA secondary structures [152, 153].   

Many viruses, especially RNA viruses, evolve rapidly and exhibit large se-
quence variation between different strains (see examples in Figure 8). A major 
challenge in oligonucleotide design for viral targets is therefore to account for 
variability and/or identify conserved regions of the genome [153]. However, 
the conserved regions are often very short and may still have some degree of 
sequence variability (see example in Figure 9). Furthermore, in applications 
such as genotyping, there is often an interest in amplifying a specific, more 
variable part of the genome. For sequence variable viruses, it is therefore often 
impossible to find oligonucleotide binding and amplicon regions that meet all 
the desired design criteria. Suboptimally designed oligonucleotides will most 
likely affect the performance of the (RT)-PCR assay [152]. 

A common approach for amplifying sequence variable targets is to use degen-
erate oligonucleotides. A degenerate oligonucleotide has at least one position 
with multiple possible bases, and degeneracy refers to the number of unique 
sequence variants that the oligonucleotide comprises. Degenerate bases are 
specified by the International Union of Pure and Applied Chemistry (IUPAC) 
nomenclature [154]. For example, the IUPAC consensus character Y can be 
either C or T and N can be A, C, G or T, and the sequence ACYTN has a total 
of 1*1*2*1*4 = 8 unique sequence variants. However, as degeneracy in-
creases, the proportion of sequence variants that perfectly match a given target 
sequence and the synthesised PCR products decreases, resulting in lower am-
plification efficiency [149, 155]. In addition, a larger number of oligonucleo-
tides increases the likelihood of unspecific interactions with other targets. 
Therefore, it is often recommended to find oligonucleotide binding regions 
with as little degeneracy as possible. Manual identification of such regions can 
be error-prone and time-consuming. Several strategies and tools have been 
developed to assist in the design of degenerate oligonucleotides [153, 156-
162]. However, many of these tools are highly specialised to meet specific 
requirements and applications. 
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Figure 8. Genomic sequence variability of norovirus GI, norovirus GII, HAV and 
HEV, as measured by Shannon entropy. A value of zero indicates complete conserva-
tion and a high value indicates high variability. The dots represent the value at each 
position in the genome and the lines represent running averages. The data are gener-
ated from multiple DNA sequence alignments of all complete genomes of each virus 
species available in the nucleotide database at the National Center for Biotechnology 
Information.   
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Figure 9. Visual representation of the most conserved region of the HEV genome, 
flanked by highly variable regions. The figure shows the proportion of individual nu-
cleotides at each position from a DNA sequence alignment of all complete HEV ge-
nomes available in the nucleotide database at the National Center for Biotechnology 
Information.   

Performance evaluation and validation of new methods  
An incorrect test result can have serious consequences. A false-positive result 
can lead to large batches of food being unnecessarily withdrawn from the mar-
ket, resulting in major economic losses. On the other hand, a false-negative 
result can lead to contaminated food remaining on the market and causing a 
large burden of disease. Therefore, to ensure that the test results contribute to 
appropriate decision-making, all analytical methods intended for food control 
must be thoroughly validated. A validation study is usually conducted by per-
forming a series of experiments to determine various performance character-
istics of the method. The results are compared against predefined performance 
criteria and a decision is made as to whether the method is fit for its intended 
purpose [6].  

Validation can take the form of a large study involving several laboratories 
(inter-laboratory validation) or a smaller study within a single laboratory (in-
tra-laboratory validation). Inter-laboratory validation is usually performed as 
part of the standardisation of methods, e.g. by the ISO. If a laboratory uses a 
validated standardised method, a smaller verification study is sufficient to 
show that it can be used correctly. However, if a laboratory develops a new 
method, it must be thoroughly validated before implementation [6]. The exact 
performance parameters that need to be determined during the validation study 
depend, for example, on the intended use of the method and the field of appli-
cation. Examples of performance parameters that are frequently included in 
validation studies for food virological applications are limit of detection 
(LOD), trueness, precision and limit of quantification (LOQ).   
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Aim 

General aim  
The general aim of this thesis was to develop, improve and validate method-
ologies for detection and quantification of viruses in food. Particular emphasis 
was placed on evaluating the usefulness of RT-ddPCR for food virological 
applications.  

Specific aims  

Paper I  
Oysters are often associated with norovirus outbreaks, but the presence of no-
rovirus RNA in oysters does not necessarily pose a health risk to humans. 
There is a strong association between human illness and the consumption of 
oysters with high levels of norovirus RNA, while oysters with low levels of 
norovirus RNA are less commonly associated with illness [58]. In addition, a 
microbiological criterion for noroviruses in oysters has been proposed as a 
future EU legislation (personal communication, Magnus Simonsson, EURL 
for foodborne viruses). Highly accurate quantification methods are important 
for reliable food control in general and for future EU legislation in particular.   

The aim of Paper I was to optimise, validate and evaluate RT-ddPCR for quan-
titative detection of noroviruses in oysters, and to compare it to the current 
standard method, RT-qPCR.  

Paper II 
A single RT-qPCR assay targeting the 5' UTR of the hepatitis A virus genome 
is commonly used to detect hepatitis A virus in food [84]. The assay is in-
cluded in the informative annexes of ISO 15216-1:2017 [3] and ISO 15216-
2:2019 [4]. The 5’ UTR is the most conserved region of the genome [163], but 
even this region has some sequence heterogeneity.  
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The aims of Paper II were 1) to investigate possible mismatches between dif-
ferent hepatitis A virus strains and the oligonucleotides of the above-men-
tioned assay and 2) to study how common and potentially severe mismatches 
identified in 1) affect quantification in RT-qPCR and RT-ddPCR. 

Paper III  
Several recent international outbreaks highlight the importance of foodborne 
transmission of hepatitis A virus [61-63], and therefore optimised and well-
characterised detection methods are needed to support outbreak investiga-
tions.  

The aim of Paper III was to develop and validate a new assay for quantitative 
detection of hepatitis A virus in food, adapted for both RT-qPCR and RT-
ddPCR. 

Paper IV 
Viral sequence variation is one of the most important factors to consider when 
developing RT-PCR assays for foodborne viruses. However, manual evalua-
tion of this parameter is time-consuming and error-prone, and there are rela-
tively few open, automated tools available for this purpose [162].  

The aim of Paper IV was to develop and evaluate a new tool for simplified 
design of primers, probes and (RT)-PCR assays for sequence-variable viruses. 

Paper V 
Hepatitis E virus infection is an important emerging zoonosis and surveillance 
of contaminated sausages and other products from domestic pig or wild boar 
is becoming an important strategy to mitigate public health risks. Several de-
tection methods for pork products are available, but robust data on qualitative 
and quantitative method performance parameters are still limited, and no in-
ternational standard method currently exists. Efficient methods with docu-
mented performance characteristics are therefore necessary to support risk as-
sessment studies and outbreak analyses.  

The aim of Paper V was to optimise and validate a method for quantitative 
detection of hepatitis E virus in pork sausage, adapted for RT-qPCR and RT-
ddPCR. To identify the most efficient protocol, another aim was to compare 
different RNA extraction methods and RT-PCR detection procedures.  
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Methodological considerations 

In the following sections, I describe the general methods and experimental 
designs used for Papers I-V. More detailed descriptions can be found in the 
individual papers.  

Ethical considerations  
In Papers II, III and IV we used fully anonymised residues from patient sam-
ples as positive controls in method evaluation and validation, in accordance 
with local guidelines. This type of use is not subject to review under the Swe-
dish Act on Ethical Review of Research Involving Human Subjects 
(2003:460). Therefore, no ethical approvals were required for this project.  

Collection of sequences (Papers II-V) 
With improved sequencing techniques, more and more viral genome se-
quences are becoming available, providing a valuable resource for research 
and method development. In Papers II, III, IV and V, we used public sequence 
data from the nucleotide database of the National Center for Biotechnology 
Information (NCBI) for design (Papers III and IV) and in silico evaluation 
(Papers II, III, IV and V) of RT-PCR assays. In addition, we used online gen-
otyping tools from NoroNet [164], HAVNet [165], and HEVNet [166] to in-
vestigate the distribution of genotypes or subtypes and confirm that the se-
quences collected were correctly identified as the target virus of interest.  

Design of new RT-PCR assays (Papers III and IV) 
New RT-PCR assays were designed in Papers III and IV. The HAV assay in 
Paper III was designed using a tool from the Swedish Public Health Agency 
(SMIDesigner). Briefly, the most conserved region of the HAV genome was 
identified, whereby suitable primer and probe candidates were designed 
within this region based on melting temperatures, GC content, amplicon 
length and primer dimer alignments. In Paper IV, we developed our own 
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workflow for oligonucleotide design as an R package called rprimer, and used 
it to design two assays for norovirus GI. The workflow was developed to take 
a multiple DNA sequence alignment of target sequences of interest as input 
data and design oligonucleotides and assays based on widely adopted design 
criteria such as sequence conservation (degeneracy), gap frequency, GC con-
tent, melting temperature, oligonucleotide and amplicon length and sequence 
complexity. The potential of the final oligonucleotide candidates to form pri-
mer dimer and hairpin structures was investigated using the OligoAnalyzer 
tool from Integrated DNA Technologies. 

R package development (Paper IV) 
The oligonucleotide design tool developed and presented in Paper IV 
(rprimer) was distributed as an R package. The R programming language 
[167] has become one of the most popular languages for programming in bi-
ology and bioinformatics, and the package framework allows users to organise 
and share their code in a structured way. The two main package repositories 
are the Comprehensive R Archive Network (CRAN) and Bioconductor (for 
bioinformatics packages) [168, 169]. Our package was accepted to the Bio-
conductor repository and published online with digital object identifier 
10.18129/B9.bioc.rprimer [170].  

Quality control 
As with laboratory analyses, quality control and documentation of the code 
and functions developed are essential to detect and track any errors. We aimed 
to make the code robust by reusing existing functions and classes as much as 
possible and building the workflows on many small functions designed for 
very specific tasks. We also employed unit tests (structured, automated tests) 
to check that the code worked as expected, for example by testing extreme 
cases and different types of input. In addition, all changes to the package were 
tracked via the version control system Git, and the source code and history 
were made openly available on GitHub. While transparency in itself is no 
guarantee of correctness, it does give others the opportunity to assess code 
history, quality and spot potential errors and suggest improvements.  

In silico selectivity analysis of oligonucleotides (Papers 
II-V) 
An ideally designed RT-PCR assay should be able to detect all target se-
quences of interest and not cross-react with other sequences. This performance 
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parameter is sometimes referred to as selectivity, and involves inclusivity and 
exclusivity [6]. Inclusivity is the ability of an assay to amplify and detect the 
desired target(s) while exclusivity is the ability of an assay to not amplify and 
detect non-desired targets. In many cases, it is not possible to collect the large 
number of samples needed to perform such an analysis in the laboratory. Most 
clinical samples are discarded shortly after analysis, and the diversity of dif-
ferent strains and genogroups may be limited at the regional or national level. 
An in silico analysis of the selectivity is therefore often useful. 

In silico inclusivity analyses were performed in Papers II, III and V by align-
ing all target sequences of interest containing the entire amplicon region to the 
oligonucleotide sequences. Alignments were made using muscle [171] (Pa-
pers II and III) and mafft [172, 173] (Paper IV). The number of matching and 
non-matching sequences was determined using in-house scripts developed in 
R [167]. In Paper IV, we further developed these scripts and created an auto-
mated workflow for in silico inclusivity analysis that complements the oligo-
nucleotide design process within the rprimer package, by utilising functions 
from the R package Biostrings [174].  

In silico exclusivity analyses were performed in Papers III and IV to identify 
sequences of non-interest that potentially could be amplified by our newly 
designed assays. The primer and probe sequences were matched towards all 
sequences of non-interest in the NCBI nucleotide database by using the basic 
local alignment search tool (blast) [175] with loose match criteria. Potentially 
matching sequences were downloaded and manually screened for risk of pos-
sible cross-reactivity. 

It should be noted, however, that the in silico predicted behaviour of an assay 
does not always reflect the behaviour in the laboratory. For example, the ef-
fects of primer-template mismatches are highly context-dependent and can 
vary considerably under different experimental conditions [146]. Laboratory 
verifications were performed with synthetic target sequences from in vitro 
transcribed RNA and linearised DNA plasmids in Paper II and with viral RNA 
from clinical samples in Papers II, III and IV. 

RT-PCR equipment, reagents and quantification 
standards (Papers I-V) 
Conventional RT-PCR was performed on a T100 Thermal Cycler (Bio-Rad), 
RT-qPCR on a LightCycler 96 System (Roche) and RT-ddPCR on a Droplet 
Digital PCR Platform (Bio-Rad). The following RT-PCR kits were used: Su-
perScript IV One-Step RT-PCR System (Thermo Fisher Scientific) (Paper 
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IV), RNA UltraSense One-Step Quantitative RT-PCR System (Thermo Fisher 
Scientific) (Papers I, II, III and V), TaqPath 1-Step RT-qPCR Master Mix, CG 
(Thermo Fisher Scientific) (Papers IV and V) and One-Step RT-ddPCR Ad-
vanced Kit for Probes (Bio-Rad) (Papers I, II, III and V). All RT-PCR reac-
tions were performed in one-step, where the reverse primer initiated the RT. 
Double-stranded DNA with the target sequences of interest were used as quan-
tification standards in RT-qPCR and in vitro transcribed RNA molecules with 
target sequences of interest were used as positive controls and inhibition con-
trols. Stocks of DNA quantification standards and in vitro transcribed RNA 
were quantified fluorometrically using a Qubit 3.0 Fluorometer  from Thermo 
Fisher Scientific, and copy numbers were calculated by using the average mo-
lecular weight of a base pair and base, respectively, as described in ISO 15216-
1:2017 [3]. 

General considerations for statistical analyses (Papers I-
V) 
All statistical analyses were conducted in R [167]. For frequentist analyses, 
we set the statistical significance level at 0.05 and corrected for multiple test-
ing where necessary. We used functionality from the stats package from 
within base R [167] as well as the packages emmeans [176] and lmerTest 
[177]. For Bayesian analyses, we generated samples from the posterior distri-
butions using Markov Chain Monte Carlo (MCMC) via Stan [178] and rstan 
[179]. Plots were generated using the package ggplot2 [180]. 

Laboratory validation (Papers I, III and V) 

General considerations  
A validation study must be designed in such a way that it can be generalised 
to the intended real-world application of the method. However, this often in-
volves multiple food types and a variety of different virus strains [181]. Due 
to the low throughput of most food analysis methods, validation of only a few 
food matrices and target viruses can become a costly and time-consuming pro-
cess. Furthermore, the ideal case would often be to perform validation on nat-
urally contaminated food samples, but such samples are often only available 
in very limited quantities. Therefore, we instead used artificial contamination, 
where we added known amounts of target viruses to the sample to cover the 
range of target concentrations that can be expected in naturally contaminated 
samples. An advantage of artificial contamination is that the added virus 
strains and contamination levels can be easily controlled. A disadvantage, 
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however, is that it can be difficult to mimic the full complexity of naturally 
contaminated samples. 

The general experimental procedure we chose for validation was largely based 
on guidelines developed by the EURL for foodborne viruses (Lavander et al., 
2022, manuscript in preparation) and the former EURL for monitoring bacte-
riological and viral contamination of bivalve molluscan shellfish [182]. These 
protocols have been adopted by several official food virology laboratories in 
the EU, facilitating comparison between different laboratories. Similar proce-
dures were also used for the validation of ISO 15216-1:2017 [3]. The methods 
described in Papers I, III and V were validated for both qualitative and quan-
titative detection.  

Experimental design  
In Papers I and V, respectively, we prepared homogenised digestive tissue 
from oysters (Paper I) and finely chopped frankfurter sausage (Paper V) that 
were artificially contaminated with a twofold dilution series of known con-
centrations of the target virus(es) of interest, with nine (Paper I) or seven (Pa-
per V) subsamples per dilution level and nine dilution levels. Viral RNA was 
extracted, whereby each subsample was divided into two parts. One part was 
analysed with RT-qPCR and one with RT-ddPCR. In Paper III, we prepared a 
twofold dilution series of viral RNA from a cell-culture supernatant with 
HAV, with ten dilution levels and eight subsamples each. The subsamples 
were analysed with RT-qPCR and RT-ddPCR. The procedure was performed 
four times, resulting in a total of 32 subsamples per dilution level.  

The expected concentration of the target virus at each dilution level was cal-
culated separately for RT-qPCR and RT-ddPCR, by taking the geometric 
mean of all values obtained for the most concentrated dilution level and mul-
tiplying this value by the dilution factor (i.e. 1, 1/2, 1/4, etc.). Inhibition was 
monitored with target-specific external control RNA as described in ISO 
15216-1:2017 [3]. In addition, in Papers I and V, a positive process control 
virus (mengovirus) was added to each subsample to monitor the extraction 
efficiency, in accordance with ISO 15216-1:2017 [3]. Positive and negative 
controls were included as recommended in ISO 15216-1:2017 [3]. 

Qualitative detection: probability of detection and limit of 
detection  
Probability of detection and limit of detection are important performance pa-
rameters for qualitative methods, especially when the method is intended for 
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applications where the expected target concentration is low, such as when de-
tecting viruses in food. The limit of detection (LOD) describes the lowest tar-
get concentration that can be detected with a stated probability. For example, 
LOD95 describes the target concentration that can be detected with a proba-
bility of 95% [183].  

In Papers I and III, we estimated the probability of detection at different target 
concentrations by fitting logistic regression models to the data with probabil-
ity of detection as a function of log2 expected target concentration. LOD95 
was determined by solving the linear predictor equation for the target concen-
tration with a detection probability of 0.95. In Paper V, we estimated proba-
bility of detection and LOD50 and LOD95 by a complementary log-log 
model, using the Excel programme PODLOD [184].  

Quantitative detection: trueness, precision and limit of 
quantification  

Trueness    
Determination of trueness, or systematic errors, requires access to certified 
reference material. However, no such material is currently available for vi-
ruses in food, so trueness could not be determined in the conventional sense. 
Instead, for the methods described in Papers I, III and V, we estimated the bias 
between RT-qPCR and RT-ddPCR by analysing several samples on both 
methods and using a procedure described by Bland and Altman [185]. Figure 
10 shows an example of this type of analysis.  
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Figure 10. Bland and Altman diagram displaying quantitative agreement between two 
analysis methods. The x-axis indicates the mean of the two measurements and the y-
axis indicates the difference of the two measurements. Dots represent observed values, 
the thick horizontal line indicates the average difference between the methods. The 
dashed lines indicate the limits of agreement (mean ± 2 SD). Adapted from Paper V.  

Precision  
Precision was determined for the methods described in Papers I, III and V. In 
Papers I and V, we performed linear regression analyses with log10 measured 
concentration as a function of log10 expected concentration. One analysis was 
performed for RT-qPCR and one for RT-ddPCR, and all dilution levels with 
an expected value above the LOD95 (Paper I) or immediately below the 
LOD95 (Paper V) and higher were included in the analysis. For each method, 
an estimate of the overall precision in this range was obtained by calculating 
the residual SD and variance from the regression analysis (see example in Fig-
ure 11). The residual variances associated with RT-qPCR and RT-ddPCR 
were compared by using F-tests. All experiments were performed under re-
peatability conditions.  

 
Figure 11. Principle for determining the overall precision through linear regression 
analysis. Points represent observed values and lines are the fitted values from linear 
regression. A residual is the distance between an observed value and the value pre-
dicted from the regression line, and the SD and variance of the residuals thus show 
how much the data points are scattered around the regression line. Highly scattered 
data points indicate poor precision.  

In Paper III we took a somewhat different approach to estimating and com-
paring precision. Here, we were interested in measuring precision both within 
and between different PCR runs, and we wanted to take into account in our 
statistical analysis that the relative variability of (RT)-PCR data increases with 
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decreasing target concentration (see the General discussion for further expla-
nation). Therefore, instead of using a classical linear model, which assumes 
that the SD is the same at different target concentrations, we chose a Bayesian 
model that predicts both the log2 measured concentration and the SD based on 
the log2 expected concentration. We included the PCR run as a grouping factor 
in the model, to allow us to examine how both the y-intercept and the slope of 
the linear predictor vary between different runs. One model was fitted for RT-
qPCR and one for RT-ddPCR, and we included all dilutions with a higher 
expected concentration than LOD95 in the analysis.  

Limit of quantification  
The limit of quantification (LOQ) is often described as the lowest target con-
centration that can be quantified with acceptable accuracy. This parameter is 
important for methods intended for quantification of low target concentra-
tions, as it indicates the lowest concentration at which the method can actually 
be considered quantitative. We determined LOQ for the method described in 
Paper V, using a procedure previously described by Lowther et al [129] and 
Armbruster and Pry [186]. Briefly, all expected and obtained concentrations 
from the undiluted sample to the dilution level immediately below the LOD95 
were log10 transformed. Linear regression analyses were then performed with 
log10 obtained concentration as a function of log10 expected concentration. 
Each regression analysis included three dilution levels, starting with the low-
est point and then ascending one dilution level at a time. The LOQ was set 
according to the same criteria used for the methods included in ISO 15216-
1:2017 [3, 129], i.e., as the lowest expected concentration that is above the 
LOD95 and where the residual SDs of the regression analyses are always be-
low 0.5 (on the log10 scale, corresponding to a CV of 166%).  

Estimation of the effect of primer-template mismatches 
(Paper II) 
To study how primer-template mismatches affect quantification in RT-qPCR 
and RT-ddPCR in Paper II, we designed four HAV templates with different 
types of mismatches in the reverse primer binding region, referred to as strains 
A-D. All strains were analysed by RT-qPCR and RT-ddPCR, and both RNA 
and DNA templates were examined. To rule out the possibility that possible 
differences in the degree of underestimation depend on the kit or cycle condi-
tions rather than the detection platform itself (i.e. real-time detection versus 
endpoint detection), we also performed (RT)-qPCR using the same cycling 
conditions and with the same kit as for (RT)-ddPCR. Thus, RNA and DNA 
templates of strains A-D were evaluated with three different detection proto-
cols, (RT)-ddPCR, (RT)-qPCR and (RT)-qPCR, dd-kit. The experiment was 
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performed four times. Perfectly matching templates were included as refer-
ences.  

The degree of underestimation was determined by subtracting the log10 con-
centration of the perfectly matching template from the log10 concentration of 
the mismatching template. A linear mixed effects model was constructed to 
investigate how the degree of underestimation caused by a mismatch varied 
between detection protocol (RT-qPCR, RT-ddPCR and RT-qPCR dd-kit) and 
template type (DNA and RNA), and whether the outcome of the different de-
tection protocols depended on the template type (an interaction term between 
detection protocol and template type). The main interest was to investigate 
how the effects of mismatches in general differed between detection protocol 
and template type. Therefore, to increase the external validity of the results, 
we included viral strain as a random effect2 [187]. Post-hoc analyses to com-
pare the different detection protocol and template type combinations were per-
formed using Tukey honest significant difference (HSD) test.  

Comparison of different analysis protocols (Paper V) 
In Paper V, we studied the performance of two different RNA extraction meth-
ods and three different RT-PCR procedures for quantitative detection of HEV 
in sausage. The RNA extraction methods investigated were traditional isopro-
panol precipitation and a guanidine thiocyanate magnetic silica bead-based 
method [130]. The latter was performed using a NucliSENS miniMAG instru-
ment with NucliSENS magnetic extraction reagents from Biomérieux, hereaf-
ter referred to as Minimag. The RT-PCR detection protocols were RT-qPCR 
with TaqPath 1-Step RT-qPCR Master Mix, CG (Thermo Fisher Scientific), 
RT-qPCR with RNA UltraSense One-Step Quantitative RT-PCR System 
(Thermo Fisher Scientific) and RT-ddPCR with One-Step RT-ddPCR Ad-
vanced Kit for Probes (Bio-Rad). For this purpose, seven subsamples of sau-
sage artificially contaminated with HEV were used and each subsample was 
divided into two parts, one for each RNA extraction method. The RNA ex-
tracts were then analysed using all three RT-PCR detection prodecures, result-
ing in a total of six different analytical protocols. Comparison was made in 
terms of log10 HEV concentration, RT-PCR inhibition and log10 total RNA 
concentration. The total RNA concentration was quantified using a NanoDrop 
One UV-Vis spectrophotometer from Thermo Fisher Scientific. 
                               
 
2A random effect can be incorporated when the observed levels of the factor (in this case stains 
A-D) can be viewed upon as a random sample. Essentially, this means that we are interested in 
the total population of mismatching templates, but recognise that there could be significant 
differences between different mismatching templates, and therefore account for these with a 
random effect. 
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A linear mixed effects model was constructed to investigate how the log10 

HEV concentration obtained differed between the different RNA extraction 
procedure and PCR detection method combinations. Subsample was included 
as a random effect, as each subsample was divided in two parts, one for iso-
propanol precipitation and one for Minimag. Post-hoc analyses to compare the 
different RNA extraction method and RT-PCR protocol combinations were 
performed using Tukey HSD test. The log10 total RNA concentrations from 
isopropanol precipitation and Minimag extraction were compared using a 
paired t-test.  
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Results and discussion  

Paper I  

Validation of RT real-time PCR and RT droplet digital PCR for 
quantitative detection of noroviruses in oysters  
Oysters are often associated with norovirus outbreaks, but the presence of no-
rovirus RNA in oysters does not necessarily pose a health risk to humans, and 
a dose-response relationship is suggested [58]. In addition, a microbiological 
criterion for noroviruses in oysters has been proposed as a future EU legisla-
tion (personal communication, Magnus Simonsson, EURL for foodborne vi-
ruses). Accurate quantification methods are therefore important for outbreak 
investigations, risk assessments and to support future regulatory criteria.  

To implement assays for norovirus GI and GII on RT-ddPCR, we transferred 
the primers and probes described in ISO 15216-1:2017 [3] to the RT-ddPCR 
platform and optimised the assays with respect to annealing temperature and 
probe concentration. The optimised protocols were then validated in parallel 
with RT-qPCR for quantitative detection of norovirus GI and GII in oysters.  

Regarding qualitative detection, we found no obvious differences in the 
amounts of samples detected, and LOD95 occurred at similar target dilution 
levels for both RT-qPCR and RT-ddPCR, suggesting that there is no ad-
vantage to preferring one method to the other when a lower detection limit is 
the main interest. For quantitative detection, the overall precision was meas-
ured using linear regression analyses. For norovirus GI, the residual SD (from 
log10 transformed data) was 0.24 with RT-qPCR and 0.12 with RT-ddPCR, 
corresponding to a CV of 60% and 28%, respectively. For norovirus GII, the 
residual SD was 0.21 with RT-qPCR and 0.16 with RT-ddPCR, corresponding 
to a CV of 51% and 38%, respectively. The difference in precision between 
the two methods was significant for norovirus GI (p < 0.001, F-test) but not 
for norovirus GII (p = 0.085). Taken together, this suggests that RT-ddPCR 
under repeatability conditions provides higher precision in the quantification 
of noroviruses in oysters than the RT-qPCR method proposed in ISO 15216-
1:2017 [3]. It is important to note that the precision in this case represent the 
variation associated with both the RNA extraction step and the RT-PCR anal-
ysis. The RNA extraction step can account for a significant portion of the 
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overall variation in results. No major inhibition was observed in neither RT-
qPCR nor RT-ddPCR.  

We also examined how RT-qPCR and RT-ddPCR agreed in quantification. 
Overall, RT-ddPCR reported higher copy numbers than RT-qPCR. The con-
centration obtained with RT-ddPCR was 7.8-fold higher for norovirus GI and 
2.1-fold higher for norovirus GII. One possible explanation for this, after we 
have ruled out factors such as possible matrix effects, inhibition, primer-tem-
plate mismatches, etc., is that the DNA quantification standards used for RT-
qPCR may have caused a bias that led to an underestimation of the target con-
centration. We reached this conclusion by comparing the LOD95 values from 
RT-qPCR with the theoretical LOD95 value obtained from Poisson distributed 
random variables. This issue is discussed further in the General discussion of 
this thesis.  

Importantly, the validation protocol, RT-qPCR conditions and dsDNA quan-
tification standards used in Paper I is widely adopted by other laboratories. 
Therefore, this study also allows us to demonstrate that our performance with 
RT-qPCR is comparable to that of several other laboratories in Europe [49] 
and to the performance parameters reported from the validation of ISO 15216-
1:2017 [129]. 

Comparison between RT droplet digital PCR and fluorometric 
measurements  
To further evaluate RT-ddPCR for quantification of noroviruses, we used syn-
thetic RNA and DNA with target sequences for norovirus GI and GII that were 
quantified based on a fluorometric method. We found that quantification of 
RNA targets by RT-ddPCR was on average 100-fold lower than fluorometric 
measurements for norovirus GI and 16-fold lower for norovirus GII, while 
quantification of DNA targets was on average 2.8-fold lower for norovirus GI 
and 3.4-fold lower for norovirus GII. The large discrepancies observed for the 
RNA targets may have several possible explanations, such as rapid degrada-
tion of RNA in sample preparation, incomplete conversion of RNA to cDNA 
in the RT step and/or incomplete amplification of the cDNA molecules by 
PCR. Incomplete conversion of RNA to cDNA during RT, for example, could 
be due to unwanted interactions between template molecules or secondary 
structures present at the RT temperature. The RT efficiency is not 100% and 
the RT step contributes significantly to the overall variation at RT-PCR [183, 
188]. Previous, similar studies report that RNA quantification by RT digital 
PCR ranges from 1.1-fold higher to 126-fold lower than fluorometric or spec-
trophotometric measurements [189, 190]. It should be noted, however, that the 



 

 48 

short RNA targets used here may not fully reflect the behaviour of full-length 
viral genomes due to differences, e.g. in secondary structures. 

Paper II  

In silico inclusivity analysis of a widely used RT-PCR assay for 
hepatitis A virus   
In Paper II we performed an in silico inclusivity analysis for the HAV RT-
qPCR assay described in the informative annexes of ISO 15216-1:2017 [3] 
and ISO 15216-2:2019 [4]. The analysis revealed that more than 50% of the 
HAV sequences examined had at least one mismatch and/or insertion within 
the primer and/or probe regions. Mismatches and/or insertions within the 
probe region occurred most frequently in genotype I sequences, while mis-
matches at the 3’ end of the reverse primer region occurred most frequently in 
genotype III sequences. Most importantly, all genotype III sequences exam-
ined had a mismatch at the position corresponding to the terminal 3’ end of 
the reverse primer. Such mismatches can sometimes be detrimental as they 
can disrupt nearby the active site of the DNA polymerase [146-148]. 

Laboratory examination of common and potentially severe 
primer-template mismatches 
Common and potentially serious mismatches identified in the in silico inclu-
sivity analysis were selected for laboratory testing. Templates of four different 
HAV strains with different mismatching patterns were synthesised, referred 
to as strains A-D. All mismatches examined were in the region of the reverse 
primer, meaning that the forward primer and probe were perfectly matching. 
Strain A represented one of the most frequent mismatches, as it was present 
in all genotype III sequences. It had a single G (primer) to U (template) mis-
match at the 3’ end of the reverse primer. Strains B-D had two to three mis-
matches at and near the 3’ end of the reverse primer region. When we used 
standard conditions for RT-qPCR (i.e. those described in ISO 15216-1:2017 
[3]), the degree of underestimation varied from 1.8-fold (strain A) to a 232-
fold (strain D). In addition, because strain A represented the most common 
type of mismatch, we further investigated it in terms of detection probability 
and LOD95. We found that strain A had an overall lower probability of detec-
tion (p < 0.01, logistic regression analysis) and caused 2.1-fold increase in 
LOD95 compared to a perfectly matching template.  
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The synthetic RNA molecules used in this study may not fully reflect the be-
haviour of full-length genomes. For this reason, we also collected three clini-
cal samples that were positive for HAV genotype III to investigate whether 
the degree of underestimation differed between synthetic RNA and viral RNA 
templates. The complete amplicon regions of the clinical samples were se-
quenced and confirmed to have exactly the same mismatch profile as strain A. 
The viral RNA concentration of the clinical samples was underestimated by 
on average 2.8-fold, while the synthetic RNA concentration was underesti-
mated by 1.8-fold. The difference was not statistically significant.  

Comparison between RT real-time PCR and RT droplet digital 
PCR in terms of primer-template mismatches  
In the following part of the study, we investigated whether the quantitative 
effects of mismatches differed between qPCR and ddPCR, since it has been 
hypothesised that endpoint detection would be less affected by primer-tem-
plate mismatches than real-time detection [5]. To this end, we analysed both 
RNA and DNA templates of strains A-D, the latter of course not being able to 
reflect the real situation, since HAV is an RNA virus. To rule out the possibil-
ity that possible differences depend on the kit or cycle conditions rather than 
the detection platform itself (i.e. real-time detection versus endpoint detec-
tion), (RT)-qPCR was also performed under the same cycle conditions and 
with the same kit as for (RT)-ddPCR. Thus, RNA and DNA templates of 
strains A-D were evaluated with three different detection protocols: (RT)-
ddPCR, (RT)-qPCR and (RT)-qPCR, dd-kit.  

RNA templates 
The average level of underestimation of RNA templates (as predicted from a 
linear mixed effects model) is shown in Table 1. 
Table 1. Predicted level of underestimation of RNA templates analysed with RT-
ddPCR, RT-qPCR and RT-qPCR, dd-kit, expressed as log10 difference from a per-
fectly matched template. The fold difference on the normal scale is given in brackets. 

RT-ddPCR RT-qPCR RT-qPCR, dd-kit 

− 0.54 (1/3.5) − 1.10 (1/12.6) − 0.54 (1/3.5) 

The differences were not significant, but RT-qPCR seemed to be most affected 
by mismatches, while RT-ddPCR and RT-qPCR with dd-kit were equally af-
fected. Recall that all mismatches were present only in the reverse primer re-
gion. In one-step RT-PCR-based detection of positive-sense single-stranded 
RNA viruses, the reverse primer is used to prime the RT step. In the first round 
of amplification of the cDNA template generated in the RT step, the forward 
primer binds the negative-sense cDNA and generates a positive-sense DNA 
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sequence that perfectly matches the reverse primer in the next round of ampli-
fication. Thus, there are no additional effects of mismatches in the PCR step. 
The efficiency of the RT step is not considered in RT-ddPCR; instead, the 
number of amplifiable cDNA copies is quantified. This means that endpoint 
detection has no advantages over real-time detection if mismatches are only 
present in the reverse primer region. Thus, the main reason for the potential 
difference between the two kits is most likely the different temperatures used 
for RT. In this study, the RT-ddPCR kit used 50°C, while the RT-qPCR kit 
used 55°C. A lower RT temperature allows for less specific hybridisation. 

DNA templates 
The average level of underestimation of DNA templates (as predicted from a 
linear mixed effects model) is shown in Table 2. 
Table 2. Predicted level of underestimation for DNA templates analysed by ddPCR, 
qPCR and qPCR, dd-kit, expressed as log10 difference from a perfectly matched tem-
plate. The fold difference on the normal scale is given in brackets. 

ddPCR qPCR qPCR, dd-kit 

− 1.5 (1/29) − 2.5 (1/295) − 2.4 (1/229) 

Here, we found that quantification by ddPCR was generally less affected by 
mismatches than quantification by qPCR (p < 0.01 for both ddPCR vs. qPCR 
and ddPCR vs. qPCR-dd-kit, Tukey HSD post-hoc tests from a linear mixed 
effects model). No significant differences were observed for qPCR vs. qPCR, 
dd-kit (p = 1.0). We therefore conclude that the differences are likely ex-
plained by the different technologies and that endpoint detection is advanta-
geous over real-time detection as it allows for more unbiased quantification of 
templates with primer-template mismatches in the PCR step. Although this 
information is not relevant to the molecular detection of HAV, it is neverthe-
less valuable in a general context as it highlights an advantage of ddPCR over 
qPCR. 

Paper III 

Development and validation of a new PCR based assay for 
detection of hepatitis A virus  
Based on the results in Paper II, where we found that the HAV RT-qPCR assay 
in the informative annexes of ISO 15216-1:2017 [3] and ISO 15216-2:2019 
[4] underestimates some important sequence variants of the virus, we at-
tempted in Paper III to develop an improved assay for HAV. The new assay 
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targets positions 373-4633 within the 5’ UTR, which is the most conserved 
region of the genome [163]. The assay was evaluated in silico by testing in-
clusivity (on target match) and exclusivity (off target match). The assay 
matched perfectly to 76% of all HAV sequences in the nucleotide database in 
NCBI, and no potentially serious mismatches were found. No potential cross-
reactivity with non-targets was identified.  

We validated the assay for use on both RT-qPCR and RT-ddPCR. Regarding 
qualitative detection, we found that the probability of detection was higher 
with RT-qPCR than with RT-ddPCR (p = 0.05, logistic regression analysis). 
However, the effect was small, as LOD95 was only 1.1 times higher with RT-
ddPCR than with RT-qPCR. Nevertheless, this suggests that RT-qPCR has 
slightly better performance in qualitative detection at low target concentra-
tions. Precision was assessed by predicting the variability both between and 
within different runs using a Bayesian model (Table 3). RT-qPCR showed 
considerable variability between runs (about 35%), while RT-ddPCR showed 
almost no variability between runs (<2%). The predicted variability within 
runs was only slightly higher for RT-qPCR than for RT-ddPCR. This suggests 
that RT-ddPCR should be considered for this assay if quantitative detection is 
the main interest.   
Table 3. SD between and within runs as predicted by a Bayesian model, where the 
medians of the posterior distributions were taken as parameter estimates. SDs are 
shown on the log2 scale and CVs on the normal scale is given in parentheses. Between 
runs, the SD of the slope and intercept shift of the linear predictor was estimated. 
Within runs, SD was modelled as a function of target concentration. However, for 
simplicity, only the highest concentrated dilution level is reported in this table. 

Method  Between runs, inter-
cept shift, SD 
(%CV) 

Between runs, slope 
shift, SD (%CV)  

Within runs, most 
concentrated dilu-
tion level, SD 
(%CV)  

RT-qPCR 0.49 (35) 0.073 (5) 0.26 (18) 

RT-ddPCR   0.018 (1.2) 0.0040 (0.27) 0.21 (16) 

In addition, we investigated possible matrix effects from oyster, raspberry, 
blueberry and leafy vegetable extracts spiked with HAV viral RNA. All sam-
ples met the acceptance criterion of less than 75% inhibition [3] and none of 
the matrices caused a significant decrease in quantification. None of the ma-

                               
 
3 With regards to the HAV reference sequence, accession number NC001489. 
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trices caused reduced PCR performance, e.g. in the form of abnormal ampli-
fication curves (for RT-qPCR) or reduced separation between the positive and 
negative droplet populations (for RT-ddPCR), thus indicating that the assay is 
suitable for food samples.  

The sensitivity4 of the assay and quantitative agreement between RT-qPCR 
and RT-ddPCR were estimated by analysing human serum samples and a 
strawberry sample previously identified as positive for HAV. The overall sen-
sitivity was 88% (95% confidence interval (CI) 76%–95%) when using RT-
qPCR and 90% (95% CI 78%–96%) when using RT-ddPCR. The two meth-
ods agreed relatively well in quantification, the concentrations obtained with 
RT-ddPCR were on average 72% of those obtained with RT-qPCR. 

Finally, we compared the assay developed in this study with the assay recom-
mended in the informative annexes of ISO 15216-1:2017 [3] and ISO 15216-
2:2019 [4]. The assay presented in this study displayed improved RT-qPCR 
performance in terms of lower Cq values, increased endpoint fluorescence 
levels and steeper slopes at the exponential phase of the amplification curves. 
Thus, in this study, we demonstrate that our newly developed assay can be 
used as a well-performing alternative to the assay recommended by the ISO-
method. 

Paper IV 

A new R/Bioconductor package for oligonucleotide design  
In Paper IV, we developed a new R/Bioconductor package, rprimer, intended 
for design of primers, probes and assays for viruses with high sequence vari-
ability. The package takes a multiple DNA sequence alignment with target 
sequences as input and can be run directly from the R console (i.e. by writing 
R code) or via a graphical user interface through a web-browser. The design 
workflow consists of three steps: 1) generating a consensus profile (function 
name: consensusProfile), 2) generating oligonucleotides (designOligos), and 
3) pairing oligonucleotides to form assays (designAssays) (Figure 12). As a 
complementary step, it is also possible to examine how the oligonucleotides 
and assays match the input alignment within and outside the intended target 
binding region (checkMatch). All objects can be visualised using a generic 
plot function (plotData), and the outputs can be exported as tables or in fasta-
format. Primers can be either fully or partially degenerate. A fully degenerate 
primer can have degenerate bases at any position, while a partially degenerate 

                               
 
4 Sensitivity refers to the probability of a test result being positive if the sample is truly positive. 
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primer can have degenerate bases only at the 3’ end (so that all sequence var-
iants of interest are covered in this part), while the 5’ end contains the consen-
sus sequence, similar to the widely adopted consensus-degenerate hybrid oli-
gonucleotide primer (CODEHOP) principle [155]. Assays can be designed 
with or without probes. Primer and probe design settings that the user can 
modify include maximum allowed degeneracy, length range, GC content 
range, melting temperature range, sequence complexity and maximum al-
lowed gap frequency in the target alignment. 

 
Figure 12. Schematic overview of the rprimer package. White boxes represent the 
functions provided by the package and the dark grey box shows the data import page 
within the graphical user interface. Adapted and modified from Paper IV under a Cre-
ative Commons Attribution 4.0 International License. 

Performance evaluation  
In order to evaluate rprimer, we conducted a laboratory case study by design-
ing assays for norovirus GI, an example of a highly variable RNA virus. We 
designed two assays: one probe-based RT-qPCR assay for quantitative detec-
tion (Assay A) and a RT-PCR assay intended for Sanger sequencing and gen-
otyping (Assay B). The RT-qPCR assay was targeted to the most conserved 
region of the genome, while the RT-PCR assay was designed to cover parts of 
both the polymerase and capsid regions. The assays were evaluated using ten 
stool samples positive for norovirus GI. The RT-qPCR assay performed com-
parably to the RT-qPCR assay recommended in ISO 15216-1:2017 [3] for no-
rovirus GI and the RT-PCR assay yielded amplicons that were successfully 
sequenced. Both the polymerase and capsid type could successfully be deter-
mined in all samples.  

In addition to norovirus GI, we have used rprimer to develop oligonucleotides 
and assays for several other viruses, ranging from those with moderate varia-
bility (e.g. hepatitis A virus) to those with extremely high variability (e.g. hep-
atitis C virus). While we did not test these assays in the laboratory, we did 



 

 54 

compare them to previously published assays. We found that the assays gen-
erated by rprimer were almost identical to widely used, published assays, con-
firming the accuracy of rprimer. We tested to use from one to more than 
20,000 target sequences as input data.  

To determine merits and limitations, we compared rprimer with three other 
software developed for similar purposes [160, 191-193]. Many features were 
similar across the tools, but rprimer's main strengths were its speed, its flexi-
bility in oligo design and its ability to visualise the design process. For in-
stance, rprimer was the only software among these that could design assays 
with partially or fully degenerate primers, with or without probes. The most 
important limitation with rprimer was the inability to investigate the potential 
for homodimer, heterodimer and hairpin formations among candidate oligo-
nucleotides and assays. These investigations are highly recommended as such 
structures can greatly affect the efficiency of RT and PCR [152]. Therefore, 
we made every effort to promote interoperability with other established soft-
ware that can perform these or other additional analyses. However, future 
work will be directed to include these parameters directly into the design pro-
cess. 

Paper V 

Implementation and validation of a method for quantitative 
detection of hepatitis E virus in pork sausage  
In Paper V, we implemented, optimised and validated a method for quantita-
tive detection of HEV in pork sausage. Various methods for detecting the virus 
in pork products are described, for instance; [194-200], but robust data on 
qualitative and quantitative method performance parameters are still limited, 
and no international standard method currently exists. Efficient methods with 
documented performance characteristics are therefore required for reliable 
risk assessment studies and outbreak analyses. 

For virus and RNA extraction, we used modified procedures previously de-
scribed by Szabo et al. [194] and Mykytczuk et al. [198]. Briefly, 4 g of finely 
chopped sausage was homogenised using a commercially available device and 
the protein, DNA and RNA phases were separated using tri-reagent ((a mix-
ture of guanidine thiocyanate and phenol) and 1-bromo-3-chloropropane. The 
RNA was then extracted by isopropanol precipitation. For the RT-PCR step, 
we selected and evaluated an assay originally developed by Jothikumar et al. 
[201] and further modified by Garson et al. [202] and Martin-Latil et al. [203]. 
The assay showed excellent inclusivity: the forward primer matched perfectly 
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to 59% of all HEV sequences of interest found in the NCBI nucleotide data-
base, the probe to 94% and the reverse primer to 93%. No sequence had more 
than two mismatches with any of the oligonucleotides, and no mismatch was 
considered as potentially severe. Since sausage samples may contain PCR in-
hibitors, we decided to use an inhibitor-tolerant master mix for RT-qPCR 
(TaqPath 1-Step RT-qPCR Master Mix, CG from Thermo Fisher Scientific).  

The optimised protocol was validated for RT-qPCR and RT-ddPCR for quan-
titative detection of HEV in pork sausage. Frankfurter sausage was selected 
as a model matrix because it is a popular sausage that has been identified as a 
significant risk factor for HEV infection [204]. LOD95 and LOQ were at 200 
copies/g for both RT-qPCR and RT-ddPCR. The overall precision was meas-
ured using linear regression analyses. Importantly, in contrast to our previous 
studies in Papers I and III, we found that the precision was greater with RT-
qPCR than with RT-ddPCR (p = 0.031, F-test). The residual SD (from log10 
transformed data) was 0.14 with RT-qPCR and 0.20 with RT-ddPCR, corre-
sponding to a CV of 32% and 49%, respectively. The two methods agreed 
well in quantification, the concentration obtained from RT-qPCR was on av-
erage 10% higher than from RT-ddPCR. The average inhibition in the pres-
ence of a sausage matrix was 15% with both RT-qPCR and RT-ddPCR. In 
addition, an important observation was that three positive RT-ddPCR signals 
were found in a total of 42 non-spiked sausage and negative control samples, 
while no such signals were obtained with RT-qPCR. False positive signals are 
problematic because they compromise the ability of the method to accurately 
detect low target concentrations. Although we have not applied one here, a 
cut-off value may be required in the future to reliably distinguish between true 
and false positive signals in RT-ddPCR. Thus, we found no support for using 
RT -ddPCR over RT-qPCR for this method. Digital PCR-based methods have 
been used to quantify HEV in human plasma, pork liver and retail pork prod-
ucts [198, 205-207], but none of these studies report performance data on LOD 
and LOQ compared to RT-qPCR. 

Comparison between different analysis protocols  
As an additional part of the study, we compared the performance of six differ-
ent combinations of RNA extraction methods and RT-PCR procedures for 
quantitative detection of HEV. The RNA extraction methods were isopropa-
nol precipitation, as validated in this study, and Minimag, a guanidine thiocy-
anate-magnetic silica bead-based method [130], as recommended in ISO 
15216-1:2017 [3]. The RT-PCR detection protocols were RT-qPCR with an 
inhibitor tolerant mastermix (mastermix A), as validated in this study, RT-
qPCR with a widely used mastermix (mastermix B), as recommended in ISO 
15216-1:2017 [3] and RT-ddPCR, as validated in this study.  
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In summary, in terms of obtained HEV concentration, we found that isopro-
panol precipitation of viral RNA was more than twice as efficient as Minimag 
when the inhibitor tolerant RT-qPCR mastermix was used (p = 0.015, Tukey 
HSD post-hoc tests from a linear mixed effects model) (Figure 13). However, 
the variability in the HEV concentration obtained was generally higher for the 
isopropanol precipitation than for Minimag. Future work will be directed to-
wards investigating this in more detail. This also means that the statistical 
analysis must be interpreted with caution, since the assumption of equal vari-
ances between groups was violated.  

Most protocols provided no or only moderate RT-PCR inhibition. The only 
combination that showed substantial inhibition was isopropanol precipitation 
and RT-qPCR with mastermix B, with on average 60% inhibition. The total 
RNA concentration obtained from Minimag was on average 1.7% of that of 
the isopropanol protocol (p < 0.001, paired t-test). 

 
Figure 13. Comparison between different RNA extraction methods and RT-PCR pro-
cedures for quantitative detection of HEV in sausage samples. Dots represent ob-
served values, the boxes represent 50% of observations, the whiskers each represent 
25% of observations (excluding outliers) and the thick horizontal lines represent the 
median. Dots outside the box and whiskers represent outliers. Adapted from Paper V.  
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General discussion  

A combined analysis of data from RT-PCR validations  
A general aim of this thesis was to evaluate the utility of RT-ddPCR for food 
virology applications. Papers I, III and V dealt with the validation of RT-
ddPCR in parallel with RT-qPCR for different targets and food types. Here, I 
have combined the data from these articles to provide a general results and 
discussion section that focuses on the key performance parameters for quali-
tative and quantitative detection: quantitative agreement, probability of detec-
tion, LOD95, trueness and precision. The aim of performing a combined anal-
ysis of previous validation data was to reach a general conclusion about the 
usefulness of RT-ddPCR and to determine whether there are circumstances in 
which RT-ddPCR is more suitable than RT-qPCR, and vice versa.  

Brief description of the combined dataset  
The combined dataset contains results from three validation studies with four 
different target viruses (norovirus GI and norovirus GII from Paper I, HAV 
from Paper III and HEV from Paper V). The data had been generated by ana-
lysing a twofold dilution series of the target virus with nine (Papers I and V) 
or ten (Paper III) dilution levels and a total of nine (Paper I), 32 (Paper III) 
and seven (Paper V) subsamples per dilution level. All subsamples had been 
analysed with both RT-qPCR and RT-ddPCR. To provide comparable data, 
all concentrations were here recalculated to the number of copies/well (recall 
that the concentrations in Papers I and V were given in copies/g). As in the 
original papers, the expected concentration at each target virus and dilution 
level was calculated separately for RT-qPCR and RT-ddPCR, by taking the 
geometric mean of all values obtained for the most concentrated target dilution 
level and multiplying this value by the dilution factor (i.e. 1, 1/2, 1/4, etc.). 
Further details on the methodology can be found in the subsection Laboratory 
validation (Papers I, III and V) under Methodological considerations, as well 
as in the individual papers.   
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Quantitative agreement  

The RT-qPCR and RT-ddPCR agreed very well in quantification for HAV 
(Paper III) and HEV (Paper V) (Figure 14). However, RT-qPCR reported 
lower concentrations than RT-ddPCR in Paper I, especially for norovirus GI.  

 
Figure 14. Relationship between the concentrations obtained for RT-qPCR and RT-
ddPCR from the validation data from Papers I, III and V. The dots represent the mean 
concentration obtained of each level in the dilution series, the solid coloured lines 
represent fitted values from linear regression and the shaded areas represent a 
pointwise 95% CI of the fitted values. The thick white line represents the equivalence 
line. 

Poisson statistics can provide insights into the performance of an 
(RT)-PCR method  
If two methods differ in quantification and we do not have access to certified 
reference material that we can relate to, how can we know which of the meth-
ods provides the most accurate quantification? 

With (RT)-PCR-based methods, it is natural to expect that the probability of 
detection decreases as the target concentration decreases. However, it is also 
to be expected that the relative variability of the measured values increase as 
the target concentration decreases. If we assume that the sample is perfectly 
mixed, i.e. that the target molecules are uniformly distributed in the solution, 
it follows from the theory of point processes that any extracted volume of the 
solution, as in (RT)-PCR wells, contains a Poisson-distributed number of tar-
get molecules.  
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For example, if the expected concentration of a sample is three target mole-
cules per µl and one µl of that sample is randomly distributed among several 
(RT)-PCR wells, some wells will contain three target molecules, some two, 
some four, etc., and a few will even contain no target molecules at all. An 
important property of the Poisson distribution is that the expected value and 
the variance are equal [208]. Consequently, the standard deviation of a sample 
with an expected value of λ target molecules per µl is λ1/2 and the CV is λ-

1/2∙100 (Figure 15). The Poisson distribution thus indicates the best probability 
of detection and precision that can be achieved with a (RT)-PCR-based 
method [209].  

In the following sections, I compare the validation data from Papers I, III and 
V with RT-qPCR and RT-ddPCR with Poisson distributed data, both in terms 
of qualitative and quantitative detection, to provide more insight in method 
performance. Recall that for each target, similar concentrations (target dilution 
levels) were added to both RT-qPCR and RT-ddPCR, but that the expected 
concentrations differ if the methods differ in quantification.  
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Figure 15. Poisson distributions. Top: probability distribution of the number of target 
molecules that end up in a PCR well when aliquoted from 1 µl samples with concen-
trations of 1, 2, 4, 8, 16 and 32 target molecules per µl. Middle: probability that a PCR 
well contains at least one target molecule at different target concentrations. Bottom: 
relative variability (%CV) at different target concentrations. 

Qualitative detection: probability of detection and LOD95 
Figure 16 shows the probability of detection at different target concentrations 
based on the validation data from Papers I, III and V compared to the ideal 
Poisson process. Overall, it appears that RT-qPCR follows the Poisson dis-
tributed data fairly well but has more variation between targets, while RT-
ddPCR has less variation between targets but a tendency to have a lower prob-
ability of detection than the Poisson distributed data. 

 
Figure 16. Probability of detection versus expected target concentration from the val-
idation data from Papers I, III and V. The dots represent the observed fraction of pos-
itive samples, the solid coloured lines represent fitted values from logistic regression 
analyses and the thick white lines represents Poisson distributed data.   

Figure 17 shows the estimated LOD95 based on the validation data from Pa-
pers I, III and V. In order to obtain comparable results, LOD95 was here re-
estimated using the PODLOD tool developed by Wilrich and Wilrich [184]. 
The values may therefore differ slightly from those reported in Papers I and 
III as the calculation of LOD95 was based on a different approach. From this 
analysis, we notice that LOD95 with RT-ddPCR was higher than with RT-
qPCR for norovirus GI, norovirus GII and HAV, but not for HEV. The largest 
difference is observed for norovirus GI, where LOD95 was 11 times higher 
with RT-ddPCR than with RT-qPCR. As a reference, for Poisson distributed 
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data the expected target concentration, where at least one target molecule is 
present in 95% of all wells, is 3.0 copies per reaction [210].  

 
  Figure 17. Estimated LOD95 from the validation data from Papers I, III and V. As a 
reference, for Poisson distributed data, the expected target concentration, where at 
least one target molecule is present in 95% of all wells, is 3.0 copies/reaction (dashed 
line).  

However, because RT-qPCR and RT-ddPCR differ in quantification, espe-
cially for norovirus GI and GII, we cannot directly compare the performance 
of the two methods based on probability of detection and LOD95 in relation 
to the expected target concentration as shown in Figure 16 and Figure 17. In-
stead, a direct comparison can be obtained if the target dilution level is used 
as the explanatory variable instead of the expected concentration (Figure 18). 
This analysis shows that RT-qPCR and RT-ddPCR perform similarly in qual-
itative detection, perhaps with a slight advantage to RT-qPCR, suggesting that 
the differences observed in Figure 16 and Figure 17 are mainly explained by 
discrepancies in quantification between the two methods.  
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Figure 18. Probability of detection versus the target dilution level from the validation 
data from Papers I, III and V, providing a direct comparison between RT-qPCR and 
RT-ddPCR within each target. The dots represent the proportion of positive observa-
tions of each level in the dilution series and the solid lines represent fitted values from 
logistic regression analyses. 

Quantitative detection: trueness and precision  
Based on the qualitative data in the previous section, we have reason to believe 
that the concentration of norovirus GI and GII might have been biased with 
RT-qPCR, as the detection probability and LOD95 were lower than the Pois-
son distributed data.    

Figure 19 shows the concentrations obtained from the validation data from 
Papers I, III and V and Figure 20 shows the relative variability from the same 
data in comparison with the Poisson distributed data. Overall, it appears as the 
combined RT-ddPCR data were more consistent with the Poisson process, 
suggesting that most of the variability with RT-ddPCR could be explained by 
Poisson sampling error. In contrast, the combined RT-qPCR data showed 
lower concentrations than what would be expected from the Poisson process 
and also higher variability overall (Figure 19), suggesting that there were more 
sources of variation than Poisson sampling error alone. For both methods, the 
Poisson sampling error appears to dominate at concentrations below about ten 
copies per reaction. 
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Figure 19. Obtained concentration versus expected concentration from the validation 
data from Papers I, III and V. Coloured dots represent values obtained from RT-PCR 
and white dots represent random samples from Poisson distributions with expected 
values ranging from 0.25 to 1000 copies/well, in steps of 0.25. Thousand samples 
were drawn at each step.  

 
Figure 20. Coefficient of variation versus expected concentration from the validation 
data from Papers I, III and V. The coloured dots/lines represent the observed value at 
each level in the dilution series and the white line represents data from Poisson distri-
butions, indicating the best possible precision.   

Figure 21 shows the CV at different target dilution levels and provides a direct 
comparison between RT-ddPCR and RT-qPCR within each target. The overall 
precision appears to be greater with RT-ddPCR than with RT-qPCR, with the 
exception of HEV (Paper V). 
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Figure 21. Coefficient of variation versus target dilution level from the validation data 
from Papers I, III and V, providing a direct comparison between RT-qPCR and RT-
ddPCR within each target. 

Important notes and limitations  
During this work, only one kit was available for one-step RT-ddPCR, which 
was different from the kits and cycling conditions used for RT-qPCR. This 
must be taken into account when interpreting the comparisons between RT-
qPCR and RT-ddPCR, as we cannot fully exclude that differences in method 
performance, such as detection probability and precision, are caused by fac-
tors such as the kit and cycle conditions rather than the detection method itself. 
Nevertheless, the different kits are very well optimised for their respective 
applications, and performing the entire validation also on RT-qPCR with the 
kit and reaction conditions used for RT-ddPCR as a control was not econom-
ically justifiable.   

In addition, it is important to note that the overall precision with RT-qPCR 
was slightly better than with RT-ddPCR in Paper V. In Papers I-III we used 
RNA UltraSense One-Step Quantitative RT-PCR System (recommended in 
ISO 15216-1:2017 [3]) and in Paper V we used TaqPath 1-Step RT-qPCR 
Master Mix, CG, both from Thermo Fisher Scientific. In terms of precision, it 
is thus possible that the performance of RT-qPCR can be optimised to resem-
ble or even surpass RT-ddPCR. 
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Practical aspects  
In addition to technical performance, it is important to consider the practical 
aspects when choosing an analytical method. RT-qPCR has been routinely 
used in food virology for more than a decade, while RT-ddPCR has only been 
used for a few years and to a very limited extent. Currently, RT-ddPCR is 
more expensive and time-consuming than RT-qPCR. In this work, analysis of 
a full 96-well plate took about 7-8 hours with RT-ddPCR and 4 hours with 
RT-qPCR, or even faster depending on the reaction kit and cycling conditions 
used. Importantly, RT-ddPCR also requires more manual handling and more 
sample transfer steps, which increases the risk of contamination and requires 
training and good operator technique [5]. A few false-positive signals were 
indeed observed with RT-ddPCR in Papers I, III and V. Such signals are prob-
lematic because they affect the ability of the method to accurately detect low 
target concentrations. This is particularly important to consider for applica-
tions in food virology, where detection and quantification of low target con-
centrations is often the main interest. 

Quantification standards and calibrators  
A major advantage of RT-ddPCR is that no quantification standards are 
needed. With RT-qPCR, a lot of time and money is invested in creating, quan-
tifying and maintaining such standards. In addition, different laboratories tend 
to use different types of standards and quantify them with different techniques, 
which can lead to significant bias in quantification and make comparisons be-
tween laboratories difficult [5]. On the other hand, the use of the same stand-
ard in several laboratories can also pose a risk, if that standard gives biased 
results. For example, the standards used in Paper I for the quantification of 
norovirus GI and GII in oysters are widely used in several laboratories in Eu-
rope and were also used in the European baseline survey on norovirus in oys-
ters coordinated by the European Food Safety Agency [49]. The results of this 
study are likely to make an important contribution to future EU legislation on 
norovirus in oysters. In Paper I, we noted that quantification using these stand-
ards in RT-qPCR resulted in 7.8-fold and 2.1-fold lower concentrations than 
RT-ddPCR for norovirus GI and GII, respectively. Through additional anal-
yses, we found that the detection probabilities and LOD95 obtained with RT-
qPCR were lower than what would be expected from a Poisson distribution 
(Figure 16 and Figure 17), which may indicate that the standards may have 
caused an underestimation of the virus concentration. 

However, as discussed in Paper I, it is important to point out that the efficiency 
of the RT step is not taken into account in the quantification. Therefore, the 
quantification of RNA with RT-ddPCR, as well as with RT-qPCR with DNA 
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standards, only reflects the number of amplifiable cDNA copies in the sample 
[189]. Since different assays can be reverse transcribed with different efficien-
cies, an internal calibration control to monitor the efficiency of the RT step is 
strongly recommended [183]. This is especially important when comparing 
results from different kits and assays.  
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Conclusion 

Paper I  
In Paper I, we optimised, validated and evaluated RT-ddPCR for quantitative 
detection of noroviruses in oysters and compared it with the current standard 
method RT-qPCR. We conclude that RT-ddPCR is preferable to RT-qPCR for 
quantitative detection, but that both methods perform comparably for qualita-
tive detection. Accurate quantification methods are highly desirable for food 
control in general and for providing reliable data for future EU legislation on 
microbiological criteria for noroviruses in oysters in particular.  

Paper II 
In Paper II, we performed an in silico inclusivity analysis of a widely used 
RT-qPCR assay for detection of hepatitis A virus in food, and investigated 
how primer-template mismatches affect quantification in RT-qPCR and RT-
ddPCR. We found that the assay slightly underestimates strains of genotype 
III and has a somewhat lower probability of detecting them. This information 
is important because the assay is widely used in official control and because 
hepatitis cases caused by genotype III-strains have recently increased in dif-
ferent parts of the world [7, 72, 73]. In addition, we found that ddPCR, com-
pared to qPCR, provides less biased quantification in the presence of primer-
template mismatches under certain circumstances due to the endpoint detec-
tion technique. This is in line with a previous hypothesis [5] and other studies 
performed on human immunodeficiency virus [150] and rhinovirus [151]. 
Thus, we conclude that (RT)-ddPCR is valuable for the quantification of se-
quence-variable viruses, where mismatches are often unavoidable. 

Paper III  
In Paper III, we developed and validated a new assay for quantitative detection 
of hepatitis A virus in food, which has better inclusivity than the assay studied 
in Paper II. We conclude that RT-qPCR is preferable for the assay for quali-
tative detection at low target concentrations, while RT-ddPCR is preferable 
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for quantification. An important finding was also that the concentrations ob-
tained by RT-ddPCR varied by less than 2% between different runs, as com-
pared to about 35% with RT-qPCR. The use of RT-ddPCR will thus allow us 
to detect significant changes in virus concentration that would have been 
masked by run-to-run variability with RT-qPCR, for example, in longitudinal 
analyses.  

Paper IV 
In Paper IV, we developed and evaluated a new tool, rprimer, for the simpli-
fied design of degenerate primers, probes and (RT)-PCR assays for sequence-
variable viruses, which was made openly available as an R/Bioconductor 
package. Based on a case study in the laboratory and comparisons with similar 
software, we conclude that rprimer can be useful for the development of diag-
nostic assays and studies on sequence-variable viruses. 

Paper V 
In Paper V, we optimised and validated a method for quantitative detection of 
hepatitis E virus in pork sausage. Efficient methods with documented perfor-
mance parameters are important in providing reliable data for future risk as-
sessments and surveillance studies. In contrast to our previous studies (Papers 
I and III), we found that the overall precision was greater with RT-qPCR than 
with RT-ddPCR. We therefore see no advantage to using RT-ddPCR over RT-
qPCR for this method. An additional aim was to compare different RNA ex-
traction methods and RT-PCR detection procedures. Here, we found that a 
rapid, traditional isopropanol precipitation protocol was efficient when an in-
hibitor tolerant RT-PCR detection strategy was used.  

Final conclusion   
This thesis presents methodological improvements and validations of methods 
for quantitative detection of the three most important foodborne viruses in im-
portant high-risk foods. Particular emphasis was placed on evaluating the use-
fulness of RT-ddPCR for food virological applications. In practical terms, we 
note that RT-ddPCR is more expensive and time-consuming than RT-qPCR 
and carries a potentially higher risk of contamination, as more sample transfer 
steps and manual handling are required. In terms of performance, through a 
combined analysis of the validation data from Papers I, III and V, presented 
in the General discussion, we conclude that RT-qPCR and RT-ddPCR perform 
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similarly in qualitative detection, perhaps with a slight advantage for RT-
qPCR, but that RT-ddPCR is superior to RT-qPCR in quantitative detection 
regarding both trueness and precision. Our findings agree with previous stud-
ies from other application areas [140, 141, 150] and a seminal review paper 
[5]. Furthermore, in agreement with other reports [209-212], we confirm that 
Poisson sampling error is the main factor contributing to the overall variability 
in both RT-qPCR and RT-ddPCR at target concentrations below about ten 
copies per reaction. In addition, by comparing our results with data from Pois-
son distributions, we find that we achieve near ideal precision with RT-
ddPCR. Regarding factors that might reduce PCR efficiency, we notice that 
neither RT-ddPCR nor RT-qPCR is inhibited to any great extent by the foods 
studied in this thesis. However, we can conclude that (RT)-ddPCR can provide 
more unbiased quantification in the presence of primer-template mismatches 
compared to (RT)-qPCR under certain circumstances. 
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Future perspective  

To build on the results of this work and further improve methods for quanti-
tative detection of viruses in food, future research and development can focus 
on the following: 

• Optimising sampling procedures and virus and RNA extraction meth-
ods to increase the concentration of target RNA in the RT-PCR reac-
tion, thereby improving the detection probability and precision. Be-
cause when the concentration of the target virus in the PCR reaction 
is more than about ten copies per reaction, we now know that RT-
ddPCR can offer an advantage over RT-qPCR in terms of quantitative 
detection.  

• Improving the practical aspects of the RT-ddPCR technology, such as 
cost, throughput, ease of use and turnaround time of results. This is 
especially important for routine analyses and official controls. 

• Implementing calibration controls of the RT efficiency. The effi-
ciency of the RT step is not considered in RT-ddPCR and since dif-
ferent assays can be reverse transcribed with different efficiencies, an 
internal calibration control to monitor the efficiency of the RT step is 
strongly recommended [183]. 

• Assessing additional performance parameters related to RT-ddPCR 
performance, such as reproducibility. As a continuation of the work 
presented in Paper I, the EURL for foodborne viruses is currently co-
organising a larger study involving several official laboratories in Eu-
rope. The aim is to evaluate different RT digital PCR platforms and 
compare them with the RT-qPCR protocol proposed by ISO 15216-
1:2017 [3]. The ongoing study will hopefully conclude whether RT 
digital PCR should be considered for quantitative detection of no-
roviruses in oysters in official control instead of RT-qPCR. 

• Optimising methods to quantify the number of infectious viral parti-
cles. An important limitation of PCR-based methods, which has not 
been discussed in detail in this thesis, is their inability to distinguish 
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between infectious and non-infectious viral particles. The proportion 
of non-infectious particles can vary between different samples. So-
called viability PCR methods are described [213, 214] but not cur-
rently used in routine surveillance. Such methods can be valuable in 
predicting the risks that virus contaminated food poses to humans [1].  
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