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The history of human picornaviruses 

The first report of a picornavirus-related case is displayed on an Egyptian stele from 
around 1400 BC, showing the withered leg of a young man, which was suggested to 
represent the consequence of poliomyelitis. The first clinical descriptions of polio-
myelitis were made in the 19th century, when various outbreaks were reported in 
several European countries and in the United States. In 1908 Landsteiner and Popper 
demonstrated that poliomyelitis is caused by a 
(polio)virus,189 by injecting monkeys with a 
virus filtrate (Figure 1). In developed countries, 
infections with polioviruses (Box 1) remained a 
serious public health problem until the devel-
opment of the Salk inactivated polio vaccine 
(IPV) in 1954,255,308 the Sabin attenuated oral 
polio vaccine (OPV) in 1955,305 and the wide-
spread immunization programs in the following 
years.  
Another picornaviral disease, hepatitis A, is 
also believed to be an ancient disease. For 
centuries, outbreaks of jaundice have been 
described and, in 1912, the term “infectious 
hepatitis” was introduced because the disease 
often occurred in epidemics.67 Hepatitis A virus 
particles were identified by immune electron 
microscopy (EM) in 1973,104 and the viral 
particles were isolated by cell culture in 
1979.280 The introduction of a hepatitis A virus 
vaccine in 1992266 significantly reduced the 
disease incidence. 
Several other picornaviruses, besides polio-
virus and hepatitis A virus, were identified in 
the 1940s and 1950s. Coxsackie A viruses were 
isolated in 1947 from the feces of children with 
paralytic symptoms in Coxsackie, New York, 
during poliomyelitis outbreaks.76 Currently 
there are 23 (1-22 and 24) recognized sero-
types of Coxsackie A virus (Table 1). In 1948, 
the first Coxsackie B virus was isolated from several cases of aseptic meningitis,77 and 
Coxsackie virus B1-6 have now been described. Echoviruses were originally isolated 
from the feces of asymptomatic individuals in 1951, during epidemiological studies of 
polioviruses.68,290 However, the association of echoviruses with the development of 
severe clinical disease, such as aseptic meningitis, paralysis, encephalitis, and 
myocarditis, has been demonstrated in later years.  At present, 28 distinct echovirus 
serotypes have been described (1–7, 9, 11–21, 24–27, 29–33). 

Box 1: Polioviruses 

Three serotypes of poliovirus are known: 
poliovirus 1-3, all capable of causing paralytic 
poliomyelitis in humans. Although 95% of the 
poliovirus infections remain asymptomatic 
(mainly in children < 5 years of age), paralytic 
polio develops in 0.1-2% of cases.  
In 1988, the Global Polio Eradication Initiative 
(GPEI) was launched (a resolution adopted by 
the World Health Assembly), which initiated 
massive vaccination campaigns with the oral 
poliovirus vaccine that resulted in a decrease 
of 99% in the number of polio cases. In 2013, 
only three countries in the world remain 
polio-endemic: Nigeria, Pakistan, and Afghan-
istan. In the final stage of polio eradication, 
only type 1 (most pervasive) and type 3 (at low 
levels) wild poliovirus continue to circulate in 
these endemic countries. One negative side-
effect of the overall effective immunization 
campaigns with oral polio vaccine is the 
appearance of vaccine-derived polioviruses 
(VDPVs), altered vaccine polioviruses that 
have reverted to neurovirulence and caused 
several outbreaks.172,235 
As long as poliovirus is not yet eradicated, 
susceptible populations, in regions with low 
vaccination coverage and low herd immunity, 
are at risk for reintroduction of poliovirus. In 
the endgame of polio eradication, it is 
important to increase the surveillance for 
acute flaccid paralysis and intensify environ-
mental sample collection to facilitate a rapid 
response in case imported poliovirus is 
detected.374 
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Figure 1. Human picornavirus history.  
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In 1953 there was the discovery of the common cold viruses (rhinoviruses),278 and a few 
years later, in 1956, echoviruses 22 and 23 were isolated from the feces of two infants 
with diarrhea.377 However, with the development of molecular methods, echoviruses 
22 and 23 were reclassified into a new picornavirus genus, parechoviruses, in 1999. 
176,335 In the 2000s, 14 more parechovirus types were discovered. From 1969 onward, 
newly identified enteroviruses were assigned numbers instead of classification into 
either the Coxsackievirus or the echovirus species. For instance, there is enterovirus 71 
(isolated in 1969316), which is highly pathogenic and has been associated with a variety 
of acute diseases: aseptic meningitis, paralytic poliomyelitis-like disease, encephalitis, 
and hand, foot and mouth disease. To date, enteroviruses 68-120 have been described, 
but not all of these viruses infect humans. 
More recently, several new picornaviruses have been discovered: Aichi virus was 
isolated from an oyster-associated outbreak of gastroenteritis in Japan in 1989.391 In 
2007, Saffold virus was isolated (from a clinical sample originating from 1981);155 in 
2008, cosaviruses were isolated in both clinical cases and control individuals,161 and in 
2009 salivirus (klassevirus) was isolated from individuals with gastrointestinal disease. 
119,196 

 
General picornavirus characteristics 

Picornaviruses (pico=small, RNA virus) comprise a large family of many different viruses 
that can infect both humans and a wide variety of animals. Although the family 
Picornaviridae is continually expanding, it currently consists of 17 genera, seven of 
which infect humans: Cardiovirus, Cosavirus, Enterovirus, Hepatovirus, Kobuvirus, 
Parechovirus, and Salivirus (http://www.picornaviridae.com). Classification was origi-
nally based on the physical properties (particle density and pH sensitivity; Box 2) and 
serological relatedness of the viruses, but more recently it is based on their nucleotide 
sequences.149 Picornaviruses contain a positive sense, single-stranded RNA genome 
that is between 7.2-8.8 kilobases long. The virus is non-enveloped, and the RNA is 

surrounded by an icosahedral capsid of 
approximately 27-30 nm. Because the 
picornaviruses lack a lipid envelope, their 
infectivity is insensitive to several organic 
solvents.281 Furthermore, picornaviruses sur-
vive the acidic environment of the stomach and 
remain infective when they arrive in the 
intestine, the primary infection site of most 
picornaviruses. An exception are the rhino-
viruses, which are acid labile, and which infect 
and replicate in the respiratory tract. The 
genomic organization of the different members 
of the Picornaviridae family is highly conserved. 
One large single open reading frame (ORF) 
codes for a single polyprotein that is divided 

Box 2: Virus surface charge 

The functional groups of the coat protein of 
picornaviruses largely determine the surface 
charge of the virions. These charges vary 
continually with changing pH values and are 
often positive at an acidic pH, negative at an 
alkaline pH, and zero at their isoelectric point 
(IEP). The members of the Picornaviridae 
family have a broad range of isoelectric points 
(e.g., hepatitis A virus, IEP=2.8; echovirus 1, 
IEP= 4.0-6.4; and poliovirus 1, IEP=3.8-8.3233). 
It is likely that these large differences in 
isoelectric point and the consequent differ-
ences in surface charge play a major role in 
concentration, treatment, sorption, and 
filtration processes among picornaviruses. 
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into three regions, P1-P3. The P1 region 
encodes the structural viral capsid proteins 
(VP4, VP2, VP3 and VP1), the P2 and P3 regions 
encode the non-structural proteins (2A-C and 
3A-D) that are associated with replication and 
host-cell interaction functions. The ORF is 
flanked by a 5’ noncoding region and a short 3’ 
noncoding region with a poly-A terminus. At 
the 5’ noncoding region, the genome is 
covalently linked to a small virally encoded 
protein (VPg). In some picornavirus genera, the 
polyprotein starts with a leader (L) protein; in 
others, the VP0 protein is not cleaved into VP4 
and VP2. 
 
Evolution of picornaviruses 

Picornavirus evolution results in changes in the genetic composition of a picornavirus 
population over time. Picornaviruses, like other RNA viruses, can evolve rapidly because 
they have two unique defining features: high mutation rates and small genomes. 

Picornaviral genomes evolve over time through 
two main mechanisms, mutation and recombi-
nation (Box 3). Picornavirus replication is error-
prone, because of the absence of a proofreading 
mechanism of the RNA polymerase, resulting in 
large variations in the genomes of new virus 
generations. Due to this limited fidelity of the 
replication apparatus, and due to diverse 
physicochemical conditions in the environment, 
nucleotides may be changed, inserted, or 
deleted. The resulting nucleotides (mutations) 
may be neutral, advantageous, or deleterious in 
virus evolution. 
The rapid infection cycle of the picornaviruses 
may allow them to reach high virus titers before 
onset of the defense mechanism of the infected 
host. Advantageous mutations promoting large 
population sizes increase the chance for the 
lineage to be successful. However, due to the 
high error rates during replication, the offspring 
often contains virus particles that are defective. 
These defective particles and genomes with 
deleterious mutations are reduced or even 
eliminated through negative selection pressure. 

Box 3: Phylogeny of enteroviruses 

Like other picornaviruses, enterovirus evolu-
tion is largely the result of recombination and 
mutations in which coding genome sequen-
ces are relatively conserved except in the 
capsid region, where sequence diversity is al-
most exclusively driven by mutations. The 
non-coding sequences of the genome may 
influence pathogenicity and cell tropism, 
whereas the capsid determines the identity of 
the virus. As a result, enteroviruses are mono-
phyletic by type only within the capsid region; 
253 outside the capsid region, enteroviruses 
are monophyletic only by species. The capsid 
region is the most variable part of the 
polyprotein, both within and between 
species,50,149,253,256,277 whereas the non-capsid 
region of the polyprotein is much more 
conserved. 

Box 4: Virus evolution  

Virus phylogeny can be inferred using 
complete genomes or using a specific part of 
the genome, and for the small picornaviruses, 
a small part is often used for phylogenetic 
analyses. Although phylogeny is mainly used 
for taxonomic purposes only, these analyses 
may aid in gaining better insights into the 
patterns and processes of evolutionary 
change.322 
To obtain an accurate phylogenetic history of 
picornaviruses, two important aspects should 
be considered: an appropriate model of 
nucleotide substitution and a plausible 
algorithm to determine the most optimal tree. 
The most frequently used methods are 
neighbor joining (NJ)307 and maximum likely-
hood methods based on various evolution 
models178 (including the Bayesian variant: 
BEAST93). The result is often illustrated as a 
dendrogram, a schematic line drawing, often 
tree-like, that represents evolutionary rela-
tionships among species. The branch length of 
a tree may define either the amount of change 
fixed or the time elapsed between two nodes 
connected in a tree. The tree reflects changes 
in population size and diversity due to genetic 
drift and natural selection. 
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Related virus lineages may evolve at various and fluctuating rates, and some 
nucleotides may mutate repeatedly, resulting in many different lineages. By chance or 
under strong selection pressure, lineages may converge again. Furthermore, the 
changing lineages of related viruses may progress nonlinearly in time. Recombination 
has been shown to be another mechanism causing rapid expansion of the picornavirus 
diversity.24,31,210-212,225,327 Mutation and recombination allow viruses to adapt to 
changing environments in which they need to persist until they can infect another 
susceptible host.  
Molecular analysis of the evolution of picornaviruses (Box 4) has focused on genotype 
diversity, without offering much clarity about what this variation means in terms of 
phenotype, i.e., the relevant biological properties  such as virulence, host cell tropism, 
and host range.327 Minor changes in the viral genome may result in vastly different 
biological properties, depending on the sequence context in the viral genome. Even 
viruses that share a phylogenetic position need not be associated with the same disease 
manifestations. An important aspect of picornavirus evolution is to understand the 
mechanism of the emergence of picornaviruses as new human pathogens.260 
 
Clinical manifestations 

The great majority of picornavirus-infected individuals remains asymptomatic, but 
infections with picornaviruses may result in a wide range of mild to severe diseases.347 
These diseases include gastroenteritis, the common cold, and rash, but also, for 
instance, aseptic meningitis, poliomyelitis, myocarditis, and hepatitis (Table 1). Despite 
the fact that most picornaviruses initially replicate within the gastrointestinal tract, only 
a few genera (especially the recently discovered Aichi viruses, Saffold viruses, 
saliviruses, and cosaviruses) are associated primarily with gastroenteritis.347 Further-
more, when infection is limited to the intestinal tract, the picornaviruses mainly cause 
mild disease, whereas more serious disease may develop after these viruses have 
spread to other organs,260 such as the central 
nervous system, the heart, or the liver.191 
Picornaviruses are primarily excreted in the 
feces of infected individuals, and acute 
infections are often characterized by periods of 
intense virus shedding,71,88 ranging from a few 
days up to more than 6 weeks in some 
cases.7,183 The incubation period of an entero-
virus infection is approximately 2-14 days, 
while for a hepatitis A virus infection the period 
is 2-6 weeks (with an average of 28 days).186 
Virus shedding may be intermittent and is 
clearly affected by the immune status of the 
infected individual.163,234 Because infected 
individuals, both asymptomatic and sympto-
matic, shed the virus in their feces, the 

Box 5: Disease development 

For instance, in case of a poliovirus infection, 
most individuals remain asymptomatic or de-
velop mild acute enteric symptoms. Polio-
myelitis occurs in less than 1% of the infected 
individuals.174,236 The more serious diseases 
occur especially in young children, pregnant 
women, older people, and immunocompro-
mised individuals.32,113,250,297 Most picorna-
virus infections are common during early 
childhood, and often a high sero-prevalence 
against several picornaviruses has been 
described, sometimes in very young children. 
130,152,287,402 Although serious complications 
are generally rare, the disease burden can still 
be high, because infections with these viruses 
are so very common. 
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presence of the virus in fecal samples does not automatically imply association with 
disease. In fact, the etiology is often difficult to establish because infections may go by 
unnoticed; because these viruses may cause multiple symptoms; and because 
members of different virus families may cause similar clinical manifestations. 
Furthermore, it is clear that the same picornavirus can cause very diverse health 
outcomes in different individuals (Box 5).  
 
Table 1. Human picornaviruses and associated clinical manifestations.a 

Genus Species Serotypes b Disease  

Enterovirus poliovirus 3 poliomyelitis; meningitis; fever; paralysis 

 Coxsackie A virus 23 meningitis; herpangia; hand, foot and mouth 

disease; acute hemorrhagic conjunctivitis; 

respiratory infection gastrointestinal disease; 

hepatitis 

 Coxsackie B virus 6 myocarditis; meningitis; respiratory infection; 

fever; rash; pleurodynia 

 echovirus 32 meningitis; encephalitis; respiratory 

infection; fever; rash 

 enterovirus 68-71 4 meningitis; encephalitis; respiratory 

infection; acute hemorrhagic conjunctivitis; 

hand, foot and mouth disease; paralysis 

 rhinovirus 165 respiratory infection 

Hepatovirus hepatitis A virus 1 Infectious hepatitis 

Parechovirus parechovirus 16 
neonatal sepsis; encephalitis; paralysis; fever; 

gastrointestinal disease; respiratory infection 

Kobuvirus Aichi virus 3 gastrointestinal disease 

Cardiovirus Saffold virus  11 
meningitis; gastrointestinal disease;  Fever; 

respiratory infection 

Cosavirus cosavirus 1 paralysis; gastrointestinal disease 

Salivirus salivirus 1 gastrointestinal disease 

a Examples might not be all-inclusive, and other enterovirus types may also be associated with a given disease.     
b A number of new/candidate types are proposed in several species. 

 
Epidemiology of picornaviruses 

The different picornaviruses cause sporadic infections and outbreaks worldwide. 
Hepatitis A viruses are endemic in several regions in the world,376 and polioviruses still 
circulate endemically in three countries.59 Some picornaviruses follow a seasonal 
pattern, often dependent on the geographic area, although outbreaks may occur all 
year round. In temperate climates, most of the enterovirus infections peak in the 
summer months and in early fall, although the rhinovirus infections appear more often 
in fall and spring. Among parechoviruses, seasonal patterns vary with type: parecho-
virus type 1 infections are more prevalent in late summer and the early winter months, 
whereas parechovirus type 3 infections occur from June to August. The hepatitis A 
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viruses do not show a distinct seasonal distribution. Several picornavirus types show an 
epidemic pattern with cycles at yearly intervals. The parechoviruses of type 3 show a 
biannual cycle of infection,129,384 and hepatitis A likewise tends to cause cyclical 
epidemics.194 
Although most picornavirus infections have no specific age predilection, age is a 
determinant along with sex and socioeconomic status. It is one of the most important 
determinants of susceptibility to infection and severity of disease. Overall, the most 
susceptible individuals are children younger than 2 years of age, who often show more 
severe clinical manifestations. For instance, aseptic meningitis is most common in 
infants,32,297 and sepsis caused by parechoviruses is a severe disease in young infants 
(often younger than 3 months of age).41,128,364,384 In contrast, hepatitis A virus infections 
are often asymptomatic in children and show more severe clinical manifestations in 
adults.220 Furthermore, there is a predominance of some enterovirus infections among 
males, which may have both sociological and biological explanations. Because 
picornavirus infections are so common, most primary infections occur during early 
childhood. 
In contrast with the established clinically relevant picornaviruses (enteroviruses, 
hepatitis A viruses, and parechoviruses), the epidemiology of the more recently 
identified human picornaviruses (Aichi virus, Saffold virus, salivirus and cosavirus) is still 
mostly unknown.244,347 With respect to the seasonality and the distribution in various 
age groups, they may behave in a manner similar to the established picornaviruses. The 
clinical relevance of the more recently discovered picornaviruses has not yet been 
determined, but disease development is expected to depend on the specific virus 
genotype, as in the other human picornaviruses. 
 
Persistence of picornaviruses in the environment 

Like all viruses, picornaviruses are inert particles that do not replicate or metabolize in 
the environment. Because they are obligate intracellular parasites, these viruses 
require living cells (a human host) to replicate. To have any chance of transmission to 
another host, i.e., for the picornaviruses to persist, it is important that they remain 
infectious (the virion components must remain functional), and this is greatly depen-
dent on the robustness of these viruses in the environment. 
Numerous physical, chemical, and biological factors influence virus persistence in the 
environment. Some of the primary factors affecting virus persistence in the aquatic 
environment are temperature, sunlight (UV), and virus association with solids.46 
Picornaviruses are generally resistant to several environmental stressors,33,304 including 
heat, acid, and chemicals, and hepatitis A virus exhibits greater resistance to environ-
mental stressors than other picornaviruses.1,304 Although virus survival beyond a few 
weeks does not generally occur, picornaviruses can survive for months in favorable 
conditions. These conditions include a neutral pH, low temperature, moisture and, in 
particular, the presence of organic matter that protects the viruses against inactivation. 
Among the viruses of the picornavirus family and genera, and even among similar types 
of viruses, diverse behavior and inactivation rates have been observed.81 
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Transmission routes 

Picornavirus infections are transmitted by the fecal-oral route and are disseminated by 
ingestion of contaminated food and water or through person-to-person contact, which 
are designated indirect and direct transmission routes, respectively. Picornaviruses are 
shed in high concentrations in the feces,109 and therefore large numbers of viruses 
enter sewage treatment, and often high concentrations remain in the treated sewage. 
202,259 Pathogenic viruses are introduced into the environment through the discharge of 
treated and untreated sewage,80,259 and high concentrations of viruses are subsequent-
ly discharged into surface water and are further distributed by means of water flows.120 
The virus levels will decrease gradually after the discharge of sewage, through dilution 
and environmental inactivation factors, but low residual numbers of these viruses likely 
remain present in the environment for a long period.259 The stability of picornaviruses 
in the environment is significant for their transmission potential. Surface water is used 
as a source for drinking water production, irrigation water for food crops, and growing 
waters for shellfish for human consumption. Finally, surface waters are used for recrea-
tion. Humans are thus exposed to waterborne viruses by ingestion of contaminated 
water, food, or shellfish (Figure 2). 
 
Figure 2. Scheme of potential environmental transmission routes of picornavirus infections. 

Although concentrations of viruses in surface water are often low, they can still cause 
infection when ingested by a susceptible individual.121 As most enteric viruses are 
believed to have low infectious doses of 10-100 virus particles, or possibly even less, 
low virus concentrations in surface water can cause considerable risk of infection and 
possibly disease.109,122 Several characteristics of picornavirus infections, such as their 
often long incubation periods and their diverse clinical manifestations, can make 
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identification of an environmental source problematic, suggesting that the trans-
mission of human picornaviruses via water is probably underestimated at present. 
For several members of the picornavirus family, for instance hepatitis A viruses, 
echoviruses, Coxsackie A and B viruses, and Aichi viruses, water-associated outbreaks 
have been described (Figure 1). An echovirus 30 outbreak in 1997 was attributed to 
consumption of contaminated drinking water.10 In addition, several outbreaks related 
to contaminated recreational waters were described in 1969, 1972, 1974, 2001, and 
2004, in which the causative viruses were indicated as hepatitis A virus,51 Coxsackievirus 
B5,134 Coxsackievirus A16,84 echoviruses 13 and 30,132 Coxsackievirus A1, and echovirus 
30,23 respectively. Also outbreaks have been described related to exposure to 
swimming pools contaminated with echoviruses (3 and 30) and hepatitis A viruses. The 
contamination in pool settings is probably the consequence of fecal incidents by 
infected swimmers.103,168,213,216,397 Finally, clinical cases caused by hepatitis A viruses 
and Aichi viruses have been associated with the consumption of contaminated 
shellfish.26,391 
To summarize, the indirect transmission cycle of picornaviruses depends on the feces 
of infected individuals contaminating the environment, for instance drinking, recrea-
tional, and irrigation waters, allowing viruses to come into contact with susceptible 
individuals (Figure 2). 
 
Virological analysis of water 

Picornaviruses are isolated from diverse aquatic environments, such as sewage, 
seawater, surface water, groundwater, and drinking water.109,120,259 Virological analysis 
of water samples comprises the following steps: virus concentration and removal of 
contaminating substances, isolation of viruses by cell culture assays, or direct detection 
of viruses by molecular techniques.390 The choice and application of the many available 
techniques is primarily dependent on the viral load, the type of water, and whether or 
not the infectivity of the viruses needs to be determined, e.g., for the assessment of 
public health risks. 
Often the picornavirus concentrations in aquatic samples are low, and therefore the 
viruses must be concentrated before they can be detected.97,109 Several concentration 
methods are available, but because viruses are very small, most of these methods are 
based on the adsorption of the viruses onto a filter surface rather than mechanical 
retention of virus particles. In these filtration methods, the water is passed through a 
filter that is negatively or positively charged, and the viruses subsequently attach to the 
filter material. Following adsorption of the viruses to the filter surface, the viruses are 
desorbed using a buffered solution with a high pH, and after neutralization of the 
solution, a second concentration method is usually applied to further concentrate the 
viruses: for instance, ultrafiltration, ultracentrifugation, or organic flocculation. These 
concentration methods are followed by pathogen detection and enumeration by either 
cell culture or molecular methods. Because of the complexity of detecting low virus 
concentrations in aquatic samples, the detection methods should combine high 
sensitivity and high specificity.47 
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Traditionally, cell culture methods have long 
been the method of determining the presence 
of different picornaviruses in the environment. 
109,221,390 A part of the concentrated water 
sample is inoculated on susceptible cells and, 
after growth of the virus plaques, viruses can 
be quantified by counting lesions. Cells often 
used for the culture of enteroviruses include 
the buffalo green kidney cells (BGM), 
rhabdomyosarcoma cells (RD), or human colon 
adenocarcinoma cells (HT-29).74,320 However, 
no single cell line is capable of growing all the 
human picornaviruses, and therefore it is 
common practice to use several types of host 
cells to increase the numbers of picornaviruses 
that can be detected. Furthermore, some 
picornaviruses grow very slowly or do not 
produce any cytopathological effect, and cell 
culture methods are therefore less suitable for 
their detection.47 
Recently, molecular methods such as the rever-
se transcription-polymerase chain reaction (RT-
PCR) are more commonly applied for the 
detection of viruses in environmental samples 
(Box 6).47,221 After the isolation and purification 
of the genomic material of the viruses from the 
sample, specific primers (probes) are used for 
the detection of specific parts of the viral 
genome. These methods usually combine high 
sensitivity and specificity. Nevertheless, 
molecular techniques cannot determine if the 
detected picornaviruses are infectious or non-
infectious. Assays combining cell culture and 
molecular techniques have been developed to 
overcome some of the disadvantages of either 
detection method,125,288,289,324 but variation in 
sensitivity remains a problem. Recently, advan-

ced molecular biological techniques such as metagenomics have aided in the research 
and discovery of new members of the picornavirus family.34,72,87,242,295 However, the 
discovery of new pathogens with such deep-sequencing techniques in environmental 
samples does not automatically mean that these viruses are clinically relevant. 
 
 

Box 6: Molecular techniques 

Molecular techniques allow the design of very 
sensitive assays, but the outcomes are also 
sensitive to inhibitory substances, resulting in 
false negative results. Therefore, it is very 
important to remove any inhibitory substances 
that could interfere with the PCR reaction from 
the samples. 
Many PCR assays have been developed for 
both detection purposes (highly sensitive) and 
for typing purposes (highly specific). For the 
general detection of different picornavirus 
species, the primers most often chosen are 
situated in the 5’ noncoding region of the viral 
genome. This region is highly conserved among 
the different types within the picornavirus 
species and therefore is suitable for detection 
but less suitable for typing of the detected 
viruses. Real-time PCR (qPCR) assays are rapid 
and specific and commonly used for detection 
purposes nowadays. Primers for typing assays 
are situated within the P1 coding region (which 
encodes the viral capsid proteins), and often 
the VP1 region is targeted. Because of the 
heterogeneity of this part of the viral genome, 
such assays are often less sensitive, but the 
sequences obtained are useful in genotyping of 
the detected viruses.252,255 To increase the 
sensitivity of these PCR assays, nested-PCR 
assays were developed, but their increased 
sensitivity implies that these assays are also 
more prone to generating false positive results. 
As a method for virus typing, genotyping has 
become an alternative to the conventionally 
used neutralization test, with the use of 
specific antisera (serotyping149). The sequence 
identity of the VP1 gene, e.g., for the 
enteroviruses, correlates with the designation 
of the enterovirus serotypes.253,255 Molecular 
methods will aid significantly in viral evolution 
studies in which the ancestor viruses can be 
identified, and also in determining the source 
of infection to unravel transmission routes. 
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Risk assessment 

Quantitative microbial risk assessment (QMRA) 
estimates the probability of infection after the 
exposure of an individual to a viral pathogen 
like picornavirus (Box 7). QMRA has been used 
to assess health risks associated with water-
borne viruses, such as Coxsackieviruses, in 
both drinking water and recreational 
water.114,122, 229,285 To be able to perform a risk 
assessment, several characteristics of the 
water source to which humans are exposed, 
should be known: the type of virus present in 
the water, as well as its concentration, and 
whether or not the viruses are infectious. 
Other factors include intake behavior of the 
exposed human population, such as ingestion volume230 and frequency, to estimate the 
dose of the specific viruses.122,230 Behavioral factors are often subjected to scenario 
analyses in which a broad range of possible input parameters are assessed. 
For the assessment of health risks, it is important to know the infectivity of a virus. 
Several dose-response relationships are available for the picornaviruses (echovirus and 
poliovirus167,185,195,237,275,311); challenge studies led to quite different dose-response 
relationships, and the rotavirus relationship is usually used as a worst-case example.  
Especially in cases of exposure of bathers to viruses in recreational waters, behavioral 
factors are thought to influence the health risk even more than in drinking water. 
Children are probably more affected by water-borne recreational outbreaks,249,250,262 
because children swim more often in surface water, submerge their heads more often, 
and consequently are likely to ingest more water during a swimming event than adults; 
94,310 and children are also more susceptible to develop more serious diseases.250,262 
Note, however, that other susceptible individuals (pregnant women, elderly, and 
immunosuppressed individuals) may likewise have a higher risk of developing diseases 
after exposure to pathogenic viruses in the environment;113 and therefore these 
susceptible populations should be specifically addressed in risk assessment. 
 
Outline of this thesis 

The aim of this study is to determine if the presence of human picornaviruses in the 
aquatic environment, specifically enteroviruses and parechoviruses, poses a problem 
to public health. We have employed a multidisciplinary approach aimed at clarifying 
the possible association of enteroviruses and parechoviruses in water sources with 
disease in humans (Figure 3). 
An interesting new tool to investigate waterborne infectious disease is environmental 
surveillance, which was applied in Chapters 2-3. In Chapter 2, a study is described in 
which environmental parechovirus surveillance was performed on sewage samples 
originating from several schools and municipalities of religious conservatives in the so-

Box 7: Dutch Drinking Water Directive 

The Dutch Drinking Water Directive14,16 
demands that less than one infection in 
10,000 persons per year may occur due to the 
consumption of unboiled drinking water. To 
support implementation of this directive, a 
user-friendly computational tool called QMRA 
spot314 has been developed for researchers. 
This tool automates the assessment of the 
infection risk using the virus concentrations in 
the source water and the removal efficiencies 
of the applied water treatment processes. 
Enteroviruses were selected as the index 
pathogen to represent the waterborne 
pathogenic viruses, and their infection risk 
should therefore be determined. 
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called Dutch Bible belt. Molecular detection and typing methods were applied to obtain 
virus sequences for use in phylogenetic analysis and to compare these sequences with 
known parechovirus isolates. To estimate the sensitivity of environmental poliovirus 
surveillance, compared to other modes of surveillance, a challenge study was 
performed: healthy individuals with low or undetectable poliovirus titers were 
challenged with oral polio vaccine 1 or 3. Polioviruses were then detected in fecal and 
sewage samples to determine the properties of environmental surveillance, as 
described in Chapter 3. 
 

 
Figure 3. The objectives of this thesis and research tools applied. 

 
Archival samples may provide support to environmental surveillance studies, since 
pathogens can be analyzed retrospectively by molecular methods, as demonstrated in 
Chapters 4 and 5. In Chapter 4, the prevalence and molecular evolution of Aichi viruses 
in the Netherlands was determined over a prolonged period of time (1987-2012). A 
molecular method was developed to detect and subsequently type the Aichi viruses 
from archival water samples. The molecular evolution of the various Aichi virus strains 
isolated from these samples could be identified, as shown in Chapter 4. These archival 
samples were also used to retrospectively screen for the presence of enteroviruses, 
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parechoviruses, hepatitis A viruses, Saffold viruses, and cosaviruses to determine the 
prevalence of these viruses in the Dutch environment, which also reflects the circula-
tion of these viruses in the Dutch population. In addition, the virus strains isolated from 
the environment were used in phylogenetic studies to compare these strains to clinical 
isolates associated with disease manifestations (Chapter 5). 
In Chapter 6, surface waters used for drinking water production were tested for the 
presence of several enteric viruses. Both culture-based and molecular-based methods 
are generally used for the detection of viruses in environmental samples. We compared 
the reduction of bacteriophages after three different water treatment processes as 
determined with both types of detection assays, and evaluated the data in respect to 
the correct interpretation, as has been described in Chapter 7. 
An epidemiological study was performed to investigate whether or not exposure to 
water plays a role in the development of parechovirus and enterovirus infections in 
young children (Chapter 8). In an additional effort to elucidate the possible role of 
transmission of enteroviruses and parechoviruses in recreational waters, the surface 
water data from chapters 5 and 6 were used in a quantitative microbial risk assessment 
(QMRA) to estimate the possible public health risks when children are exposed to these 
contaminated surface waters (Chapter 9).  
In conclusion, Chapter 10 provides a critical discussion of the research presented in this 
thesis and presents future research suggestions. 
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The circulation of human parechoviruses (HPeVs) in the population was studied by 
environmental surveillance comprising of molecular analyses of sewage samples 
(n=89) that were collected from 15 different locations in the Netherlands. Samples 
were taken from sewage originating from schools (n=9) or from parts of munici-
palities (n=6) during the Dutch school year 2010-2011. At 13/15 locations HPeV1, 
HPeV3, or HPeV6 RNA was detected at least once; however, sequence diversity did 
not reflect associations in time or place. A higher percentage of positives was 
observed in the samples originating from the municipalities. It was demonstrated 
that HPeV circulated in the studied population to a higher extent than would be 
expected from the current knowledge on infections predominating in young children. 
 



Parechoviruses in sewage 

 19 

Introduction 

Human parechoviruses (HPeVs) are small, non-enveloped, single-stranded RNA viruses 
belonging to the family Picornaviridae. Although infections with these viruses in 
humans are often asymptomatic,184 they can also cause mild symptoms such as 
diarrhea and flu-like disease.274 Occasionally, more severe disease outcomes such as 
meningitis, sepsis, and paralysis occur.129,317,362,364 Parechovirus infections are predo-
minantly seen in children. Especially neonates are at increased risk for more severe 
disease due to their immature immune systems. HPeVs cause infections in the central 
nervous system, and particularly HPeV3 but occasionally also HPeV1 may lead to severe 
sequelae.128,364,384 The burden of disease caused by HPeV infection is probably still 
underestimated. 
Although HPeV infections are globally endemic throughout the year, a different 
periodical occurrence of infections is observed for the different types of HPeV. In 
temperate climates, HPeV3 infections are more particularly noted in summer and fall, 
whereas the other types of HPeV circulate more in fall and winter.30,128,360 Human 
parechoviruses, like other enteric viruses, are assumed to be transmitted by the fecal-
oral route. Upon infection, these viruses can multiply in the gastrointestinal but also in 
the respiratory tract. Infected individuals, both symptomatic and asymptomatic, can 
shed these viruses in large amounts in their feces163 that finally might end up in the 
environment. Furthermore, viruses present in sewage, directly or after treatment, are 
discharged onto surface waters and may spread through the water. Subsequently, 
humans may be exposed to those viruses because surface water is used as source water 
for the production of drinking water, for recreational purposes, for irrigation of crops, 
and for shellfish cultivation for human consumption. 
Human parechovirus types 1 and 2, the former enteroviruses echoviruses 22 and 23, 
were previously reassigned to a new picornavirus genus, Parechovirus.334,335 Since then, 
14 other types (HPeV3 to 16) have been discovered (www.picornaviridae.com/ 
parechovirus/parechovirus.htm). The genome organization of HPeV consists of two 
uncoding regions (5’ end and 3’ end) and a single open reading frame that encodes a 
polyprotein, cleaved to give the individual structural (N-terminal part of the 
polyprotein) and nonstructural (C-terminal part) proteins. Parechoviruses, like most 
RNA viruses, have a high mutation rate due to the lack of proofreading activity during 
genome replication, and also recombination events occur frequently. As a result, HPeVs 
show rapid sequence changes over time.52 
Classical HPeV detection methods are based on virus isolation by cell culture, followed 
by virus identification by antigenic typing methods and molecular typing. More 
recently, direct molecular virus detection methods have increasingly been applied in 
clinical and environmental virology studies, because of their sensitivity, specificity, and 
ability to relatively rapidly detect a large group of viruses. Many reverse transcription-
PCR (RT-PCR) assays have been described for HPeV detection that target the highly 
conserved 5’ untranslated region (5’UTR).27,28,127,245 Although useful for detection, the 
5’UTR sequence does not provide enough sequence information to type the detected 
virus. The part of the HPeV genome encoding the structural proteins, such as VP1 or 
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the VP3/VP1 junction, is more appropriate for typing purposes.28,30,127 Because of the 
high sequence variability in these structural regions, it is difficult to design primers that 
can detect all the HPeV types with sufficient sensitivity, and highly degenerated primers 
are needed to obtain sufficient specificity. Especially in environmental samples, where 
the virus concentrations are generally low and many PCR-inhibitory substances are 
present, sensitivity of the PCR may be a complicating factor. Identification of circulating 
HPeVs in the human population may help in understanding the epidemiology of HPeV 
infections, which may contribute in obtaining a better understanding of the burden of 
disease caused by parechoviruses. To be able to monitor the circulation of HPeV, it is 
important to detect viruses from both asymptomatic and symptomatic infected 
individuals. This can be achieved by environmental surveillance for the presence of 
enteric viruses in sewage. Environmental surveillance programs are frequently used to 
monitor circulation of wild-type poliovirus85,145 and of vaccine-derived polioviruses. 
39,326,400 Early detection of polio-virus circulation is important, especially in a susceptible 
population, to prevent further spread and possible new poliomyelitis cases. In the 
Netherlands, environmental poliovirus surveillance is done in an area where many 
unvaccinated individuals, due to religious beliefs, live close together in the so-called 
Bible belt.359 The presence of poliovirus and other enteric pathogens, such as human 
parechoviruses, detected in the sewage by environmental surveillance is representative 
of the circulation of these viruses in the sampled population.204 
In this study, we determined which HPeV types circulated in sewage to obtain a high 
coverage of a large part of the population with a relative easy applicable and sensitive 
method. The detected viruses were typed by sequence and phylogenetic analysis. The 
number of positive samples obtained from the different sampling locations, schools and 
municipalities, and the detected sequence diversity were compared to each other and 
to the known sequences in GenBank. These data may contribute to a better under-
standing of the HPeV circulation in the Dutch population and may also aid in developing 
strategies to prevent these HPeV infections. 
 

Materials and methods 

Sewage samples 

As part of the environmental poliovirus surveillance in the Netherlands, 1-liter grab 
sewage samples were taken in the Bible belt area, where many people that have not 
been vaccinated against poliomyelitis on religious grounds live close together. In April 
2010 (pilot samples) and during the Dutch 2010–2011 school year, sewage samples 
were collected from 15 locations, either from sewer drains with sewage directly 
originating from schools where a high percentage of children with a Reformed 
upbringing attend or from sewer drains in a municipality with a high percentage of 
Reformed individuals (Figure 1). The sampling sites were divided into two sampling 
routes with an interval scheme, resulting in six complete sampling sets (April 2010 and 
from September 2010 until June 2011) (Table 1).  
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RNA extraction 

Genomic material was isolated from 5 ml of raw sewage using the NucliSens miniMAG 
(bioMérieux, Zaltbommel, the Netherlands) nucleic acid isolation kit as described 
before.299 Viral genomes were eluted from the silica in 50 μl of elution buffer with 
RNase inhibitor (Promega, Leiden, the Netherlands), and the eluate either was used 
directly in the reverse transcription reaction or was stored at –70°C until use. On 
samples from which no VP3/VP1 product could be obtained, an additional purification 
and concentration step with the extracted RNA was done with the RNeasy MinElute 
cleanup kit (Qiagen, Hilden, Germany) to reduce the volume and to further remove 
inhibitory substances from the samples. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Sample locations (numbers) correspond to the numbers in Table 1. Each circle represents 
the types of HPeV found (color) at each location. The number of pie parts of one color represents the 
number of samples in which this HPeV type was detected over time. 
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Detection by qPCR 

Human parechovirus RNA was detected in these sewage samples by a real-time RT-PCR 
method, targeting the 5’UTR of the parechovirus genome as previously described.27 
Briefly, per sample, 5 μl of undiluted, 10-fold diluted, and 100-fold diluted RNA was 
added to 1.5 μg of random hexamers, and the mixture was heated at 70°C for 5 min 
and chilled on ice for 5 min. Subsequently, 1 first-strand buffer (Invitrogen, Leek, the 
Netherlands), 2.5 mmol/liter of each deoxynucleoside triphosphate (dNTP; Roche, 
Almere, the Netherlands), 2.5 mmol/liter of dithiothreitol (DTT; Roche), 4 U of RNase 
inhibitor (Promega), and 100 U of Superscript II (Invitrogen) were added at room 
temperature to a final volume of 20 μl. The RT reaction mixture was incubated in a 
thermal incubator at 42°C for 60 min; the synthesized cDNA was either used directly in 
a PCR or stored at –70°C until use. 
 

Table 1. Sample dates and locations and different types of human parechovirus detected in Dutch 
sewage samples. 

  Virus type(s) (no. of clones) detected on sampling date 

  2010-2011 school year 

No. Location 28-Apr-2010 28-Sep-2010 02-Nov-2010 15-Mar-2011 12-Apr-2011 07-Jun-2011 

1 Gouda (school A)  a  HPeV1 (5)    

2 Gouda (school B)       

3 Gouda (school C) 
HPeV3 (4) 
HPeV6 (7) 

HPeV3 (13) HPeV1 (6) HPeV6 (10)  

HPeV1 (3) 
HPeV3 (4) 
HPeV6 (1) 

4 Dordrecht (school) 
HPeV1 (4) 
HPeV3 (11) 

     

5 Gorinchem HPeV3 (11) HPeV1 (12) HPeV1 (9)    

6 Gorinchem (school)  b      

7 Leerbroek       

 Sampling date 13-Apr-2010 06-Oct-2010 16-Nov-2010 01-Mar-2011 29-Mar-2011 17-May-2011 

8 Kesteren HPeV6 (7) HPeV3 (5) HPeV1 (8)   HPeV1 (5) 

9 Kesteren (school)    HPeV1 (24)   

10 Amersfoort (school)   HPeV6 (8)    

11 Opheusden  
HPeV1 (6) 
HPeV3 (6) 

HPeV1 (7) HPeV1 (10) HPeV1 (4) HPeV1 (10) 

12 Veenendaal HPeV3 (10) 
HPeV1 (3) 
HPeV6 (1) 

    

13 Veenendaal (school)      HPeV1 (10) 

14 Apeldoorn (school)   
HPeV1 (2) 
HPeV3 (7) 

  ND c 

15 Kootwijk  HPeV1 (6) HPeV1 (7)   HPeV1 (4) 

a  , negative; b , 5’UTR PCR positive but negative with the VP3-VP1 PCR; c ND, not done. 

 

A Lightcycler 480 Probes Master kit (Roche) was used according to the manufacturer’s 
instructions. In brief, an aliquot of 5 μl of the synthesized cDNA was added to 15 μl of 
the quantitative PCR (qPCR) mixture containing 1 Lightcycler 480 Probes Master 
(Roche), an 18 μM concentration of each primer (primers F31 and K30), and a 4 μM 
concentration of the probe. The qPCR protocol was as follows: a preincubation step at 
95°C for 10 min and 45 cycles of 95°C for 15 s and 50°C for 60 s (at a temperature 
transition rate of 2.2°C s-1), with a cooling step at 40°C for 10 s. The qRT-PCR assays 
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were performed in a LightCycler 480 system (Roche), and the LightCycler software auto-
matically determined the cycle threshold (CT) point of each qPCR. All samples were 
tested in triplicate, and each run included a negative- and positive-control reaction. 
 
Typing by nested PCR 

To type the detected viruses, cDNA samples that tested positive by the HPeV 5’UTR PCR 
were subsequently amplified by a nested PCR using primers targeting the VP3/VP1 
junction region, as described previously.127 The second-round PCR products were 
separated on 2% agarose gels and visualized under UV illumination after staining with 
SYBR gold nucleic acid gel stain (Molecular Probes, Leiden, the Netherlands). HPeV DNA 
fragments of 300 bp were purified from agarose gels using a QIAquick PCR purification 
kit (Qiagen) according to the manufacturer’s instructions. All purified PCR products 
were stored at –20°C until further use. 
 
Cloning and sequencing 

The purified, nested PCR products were cloned into a pCRII-Topo vector (Invitrogen) 
according to the manufacturer’s instructions, and the construct was subsequently 
transformed into JM109 competent cells. Approximately 9 clones (minimum of 1 and 
maximum of 24 per sample) (Table 1) were randomly selected per purified PCR product 
and were checked using M13 primers supplied by the manufacturer (Invitrogen). Both 
strands were sequenced using a BigDye Terminator Cycle Sequencing Ready Reaction 
kit (Applied Biosystems, CA). 
 
Phylogenetic analysis 

The obtained HPeV sequences were aligned and clustered using BioNumerics software, 
version 6.6 (Applied Maths, Kortrijk, Belgium), and compared to available sequences 
present in the NCBI/GenBank database to subsequently type the detected parecho-
viruses. Phylogenetic trees were constructed using the 256-nucleotide (nt) sequences 
of the VP3-VP1 region derived from the sewage samples and all the available sequences 
in the NCBI/GenBank database, using the neighbor-joining (NJ) method with 1,000 
bootstrap replications, as implemented in the BioNumerics software. A minimum 
spanning tree (MST) was estimated from the sequence data, using Prim’s algorithm, to 
graphical illustrate the genetic diversity using the BioNumerics software. The accession 
numbers of the reference strains used in the MST are shown in Figure 2. 
 
Nucleotide sequence accession numbers 

The nucleotide sequences of the VP3-VP1 junction region are deposited in GenBank 
with accession numbers KF434777 to KF435026. 

 
Results 

In April 2010 and between 28 September 2010 and 7 June 2011, sewage samples from 
the 15 different sampling points in 10 different municipalities were collected on six 



Chapter 2 

 24 

occasions (89 samples in total) and analyzed for the presence of HPeV RNA. In the 
respective screenings, in 67%, 47%, 60%, 20%, 13%, and 36% of the 15 samples, HPeV 
RNA was detected by qPCR targeting the 5’UTR of the virus genome (Table 1). All 
samples were tested in triplicate by qPCR, and the percentage of positives varied per 
sample location. In general, when all three replicates were positive, the CT value was 
lower than for the samples for which only one of the three replicates was positive. 
On average, 9 clones were typed with conclusive typing results, with a minimum of 1 
clone and a maximum of 24 clones per sample (Table 1), sometimes originating from 
several PCR products. Based on sequence analysis of the VP3-VP1 junction region, HPeV 
types were assigned by comparing the sequence isolated from the sewage to strains in 
the GenBank database (with the highest identity score ranging from 89 to 98%) (Figures 
1 and 2). Three different HPeV types were observed, with HPeV1 (in 20/89 samples) 
being the most prevalent (Table 1). Furthermore, HPeV3 (8/89) and HPeV6 (6/89) were 
detected. Nevertheless, in 8 out of the 35 5’UTR-positive samples typing failed, since 
no VP3/VP1 PCR product could be obtained by nested PCR. 
At 9 of the 15 sampling locations, sewage samples were taken directly from schools. 
For the six remaining locations, sewage originated from a part of a municipality. At 
three locations, sewage from both schools and parts of the same municipality were 
sampled. No correlations between the HPeV positivity on the different sampling dates 
and HPeV types were found for these three locations. 
In sewage sampled at seven of the nine schools (78%) and at all six municipalities 
(100%), HPeV RNA could be detected at least once. As shown in Table 1, HPeV was 
detected generally less frequently in the samples taken from the schools than in the 
samples taken from the municipalities, with one exception (Gouda school C), where on 
five of the six sampling dates HPeV was detected. Interestingly, this school was the only 
elementary school (average age of the children is 4 to 12 years); the other schools were 
high schools (average age of the children is 13 to 18 years).  
The age distributions of the sampled municipalities (total population) were overall the 
same: approximately 5% 0 to 3 years, 12% 4 to 12 years, 8% 13 to 18 years, 62% 19 to 
65 years, and 13% 65 years. Although the exact age distribution of people who 
discharged on the sampled sewerage in the municipalities is not known, it can be 
expected that the age distribution is more diverse than that of the schools. 

→ 
Figure 2. Minimum spanning tree, based on the alignment of 256 nucleotides of the VP3-VP1 region 
of the HPeV genome, showing genetic distances between sequence variants isolated from Dutch 
sewage samples and prototype strains (GenBank). The circles represent the various types and variants. 
Lines linking two circles in the tree denote sequence differences between those types and variants. 
Pie parts indicate how many times this variant was detected. Numbers indicate HPeV type. (A) 
Locations from which HPeV sequences were obtained are indicated (colored circles), as are the 
prototype strains of HPeV1 to 8, obtained from GenBank (white circles), and their accession numbers. 
(B) Months of sampling are indicated (April 2010 and September 2010 to June 2011) (colored circles), 
as are the prototype strains of HPeV1 to -8, obtained from GenBank (white circles), and their accession 
numbers. 
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In five samples, two different HPeV types could be detected, and in one sample taken 
at Gouda school C (7 June 2011), three HPeV types were detected (Table 1). In addition, 
Figure 2 demonstrates the variation in HPeV sequences per location (Figure 2A) as well 
as the variation per sampling month (Figure 2B), showing that different HPeV1 variants 
and, to a lesser extent, HPeV3 variants were present in a single sample. The detected 
sequence diversity was high, but also several identical HPeVs were detected. However, 
no obvious correlation in time and place was seen. 
Although no obvious seasonal pattern was seen in our limited data set, the samples 
taken in March (5/23) and April (0/7) 2011 clearly showed the lowest overall percen-
tage of HPeV positives. However, in 10 of the 15 samples taken in April 2010, HPeV RNA 
could be detected (Table 1). HPeV3 was detected mainly in samples taken in 2010 but 
also once in 2011. Furthermore, the samples taken in November 2010 showed the 
highest diversity of detected HPeV sequences (Figure 2B). 
 
Discussion 

Sewage samples were molecularly analyzed for the presence of HPeVs during the 2010 
–2011 school year from 15 different locations in the Bible belt in the Netherlands. The 
PCR-based methods for virus detection and typing provide a useful tool to assess the 
circulation of HPeV variants in a population. By environmental surveillance, it is clearly 
demonstrated that several HPeV types and variants circulated in the studied popula-
tion. 
Several studies reported a biennial cycle of HPeV3 infections, with a much higher 
frequency of HPeV3 cases in even-numbered years between 2000 and 2010 and the 
virtual absence in intervening years in Western Europe.28,129,131,360 We also found 
HPeV3 mainly in April, September, and November 2010 (6 sampling times) but also 
once in a sample taken from a school in Gouda in 2011, indicating circulation also in the 
odd years. Although parechovirus infections are globally endemic throughout the year, 
periodical occurrence of cases is described. For instance, in temperate climates HPeV1 
cases are seen particularly more in fall and winter.360 Furthermore, a higher frequency 
of HPeV3 was reported in summer and fall in Western Europe.30,128,360 We did not 
observe a clear seasonal pattern in the samples taken in our study, although in the 
samples taken in March and April 2011, we found the smallest amount of positives 
compared to the other sampling dates, which is to be expected according to published 
literature. 
Several studies where age was taken into account describe HPeV infection to be mostly 
restricted to children under 2 years of age.3,130,269,348 Other studies more specifically 
indicate that HPeV infections were found in young infants (3 months), whereas older 
children and adults were not infected.130,131 Furthermore, seroprevalence studies have 
shown that over 90% of children have been infected with at least one HPeV type by the 
age of 2 years.154,348 The incidence of HPeV infections is primarily based on data 
obtained from symptomatic individuals (mainly young children), but testing both 
symptomatic and asymptomatic infected individuals will give a more reliable indication 
of the prevalence of HPeV and the circulating types. In our study, we found several 
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HPeV types and variants over time in sewage originating from eight high schools (with 
children between approximately 12 and 19 years of age). For sewage originating from 
an elementary school (with children between approximately 4 and 12 years of age), 
more samples were positive and also more HPeV types were detected, suggesting a 
more prevalent human parechovirus circulation in this younger age group. In the 
samples taken from the municipalities, with a more diverse age distribution, more 
samples were positive for the presence of HPeV RNA and more different types of HPeV 
were found. When samples were taken from a school as well as from the municipality, 
generally more samples tested positive for the municipalities than for the school (Table 
1), possibly explained by the shedding of HPeV by the younger children in the 
population. Nevertheless, more research has to be done to obtain more clarity on the 
age distribution of the people shedding HPeVs. 
By environmental surveillance, the abundant presence of different types and variants 
of human parechoviruses in sewage was demonstrated, indicating that these viruses 
are circulating in the studied human population. Because the clinical manifestations of 
the circulating viruses were not investigated, it remains unknown to what extent clinical 
symptoms are related to HPeV infection. Interestingly, the HPeV types identified in 
sewage are those most frequently identified from patients, which implies that there are 
probably no additional HPeV types circulating to any great extent. Furthermore, there 
is probably no great difference between types in the level of virus shed in the feces, 
which could lead to masking of the presence of clinically important viruses by viruses 
which replicate more efficiently, or in particle stability, which could affect the recovery 
of virus sequences from sewage. This suggests that surveillance of sewage may be a 
useful way of analyzing HPeV circulation. In a previous study, it was shown that 
environmental poliovirus surveillance is able to identify 100 poliovirus-infected 
individuals, either symptomatic or asymptomatic, in a population of several tens of 
thousands of uninfected individuals if sampling is done regularly in strategic locations, 
204 and this assumption of detection might also be applicable for other picornaviruses 
such as HPeV. 
The main route of transmission of human parechoviruses is by the fecal-oral route, but 
no other transmission routes have yet been elucidated, and the exact role of the 
aquatic environment has not yet been established. Epidemiological studies may aid in 
the better understanding of possible sources of HPeV infections, but also microbio-
logical source tracking may give an impression of how the HPeVs are transmitted. 
Although the source of HPeV infection is hardly described, Eis-Hübinger et al.99 have 
recently reported that two unlinked cases of HPeV infections with sepsis-like disease in 
two newborns were linked to preceding infections which caused only mild disease in 
their older siblings, indicating that these siblings were the source of infection. 
As for other enteric viruses for which detection PCRs are generally more sensitive than 
typing PCRs, the sensitivity of the typing PCR for HPeV also remains a challenge. This is 
due to low but possibly clinically relevant virus loads in water, as well as the sequence 
variability in the structural gene region used for typing, such as VP1. Because of this 
high sequence variability, highly degenerated primers have to be used to be able to 



Chapter 2 

 28 

detect the different genotypes. This influences both the sensitivity and specificity of 
amplification. For HPeV, the detection RT-PCR (5’UTR) is known to be more sensitive 
than the typing method based on the VP3-VP1 region. With 20% of the 5’UTR-positive 
samples it was not possible to obtain a nested VP3-VP1 PCR product, and therefore, the 
viruses in these samples could not be typed. To increase the number of strains that can 
be typed, method optimization is needed. In the current study, 1 ml of sewage was 
tested directly in triplicate, but a higher volume with subsequent adjusted RNA 
extraction and a larger amount of replicates may result in more positive results. 
Environmental surveillance of HPeV might aid in the understanding of human 
parechovirus-related disease. The detection of recently emerged virus strains and 
changes in the circulation of different HPeV types in often short periods provide the 
basis for more focused investigations on the role of community circulation and 
prevalence in the population. Our results, representing two relative small areas in the 
Netherlands, should not be considered representative for the entire Dutch population. 
Because three different types of HPeV (multiple virus lineages) were detected in 
sewage, it can be concluded that environmental surveillance in sewage samples using 
molecular methods is suitable to monitor the circulation of specific human-pathogenic 
picornaviruses in the population. No information on virus infectivity is obtained with 
these molecular detection methods; therefore, quantification of infectious HPeV using 
these methods is not possible. Because of this and the absence of a dose-response 
relation for human parechoviruses, a quantitative microbial risk assessment to assess 
the potential public health risks through environmental exposure to human parecho-
virus can be performed only using data obtained from other organisms and therefore 
is still complicated. 
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The progress of the Global Polio Eradication Initiative is monitored by acute flaccid 
paralysis (AFP) surveillance supplemented with environmental surveillance in 
selected areas. To assess the sensitivity of environmental surveillance, stools from 
(re)vaccinated elderly persons with a low seroprevalence and from wastewater were 
concurrently collected and analyzed in the Netherlands over a prolonged period of 
time. A total number of 228 healthy individuals with different levels of immunity 
were challenged with monovalent oral polio vaccine serotype 1 or 3. Poliovirus 
concentrations were determined by the titration of fecal suspensions on poliovirus-
sensitive L20B cells and of sewage concentrates by L20B monolayer plaque assay. 
Almost half of the individuals (45%) shed poliovirus on day 3 after challenge, which 
peaked (57%) on day 8 with an average poliovirus excretion of 1.3  105 TCID50 per g 
of feces and gradually decreased to less than 5% on day 42. The virus concentrations 
in sewage peaked on days 6 to 8 at approximately 100 PFU per liter, remained high 
until day 14, and subsequently decreased to less than 10 PFU per liter on day 29. The 
estimated poliovirus concentration in sewage approximated the measured initial 
virus excretion in feces, within 1 log10 variation, resulting in a sensitivity of detection 
of 100 infected but mostly asymptomatic individuals in tens of thousands of 
individuals. An additional second peak observed in sewage may indicate secondary 
transmission missed by enterovirus or AFP surveillance in patients. This enables the 
detection of circulating poliovirus by environmental surveillance, supporting its 
feasibility as an early warning system. 
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Introduction 

The worldwide eradication of poliomyelitis as resolved by the World Health Assembly 
in 1988374 is well in progress, although the final stage has proven to be challenging. In 
little more than 2 decades after the global eradication goal was set, the number of 
countries in which poliovirus is endemic has decreased from more than 125 to 4 
(Afghanistan, India, Nigeria, and Pakistan), and the estimated number of polio cases has 
decreased from 350,000 to fewer than 1,351 in 2010.57,58,190 Despite many efforts to 
eradicate (wild) poliovirus, it is still circulating in regions where many people are not 
vaccinated and live close together in poor hygiene and sanitation conditions (especially 
in regions hit by war or disaster), and it is causing occasional outbreaks. Especially in 
countries with large communities of non-immune people, or in developed countries 
that have elderly with waning immunity,70 these circulating polioviruses can represent 
a high risk. The Global Polio Eradication Initiative (GPEI) strategic plan specifically 
names environmental surveillance as a means to identify reservoir areas.58 In areas in 
which polio is endemic, this type of surveillance provides important additional surveil-
lance data, whereas in polio-free regions it provides insights into the international 
spread of poliovirus. 
Vaccination with either inactivated polio vaccine (IPV) or with oral attenuated live polio 
vaccine (OPV) will protect people against poliomyelitis. The use of these vaccines has 
eliminated poliomyelitis from most countries in the world. However, after vaccination, 
the vaccine viruses will still circulate in the population and in the environment. In rare 
cases, the attenuated polioviruses can regain their virulence after genetic changes by 
replication in the gut of the vaccinated individual, resulting in paralytic disease (vaccine-
associated paralytic poliomyelitis). Therefore, vaccination programs with OPV can 
result in the circulation of vaccine-derived poliovirus (VDPV) strains in the environment; 
if these strains regain their neurovirulence, they might cause poliomyelitis cases. 
Several outbreaks of poliomyelitis caused by VDPVs have occurred when the conditions 
for the spread of VDPVs were favorable, including sufficiently susceptible individuals 
and unsanitary living conditions.56,101,172,198,283,372 In unvaccinated populations, infection 
by wild-type poliovirus may be symptomatic in only 0.1 to 1% of the infected individuals 
or even less in partially immune groups 70,143,323. However, infected individuals, whether 
they are with or without symptoms, will shed high levels of poliovirus in their feces for 
several weeks, and these viruses will subsequently end up in the environment.7 In fact, 
in immune-deficient patients a prolonged poliovirus excretion is frequently seen, which 
can continue for years.171 The consequence is that these poliovirus strains can cause 
frequent new infections when susceptible individuals come in contact with these 
strains. 
Vaccine strains, VDVPs, and even wild-type poliovirus strains may remain infectious for 
as long as 2 months in sewage depending upon inactivation by sunlight, high tempera-
ture, and other environmental factors48,276 High concentrations of circulating poliovi-
ruses in the environment may facilitate a more sensitive detection method via 
environmental surveillance than virus and/or disease surveillance in the human 
population. Using simulation models, it was shown that a small poliovirus outbreak may 
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go unnoticed by AFP surveillance in a vaccinated population.284 In contrast, these 
models hypothesize that environmental surveillance even at low sampling frequencies 
can detect 1 infected excreting individual in a population of 10,000. Indeed, the 
detection of wild-type poliovirus in the environment has been described in the absence 
of AFP cases,143,214 but the sensitivity and specificity of environmental surveillance are 
difficult to assess in wild-type poliovirus outbreaks, since the onset of the epidemic and 
the number of asymptomatic infections are not known. 
Surveillance programs will be important tools in evaluating the progress of poliovirus 
eradication and ultimately certification. Besides the WHO golden standard of acute 
flaccid paralysis (AFP) surveillance, environmental surveillance can contribute to 
monitoring the effectiveness of the polio vaccination strategies and to the detection of 
the remaining level of circulation of vaccine poliovirus strains and of VDPVs. 39,264,294,326, 

399,400 It can also help monitor the reemergence of wild-type polioviruses. 85,100,144,145,215 
The early detection of poliovirus circulation is critical for an effective response to 
outbreaks and to prevent the further spread of the virus and therefore possibly prevent 
new poliomyelitis cases. 
In the Netherlands, a study was undertaken to determine the level of protection against 
poliovirus in the elderly population.2 A selection of seronegative elderly persons was 
challenged with monovalent OPV (either type 1 or 3) in a generally IPV-vaccinated 
population, which enabled us to perform a quantitative assessment of the sensitivity of 
environmental poliovirus surveillance based on the concentrations of polioviruses in 
stools and in sewage. In this study, we longitudinally determined the virus titer in the 
feces of the vaccinated individuals and the concentration of infectious poliovirus in the 
nearby sewerage. A quantitative model was fitted to the derived data to estimate the 
sensitivity of environmental poliovirus surveillance. 
 
Materials and methods 

Vaccine 

The monovalent vaccines Oral-Virelon T1 type 1 (OPV1) and type 3 (OPV3; Chiron 
Behring, Marburg, Germany) contained 5.8  105 and 1.0  104 50% tissue culture 
infective doses (TCID50), respectively. The vaccines were stored at 4°C until oral 
administration in 1.0-ml volumes. 
 
Study groups 

In Table 1, a summary of the study groups is shown as described extensively elsewhere. 
2,43 Prechallenge serum-neutralizing antibody levels for poliovirus types 1, 2, and 3 and 
exclusion criteria were used to select elderly, healthy individuals (177 individuals born 
between 1925 and 1945, before the start of the IPV vaccination in the Netherlands [in 
1957]) with different levels of immunity, as well as seronegative, naturally immune, and 
IPV-vaccinated persons (51 individuals born between 1946 and 1950).2 Seronegative 
persons were challenged with a serotype of the polio vaccine, and seropositive persons 
were randomly assigned to a challenge with OPV1 or OPV3. A total of 228 participants 
were challenged orally with either monovalent OPV1 or OPV3, and they remained 
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resident in the area during the study period. Participants signed an informed consent, 
and those with major medical problems and/or with a prior OPV vaccination history 
were not eligible for the study. The study proposal was approved by the Medical Ethical 
Committee of the Netherlands: Organization for Applied Scientific Research (TNO), 
Leiden, the Netherlands. 
 
Sampling and analysis of feces 

Stool samples were collected at 3, 7, 14, 21, 28, 35, 42, 49, and 56 days after challenge. 
Fecal suspensions were made according to the WHO protocol.374 A recombinant murine 
cell line permanently expressing the human poliovirus receptor was used for virus 
detection in feces, and the presence/absence of cytopathogenic effects were read out. 
374 The L20B cells are susceptible to poliovirus but are non-permissive to most other 
human enteric viruses.273 

 
Table 1. Summary of the number of participants in the six different study groups, immune status, and 
the contribution of the polioviruses detected in the feces per group 

Group N a Immune status 
 

mOPV b 
received 

 

Avg days of 
poliovirus 
excretion 

Individuals 
excreting 
poliovirus 

(%) 

Avg poliovirus concn in positive 
feces samples c (95% interval) 

Total 
poliovirus 
excretion 

(%) 

1 61 Seronegative 1 13.3 96.7 2.3  104 (2.0  104 to 1.9  105) 29.7 

2 22 IPV vaccinated 1 1.3 14.3 9.5  102 (4.7  102 to 2.8  103) 0.0080 

3 23 Naturally immune 1 2.4 26.1 2.2  103 (1.6  103 to 9.7  103) 0.038 

4 67 Seronegative 3 21.8 85.1 2.8  104 (2.4  104 to 2.1  105 67.4 

5 29 IPV vaccinated 3 5.7 31.0 1.3  104 (1.1  104 to 8.7  104) 2.2 

6 26 Naturally immune 3 5.0 33.3 5.3  103 (4.6  103 to 4.4  104) 0.59 

a Number of participants;.b mOPV, monovalent oral polio vaccine; c Virus concentration per gram feces. 

 

Sampling, concentration, and analysis of water 

Grab 10-liter samples of the sewage, taken primarily in the morning, were collected at 
a pumping engine station (population size, 37,000). One 10-liter sewage sample was 
collected 7 days before the start of the vaccination to determine the baseline poliovirus 
circulation in the sewage. In the first 9 days, 10-liter sewage samples were collected 
daily, followed by sampling on days 11, 14, 16, 21, 28, 35, and 62. 
Viruses in the water were concentrated by the use of a modified conventional filter 
adsorption-elution method202 followed by ultrafiltration. Briefly, magnesium chloride 
was added to 10 liters of water to a final concentration of 0.05 M to enable the 
formation of a virus-magnesium complex. By reducing the pH to 3.8 (0.2) and adding 
hydrochloric acid to a final concentration of 0.5 M, these complexes adsorb to a 
negatively charged cartridge filter (1.2 μm nominal; Millipore, Etten-Leur, the 
Netherlands). Viruses were eluted from the filter with a 3% beef extract (Difco 
Laboratories, Detroit, MI) solution, pH 9.0, and the precipitate was dissolved and 
neutralized with a concentrated acetic acid buffer (pH 5.0) to a final pH of 7.2 (0.2). 
The resulting eluate, with a volume of approximately 650 ml, was further concentrated 
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using an ultrafiltration method. This final concentrate, with an average volume of 20 
ml, was stored at 70°C until the final concentrate was inoculated onto L20B cells. 
Infectious viruses were detected by use of a monolayer plaque assay.202 L20B cells were 
grown to a confluent monolayer in 75-cm2 plastic flasks. Before inoculation, culture 
medium was removed and the concentrated sample was added to the flasks. After a 2-
h incubation period at room temperature to allow virus adsorption to the cells, the cells 
were overlaid with Medium 199 with Earl’s salts (Life Technologies, Breda, the 
Netherlands) with 10% fetal bovine serum (Life Technologies), 0.9% Bacto agar (Difco, 
Amsterdam, the Netherlands), 0.2% bicarbonate, 100 IU penicillin, and 100 μg/ml 
streptomycin (Life Technologies). After 9 days of incubation at 37°C in an inverted 
position, the cells were stained with 0.03% neutral red (Sigma-Aldrich, Zwijndrecht, the 
Netherlands) in 0.9% agar (Difco), and after 24 h visible plaques were counted. In total, 
292/549 plaques were excised using a sterile inoculation needle for serotyping in a 
neutralization test.374 
 

Statistical methods 

Feces data 

Virus concentrations in feces were estimated from presence or absence in serial 
dilutions of fecal suspensions by assuming a Poisson distribution of the virus particles. 
As virus excretion varies considerably among subjects, a hierarchical Bayesian model 
was used to estimate the excretion of the challenged population. Normal priors were 
used for the log-transformed virus concentrations in feces of individual subjects, and 
for the population distribution their variation appropriate hyperpriors (normal and 
gamma for log means and standard deviations) were used. This procedure also allowed 
us to deal with missing data. 
To be able to calculate the numbers of viruses excreted by individual subjects, the 
amount of feces produced should be known. In the absence of quantitative data for 
feces production in healthy elderly on a regular diet, a log-normal distribution with 
parameters (log200, 0.35) was assumed, producing a slightly skewed distribution with a 
mode near 200 g and a range of about 100 to 500 g. Monte Carlo estimates of total 
numbers of excreted viruses were calculated by taking random samples from the log-
normal feces volume distribution, multiplying these by the estimated individual virus 
concentrations, and adding these over the complete challenged population. This 
calculation was performed for each sampling date. 
 

Sewage data 

Virus in sewage was detected by means of a cell culture method that produced plaque 
counts. The Poisson distribution was applied assuming a homogeneous virus distribu-
tion in sewage, inferring the virus concentration from the Poisson likelihood. Plaque 
virus typing revealed that in addition to types 1 and 3, some plaques contained both 
virus types. The aggregation of virus suspended in sewage might explain such an 
observation.350 Using a log-series distribution for virus aggregation, the resulting 
(marginal) numbers of viruses are negatively binomially distributed.13 From the 
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occurrence of either virus type in typed plaques, the fractions (and, hence, their 
concentrations) of each type can be estimated (Figures 1 and 2). 
On the sewage sampling days, the total volume flow was monitored at the pumping 
engine station to allow for the calculation of the total numbers of viruses transported. 
The total numbers of viruses in sewage could be estimated from the measured virus 
concentrations and the total amount of sewage passing through the sewage pumping 
station daily (Figures 1 and 2). 
 
Results 

Table 1 summarizes the average poliovirus concentration in positive feces, the 
percentage of polioviruses excreted in the feces, and the average days of excretion of 
the challenged individuals in the different groups. Almost half of the individuals (45%) 
shed poliovirus on day 3 after challenge, which peaked with shedding by 57% of the 
individuals on day 7 with an average poliovirus excretion of 1.3  105 TCID50 per g of 
feces, gradually decreasing to less than 5% at day 42. The data are shown linearly in 
Figures 1 and 2, since these represent the mean virus counts. 
 
 

 

Figure 1. Total numbers of OPV1 (per day) shed by the vaccinated population in their feces and 
detected in sewage. 

 

 

Figure 2. Total numbers of OPV3 (per day) shed by the vaccinated population in their feces and 

detected in sewage. 
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In sewage sampled at the pumping engine station, no poliovirus was detected prior to 
challenge. The virus concentrations peaked on days 6 to 8 at approximately 100 PFU 
per liter of sewage, remained high until day 14, and subsequently decreased to less 
than 10 PFU/liter at day 29 (data not shown). 
The total numbers of OPV shed by the vaccinated population were estimated assuming 
that individuals produce 100 to 500 g feces per day. The linear graphs in Figures 1 and 
2, representing the mean virus counts, appear very similar, although an additional peak 
can be distinguished in sewage at day 22 (and possibly at day 36) that is not apparent 
in feces.  
Vaccination with OPV1 and OPV3 was carried out in 61 and 67 PV-seronegative 
individuals, respectively. PV1 shedding appeared to precede the shedding of PV3 in 
feces. OPV1 and OPV3 counts in feces peaked on day 8 (Figures 1 and 2) with mean 
concentrations of 1.3  109 (5.9  108 to 2.6  109) and 2.6  109 (1.2  109 to 4.6  109) 
TCID50 in feces, respectively. In sewage, the estimated mean OPV counts were also 
highest on day 8, at 1.2  109 (1.0  109 to 1.4  109) PFU OPV1 and 1.4  109 (1.2  109 
to 1.7  109) PFU OPV3. The primary, secondary, and possibly tertiary peaks can be even 
more clearly observed after typing the polioviruses in sewage on days 8, 22, and 36. 
To be able to determine the value of environmental surveillance as a useful tool in 
global poliovirus eradication, the virus counts in sewage should correspond to the level 
of virus-infected individuals in the population. The excretion of OPV in feces generally 
was found to be quite high in individuals after challenge. By far, the highest virus counts 
were detected in fecal suspensions of seronegative individuals (97%) (Table 1). In the 
first week after challenge, the highest virus counts were shed by individuals in all 
groups, declining only approximately 10-fold on the individual level in the subsequent 
weeks. 
 

Discussion 

Environmental surveillance may contribute to monitoring the remaining level of 
circulation of vaccine poliovirus strains, VDPVs, and wild-type polioviruses in the world. 
Despite high immunization coverage and good-quality supplementary immunization 
activities, for poliomyelitis cases, environmental surveillance can aid AFP or other types 
of surveillance.55,70,85 Overall immunization rates may conceal unvaccinated individuals, 
thereby sustaining the circulation of polioviruses in a region for several years,55 as is the 
case in the Netherlands due to religious beliefs (in the so-called Bible Belt).70 This region 
remains an area of attention with respect to the large susceptible population and 
therefore the higher chance of individuals contracting poliomyelitis, and they also are 
more likely to spread polioviruses. The vaccination coverage rate in these areas varies 
from less than 25% up to 85% and higher than the national vaccination coverage of at 
least 95% in the Netherlands. Vulnerable groups within a population such as 
vaccinated-but-immunodeficient individuals may contribute to poliovirus circulation 
because of prolonged shedding.171,174,218 Silent transmission may be missed by types of 
surveillance other than environmental surveillance, such as AFP or enterovirus diagnos-
tics. Recombination with a strain different from those used in the vaccines may lead to 
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poliomyelitis cases after a prolonged poliovirus-free status.55,143 In rare cases, the 
circulation of vaccine-derived polio-viruses results in strains with reverted neuro-
virulence and antigenicity, which may be picked up in sewage months before the first 
case of poliomyelitis occurs.85,170,395,399 When estimating the extent of VDPV outbreaks, 
the number of infected individuals appears to highly underestimate the spread of these 
viruses based on the number of reported clinical cases. The highly multidisciplinary 
modeling approaches described by Wringe et al. can provide significant aid in designing 
surveillance strategies to prevent or respond to future VDPV outbreaks.386 Under-
vaccinated populations are at continued risk for poliovirus spread, because they 
become susceptible to infection by VDPVs6 and also wild poliovirus. 
The detection and investigation of at least one case of nonpolio AFP per 100,000 
children aged less than 15 years has proven to be the key indicator of whether a 
surveillance system would be able to detect poliomyelitis.374 Our study showed that 
environmental PV surveillance is a very sensitive tool. In the case of high vaccination 
coverage of 95% with 1% naturally immune and 4% seronegative individuals, assuming 
that 100 persons are infected with an average shedding of 200 g feces per day, our data 
indicate that with a population size of 37,000 and an average sewage volume per day 
of 2.18  107 liters, approximately 25 polioviruses could be detected in 1 liter of sewage. 
Due to the ability to detect these numbers of polioviruses in sewage, this scenario 
would lead to an informative environmental poliovirus surveillance system. In a second 
plausible scenario (in a Bible belt community) with a vaccination coverage of 60%, 8% 
naturally immune individuals, and 32% seronegative individuals, when 100 individuals 
are infected, approximately 750 polioviruses could be detected in 1 liter of sewage. 
These scenarios show that even at a very high vaccination coverage, environmental 
poliovirus surveillance is able to detect 100 poliovirus-infected individuals, either 
symptomatic or asymptomatic, in a population of several tens of thousands of 
uninfected individuals if sampling is done regularly in strategic locations. Theoretically, 
based on our data, it would even be possible to detect polioviruses shed by, for 
instance, one individual, if he or she were sero-negative. However, these scenarios 
were based on the data derived from this specific smaller-sized study population. In the 
case of a larger study population and/or a wider study area, the sensitivity of environ-
mental surveillance may drop below the detection limit due to excessive dilution. When 
a high dilution effect is suspected, a possible solution is to sample multiple sites in the 
sewerage to monitor smaller population sizes per sample but with coverage of the 
whole targeted population. Critical factors in environmental surveillance include, for 
instance, sample location, sample frequency, and sample volume. Furthermore, results 
(especially negative results) should be considered carefully in light of these factors, 
since these results only indicate the presence or absence of polioviruses at a given 
moment in time. As described by Ranta et al.,284 simulation models may aid in the 
optimization of the performance of the environmental poliovirus surveillance. We 
observed one virus peak in feces and two (possibly three) peaks in sewage for poliovirus 
type 1, 3, or both. The secondary peak in sewage on day 22 may indicate secondary 
transmission in the exposed population, although rules of hygiene were given to 
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prevent the household spread of OPV. This again shows the usefulness of environ-
mental surveillance in addition to other types of poliovirus surveillance. 
In our study, it was estimated that the numbers of polioviruses in sewage approxi-
mated the measured initial virus excretion in feces within 1 log10 variation, taking into 
account the number of inhabitants who discharge on the sewerage and the average 
water flow at the sewage pumping engine station. One uncertainty concerned the daily 
feces production, and although this needs further attention, it was found that the 
estimated total numbers of virus particles excreted was insensitive to this variable, 
meaning that variation in the amount of feces produced by an individual per day (factor 
of 5 between 100 and 500 g) does not have such a great effect on the total numbers of 
virus compared to, for instance, the number of viruses produced per gram of feces (up 
to a 4 log10 difference). The issue of whether poliovirus levels indicate the level of 
poliovirus circulation in the population is multifactorial. At which phase of infection did 
an individual’s poliovirus enter the sewage? What was the specific immune status of 
the individual? What was the general immune status of the exposed individual? It is 
difficult to evaluate the sensitivity of environmental surveillance in the case of wild-
type poliovirus outbreaks. 
In the environmental surveillance study of Roivainen et al.,294 it was shown that VDPV 
strains which regained their neurovirulence are repeatedly detected in Finnish sewage. 
Nevertheless, no cases of suspected poliomyelitis have occurred in Finland since 1985. 
These VDPVs are probably shed for a long period of time by one or more chronically 
infected individuals in the population, and when the susceptible individuals are 
exposed to these poliovirus strains, transmission may increase. Nevertheless, because 
of the high rate of asymptomatic infections for poliovirus, the authors of that study, as 
well as those of the current study, emphasize the importance of maintaining high 
vaccination coverage, and we also highlight the importance of environmental 
surveillance. Environmental surveillance also can retrospectively identify the circulating 
polioviruses in the community. Although often no clinical cases are seen in areas where 
these altered viruses are seen,39,143,214,399,400 a high level of awareness should be 
retained, because when susceptible individuals are exposed to these viruses, secondary 
transmission could take place and subsequently infection could occur. 
Savolainen-Kopra and Blomqvist309 reviewed the different studies in which it is shown 
that, among other things, recombination and the accumulation of point mutations are 
a recurrent phenomenon in the poliovirus life cycle. One of the many conclusions is that 
recombination, and especially the accumulation of point mutations, is a key factor in 
gaining increased fitness for attenuated poliovirus strains. Although the circulation of 
wild-type polioviruses seems to have been enormously reduced, the circulation of the 
many different VDPVs highlights the emergence of a possible threat to global polio 
eradication, causing the occurrence of poliomyelitis cases in long-term disease-free 
states. 
Vaccination with IPV or OPV protects people against poliomyelitis but not against 
poliovirus infection or shedding. The screening of waste waters has been recognized as 
a useful tool for monitoring the circulation of wild-type poliovirus in populations.85,100, 
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143-145,214,215 We have established that in our elderly study population, the variation in 
the number of virus particles shed by the individual was highly dependent on the 
presence or absence of a memory response.2 Both the levels of virus shed and the 
number of individuals shedding was highest in the seronegative group. Therefore, the 
number of poliovirus-infected individuals may be estimated from the virus concentra-
tion in the sewage by the extrapolation of the vaccination coverage and the mean levels 
of virus shed by naïve and immune individuals. To this end, models need to be 
developed which take both the vaccination status and the age of the individuals into 
consideration. 
Besides assisting in global polio eradication, environmental surveillance may also aid in 
the detection of the circulation of other emerging viruses, such as severe acute 
respiratory syndrome (SARS) coronaviruses. Half of the first cases of this serious 
emerging infectious disease excreted virus in their feces,200 pointing to the usefulness 
of sewage monitoring not only for enteric but also primarily respiratory pathogens. Our 
estimation of the sensitivity of environmental surveillance for poliovirus may give 
indications for the circulation of other human-pathogenic viruses. Policy decisions may 
be assessed through environmental surveillance for their efficacy in preventing the 
spread of pathogenic microorganisms and therefore diseases, especially for those 
serious diseases for which no preventive or curative measures can be taken. 
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Detection of Aichi virus in humans was initially reported in Japan in 1989. To establish 
a timeline for the prevalence of Aichi virus infection among humans in the Nether-
lands, we conducted molecular analysis of archival water samples from 1987–2000 
and 2009–2012. Aichi virus RNA was detected in 100% (8/8) of sewage samples and 
100% (7/7) of surface water samples collected during 1987–2000 and 100% (8/8) of 
sewage samples and 71% (5/7) of surface water samples collected during 2009–2012. 
Several genotype A and B Aichi virus lineages were observed over the 25-year period 
studied, but the time course of viral genetic diversity showed recent expansion of the 
genotype B population over genotype A. Our results show that Aichi virus has been 
circulating among the human population in the Netherlands since before its initial 
detection in humans was reported and that genotype B now predominates in this 
country. 
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Introduction 

Gastroenteritis is a common waterborne disease in humans of all ages worldwide. 
Children and the elderly are most severely affected, especially in low-income countries. 
66 A number of viral etiologic agents, such as picornaviruses, caliciviruses, rotaviruses, 
human adenoviruses, and astroviruses, have been identified in the past few decades. 
However, a diagnostic gap remains in samples for which no causative agent is 
determined. It has been suggested that other picornaviruses may be involved.347 
Aichi viruses (species Aichivirus, genus Kobuvirus, family Picornaviridae) are small, 
nonenveloped viruses with a single-stranded, positive-sense RNA genome. Aichi virus 
in humans was reported in 1989 in Japan from a sample collected during an oyster-
associated gastroenteritis outbreak;391 the complete nucleotide sequence of an Aichi 
virus was described in 1998.392 Clinical signs and symptoms of Aichi virus infection 
include diarrhea, abdominal pain, nausea, vomiting, and fever, reflecting gastroente-
ritis.391,394 Aichi virus has been found at low incidence in patients with gastroenteritis in 
several regions around the world, including South America,258 Asia,267,396 Europe,9,156, 

160,258,286 and Africa.318 Serologic studies indicate that up to 90% of the human popula-
tion has been exposed to Aichi viruses by the age of 40 years.287 However, the 
epidemiology of gastroenteritis caused by Aichi virus is, to a large extent, unknown. 
Aichi viruses have mainly been detected by PCR targeting the 3CD junction of the virus 
genome.393 The 3CD junction region has been described as conserved, and the viral 
protein (VP)1 region is more genetically diverse.9,258,268,392 VP1 sequence typing is 
standard for the classification of picornaviruses,253 but analysis of the 3CD region has 
been used to divide Aichi viruses into 3 genotypes: A, B, and C.9,393 
Aichi viruses excreted with human feces contaminate surface waters directly or after 
discharge of treated or untreated sewage.202 Humans could be exposed to these viruses 
in surface waters used for the production of drinking water (after insufficient treat-
ment) or for recreational purposes and after consumption of raw shellfish cultivated in 
contaminated surface waters. One indication that Aichi viruses may be transmitted by 
the fecal-oral route is the detection of these viruses in sewage samples in Tunisia,319 in 
surface waters in Venezuela,5 and in sewage and river waters in Japan.179 Some of these 
studies demonstrated a high Aichi virus prevalence in water samples. Viruses in sewage 
are thought to reflect the viruses circulating in the human population, originating from 
asymptomatic and symptomatic persons.204 Hence, environmental surveillance studies 
are extremely useful to determine the circulation of viruses in the human population 
146,204 and to obtain sequence information of the circulating strains. 
To establish a timeline for the emergence of Aichi viruses among the human population 
in the Netherlands, archival sewage and surface waters sampled over a 25-year period 
were subjected to molecular analysis targeting VP1 and the 3C region of the Aichi virus 
genome. The detected viruses were typed by sequence analysis to determine genetic 
variability. These environmental Aichi virus strains were subsequently compared with 
strains previously isolated from clinical materials and environmental samples world-
wide. The possible emergence of the Aichi virus infections in humans was inferred by 
analyzing the population dynamics of these Aichi viruses. 
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Material and Methods 

Samples 

Depending on water type and the pressure during the membrane filtration, different 
volumes of water were concentrated by using a conventional filter adsorption-elution 
method. The resulting eluates were further concentrated by using an ultrafiltration 
method as described.299 The remaining samples were stored at –70°C or −30°C. 
Fifteen archival concentrates from these samples, originating from 1987–2000, were 
randomly selected for analysis. Of these samples, eight were raw sewage samples and 
seven were surface water samples. The time of storage of the concentrates did not 
influence the results, as a previous study also found.331 
Fifteen additional archival samples, originating from 2009–2012, also were selected. Of 
these, eight samples originated from raw sewage and seven samples from surface 
waters;202,203 of the sewage samples, four were tested directly, without sample concen-
tration.  
An Aichi virus-positive control, a culture supernatant of the Japanese isolate A846/88, 
was kindly provided by Erwin Duizer (Laboratory for Infectious Diseases and Perinatal 
Screening, National Institute for Public Health and the Environment [RIVM], Bilthoven, 
the Netherlands). 
 
RNA Extraction 

Genomic material was isolated from 12.5-μL and 125-μL volumes of the water 
concentrates, corresponding to 26 mL–2,000 mL of the original surface water and 0.5 
mL–176 mL of original sewage, depending on the concentration factor obtained by 
filtration. The NucliSENS miniMAG Nucleic Acid Isolation Kit (bioMérieux, Zaltbommel, 
the Netherlands) was used as described.299  
For four raw sewage samples collected in 2010 and 2011, RNA was extracted directly 
from 1 mL and 5 mL of sewage. Nucleic acids were eluted from the silica in 100-μL 
elution buffer containing RNase inhibitor (Promega, Leiden, the Netherlands), and the 
eluate was further purified and concentrated by using the RNeasy MinElute Cleanup Kit 
(QIAGEN, Hilden, Germany). The extracted RNA was used directly in the reverse 
transcription reaction or stored at –70°C until use. 
 
cDNA Synthesis 

cDNA was synthesized by using random hexamers. In brief, for each water concentrate, 
5 μL of undiluted RNA and a sample of 10 diluted RNA were tested; in addition, a 
sample of 100 diluted RNA from each 125-μL water concentrate was tested. These 
volumes corresponded to 170 μL–140 mL of surface water and 3.4 μL–12 mL of sewage, 
depending on the extraction volume and the dilution factor. The RNA was added to 1.5 
μg of random hexamers (Roche, Almere, the Netherlands) and the mixtures were 
heated at 70°C for 5 min and then chilled on ice for 5 min. Subsequently, 1 First Strand 
Buffer (Invitrogen, Leek, the Netherlands), 0.5 mmol/L dNTP (Roche), 2.5 mmol/L DTT 
(Roche), 0.2 U RNase inhibitor (Promega), and 5 U Superscript II (Invitrogen) were 
added at room temperature, resulting in a final volume of 20 μL. The mixture was incu-
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bated in a thermal incubator at 42°C for 60 min, heated at 95°C for 5 min, and then 
chilled on ice for 5 min. The synthesized cDNA was used directly in a PCR reaction or 
stored at –70°C until use. 
 
Nested PCR VP1 

For Aichi virus detection and typing, cDNA samples were amplified by a nested PCR 
using primers developed in this study to target the VP3 and VP1 regions (Table 1). In 
brief, an aliquot of 5 μL of synthesized cDNA was added to 45 μL of the first-round PCR 
reaction mixture containing 1 PCR reaction buffer with MgCl2 (Roche), 0.2 mmol/L 
dNTP (Roche), 1 μmol/L each primer (F1 and R1), and 2.5 U of Taq DNA Polymerase 
(Roche). The PCR protocol was as follows: a denaturation and activation step at 94°C 
for 5 min, followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s. A 1-μL 
volume from the first-round PCR was used as a template for the second-round PCR 
mixture, containing 1 PCR reaction buffer with MgCl2 (Roche), 0.3 mmol/L dNTP 
(Roche), 0.1 μmol/L each primer (primer combinations F2/R2 and F3/R2 were used), 
and 2.5 U of FastStart Taq DNA Polymerase (Roche). The PCR protocol was as follows: 
a denaturation and activation step at 95°C for 5 min, followed by 40 cycles of 95°C for 
20 s, 60°C for 30 s, and 72°C for 40 s. The second-round PCR products were separated 
on 2% agarose gels and visualized by ultraviolet illumination after staining with SYBR 
Gold Nucleic Acid Gel Stain (Molecular Probes, Leiden, the Netherlands) to identify 
positive samples. DNA fragments of 530 bp were amplified for primer pair F2/R2 and 
fragments of 264 bp for primer pair F3/R2. Positive second round PCR products were 
purified by using a QIAquick PCR Purification Kit (QIAGEN), according to the manu-
facturer’s instructions. All purified PCR products were stored at −20°C until further use. 
 
Nested PCR 3C Region 

For Aichi virus detection and typing, cDNA samples were amplified by a nested PCR 
using primers targeting the 3C region as described (6). PCR mixtures and protocol were 
as described for the VP1 PCR and amplified by using the same cycling parameters, 
except that the annealing step in the second-round PCR was performed at 55°C. For the 
first-round PCR, DNA fragments of 313 bp were amplified; for the second-round PCR, 
fragments of 180 bp. Positive PCR products were purified and stored at 20°C until 
further use. 
 

Cloning and Sequencing 

The purified PCR products were cloned into a pCRII TOPO Vector (Invitrogen), according 
to the manufacturer’s instructions; the construct was subsequently transformed into 
JM109 competent cells. Approximately 5–7 clones were randomly selected per purified 
PCR product and were checked by using M13 primers supplied by the manufacturer 
(Invitrogen). Up to six positive clones from each sample were randomly selected and 
subjected to sequence analysis of both strands with M13 primers by using a BigDye 
Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, 
USA). 
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Table 1. Oligonucleotide sequences of the VP1 and VP3 primers developed and used for study of Aichi 
virus in sewage and surface water, the Netherlands. 

Primer a Sequence, 5′3′ b Nucleotide location c PCR 

AiV-VP3-F1 CACACCGCCCCTGCGTCRGCCCTCGT 2912–2937 First-round 

AiV-VP1-F2 CTCGATGCRCCMCAAGACACCGG 3023–3045 Nested 

AiV-VP1-F3 GTGCTTCACRTACATCGCYGCGG 3289–3311 Nested 

AiV-VP1-R2 CCTGACCAGTCCTCCCAWCCGAAGTA 3552–3527 Nested 

AiV-VP1-R1 GAGAGCTGGAAGTCRAAGGG 3651–3632 First-round 

a VP, viral protein; AiV, Aichi virus; F, forward; R, reverse; b R indicates A or G; M indicates A or C; Y indicates 

C or T; W indicates A or T; c Compared with Aichi virus reference strain (GenBank accession no. AB010145). 

 

Phylogenetic Analysis 

The obtained 3C and VP1 sequences were edited with BioNumerics software version 
6.6 (Applied Maths, Kortrijk, Belgium) and compared with all available Aichi virus 
sequences from GenBank. Multiple DNA sequences from each genotype were aligned 
by using MAFFT version 6.847b.166 We estimated phylogenies of the dated samples 
using a Bayesian Markov chain Monte Carlo method implemented in the Bayesian 
evolutionary analysis by sampling trees (BEAST version 1.7.493) and estimated 
coalescent effective population sizes using skyline plots.340 Skyline plots represent a 
nonparametric flexible method based on coalescent theory; the method was used to 
reconstruct changes in population sizes through time. The Hasegawa-Kishino-Yano 
model of DNA evolution with a uniform mutation rate across branches (strict clock) was 
used with default priors. Simulations were run for 30 million updates after discarding 
burn-in. The resulting tree was summarized by using TreeAnnotator version 1.7.4,93 and 
the maximum-clade credibility tree was visualized and edited with FigTree software 
version 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/). 
 
Results 

We found Aichi viruses were present in sewage and surface water samples originating 
from both sampling periods, 1987–2000 and 2009–2012 (15 samples from each period). 
Aichi virus RNA was detected in 93% (28/30) and 83% (25/30) of water samples by 
testing that targeted the 3C and VP1 regions, respectively. Aichi virus RNA was detected 
by both detection methods in all 16 sewage samples from both sampling periods and 
in 12 (86%) of 14 and 9 (64%) of 14 surface water samples for the 3C region and the 
VP1 region, respectively (Table 2). 
The 2 primer pairs, F2/R2 and F3/R2, used in the VP1 second-round PCR showed similar 
results. Because of the larger product of the F2/R2 primer pair (530 bp), PCR products 
obtained with this primer pair were further used for cloning and sequence analysis. 
Viral population dynamics was estimated over time by using Bayesian coalescent 
analysis of the VP1 nucleotide sequence alignment of the isolates from the Netherlands 
and GenBank reference strains.  
The phylogenetic tree in Figure 1 shows that the 151 sequences obtained from the 
strains isolated from the Netherlands were in several different clusters and clustered 

http://tree.bio.ed.ac.uk/software/figtree/
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between the limited available GenBank sequences obtained from other countries. To 
explore the possible expansion of Aichi virus lineages in the Netherlands in the sampled 
period, the genetic variability of the genotype A and B Aichi viruses was analyzed 
separately (Figure 2, panel A; Figure 3, panel A). 
 

Table 2. Sample characteristics and summarized results per genomic region of sewage and surface 
water samples collected during 1987–2000 and 2009–2012 and tested for Aichi virus, the Netherlands. 

   Genotype a 

Sample no.  Sampling month Sample type 3C VP1 

1987-49 July Sewage B B 

1987-56 August Surface water B B 

1987-75 September Surface water B B 

1989-33 April Sewage A, B B 

1991-29 April Sewage B A, B 

1994-10 February Surface water A A 

1995-44 July Surface water B ND 

1997-27 May Surface water A ND 

1997-31 June Sewage A A 

1997-39 June Sewage A B 

1998-20 February Surface water A, B A 

1998-56 May Sewage ? b  A 

1998-62 May Sewage A, B A 

1999-46 April Sewage CK B 

2000-12 February Surface water A ND 

2009-011 January Sewage B B 

2009-074 May Surface water B B 

2009-075 May Surface water B B 

2009-064 April Surface water B B 

2010-007 January Surface water B B 

2010-033 March Surface water B B 

2010-210 September Sewage B B 

2010-216 October Sewage B B 

2011-024 February Sewage CK A 

2011-129 May Sewage B B 

2011-221 June Sewage B B 

2011-579 September Sewage A B 

2011-331 August Sewage B, CK B 

2012-063 April Surface water ND ND 

2012-195 June Surface water ND ND 
a VP, viral protein; ND, not detected; CK, canine kobuvirus. Result per genomic region. b Not clustering 
with the known genotypes A, B, or C. 

 
The phylogeny of genotype A Aichi viruses showed predominantly strains from samples 
taken early in the sample period; only 1 genotype A was found in a location sampled in 
2011 (Figure 1; Figure 2, panel A; Table 2). Genotype B showed 2 distinct clusters that 
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resulted in a ladder-like structure suggesting a continual replacement of lineages 
through time (Figure 1; Figure 3, panel A). Translation into amino acid sequences of VP1 
showed a high similarity (4% difference) between the genotype A strains and 
genotype B strains, but 2 separate clusters of genotype A and B were seen (data not 
shown). 
A Bayesian skyline plot model was used to reconstruct a time course of viral genetic 
diversity.92 Although the dataset is limited (36 clones from 7 samples), a constant 
diversity was seen in genotype A Aichi virus strains detected until the 1990s, followed 
by an apparent drop in genotype A detection (Figure 2, panel B). A constant diversity 
was also seen in genotype B strains (Figure 3, panel B). Overall, genotype B Aichi viruses 
have been more prevalent in the Netherlands in the past decade than have genotype A 
Aichi viruses. 
After cloning of the 3C positive PCR products, phylogenetic analysis of the cloned 
sequences of the 3C region showed several different clusters within the known 
genotypes A and B (Figure 4). The phylogenetic tree in Figure 4 shows that the 127 
sequences obtained from the environmental strains in this study were more divergent 
than the 3C sequences of Aichi viruses obtained from GenBank. 
No obvious differences were seen in the number of strains found in sewage or surface 
water. In the samples originating from 1987–2000, 3C sequences clustered with the 
known genotypes A and B and with canine kobuvirus strains. In contrast, for the 
samples originating from 2009–2011, sequences clustered only with genotype B and 
canine kobuvirus strains. The genotype B sequences obtained from both sampling 
periods showed 2 distinct clusters; the sequences of the first sampling period 
disappeared after 2009. Nevertheless, the amino acid sequences of the genotype A and 
B strains were very similar and did not show distinct clusters (data not shown). The 
phylogeny of the 3C sequences of genotype A and B Aichi viruses showed a ladder-like 
structure suggesting a continual replacement of lineages over time (Figure 4). 

 
 
 
 
 

→ 
Figure 1. Maximum-clade credibility tree showing the phylogenetic relationships between Aichi virus 
isolates from the Netherlands and other locations, based on a multiple alignment of nucleotide 
sequences (481-nt) of the viral protein (VP) 1 region. The rooted tree was generated by the Bayesian 
Markov chain Monte Carlo method in BEAST93, using CK as an outgroup, visualized in FigTree 
(http://tree.bio.ed.ac.uk/software/figtree/), and plotted on a temporal y-axis scale in units of 1,000 
years. Aichi virus strains from the Netherlands isolated from sewage (red) and surface waters (blue) 
are indicated; reference strains (black) are shown with GenBank accession numbers. Clusters of 
sequences of the same sample are represented by triangles (a collapsed branch), and the number of 
isolates in each triangle is shown in parentheses. Aichi virus genotypes are shown on the right (A, B, 
and C). CK, canine kobuviruses. 
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The sequence obtained from a sewage sample collected in 1998 (sewage/NL/1998-56) 
differed by up to 20% from the available Aichi virus sequences in GenBank (genotypes 
A, B, and C) (Figure 4). This high nucleotide divergence could suggest that this strain 
belongs to a new genotype of Aichi virus. Three sewage samples contained sequences 
that were highly similar (95%–96%) to the recently discovered canine kobuviruses 
(GenBank accession nos. JN088541 and JN387133; Figure 4). 
 
 
 
 
 
 
 
← 
Figure 2. Phylogenetic relationships and genetic diversity over time for 37 sequences of Aichi virus 
genotype A strains collected in the Netherlands. A) Maximum clade credibility tree was generated by 
the Bayesian Markov chain Monte Carlo method in BEAST,93 based on a multiple alignment of 
nucleotide sequences (481-nt) of the viral protein 1 region. The tree is rooted to the most recent 
common ancestor, visualized in FigTree (http://tree.bio.ed.ac.uk/software/figtree/), and plotted on a 
temporal y-axis scale using the sampling dates. Aichi virus strains from the Netherlands isolated from 
sewage (red) and surface waters (blue) are indicated. Clusters of sequences of the same sample are 
represented by triangles (a collapsed branch), and the number of isolates in each triangle is shown in 
parentheses. B) Bayesian skyline plot obtained by analyzing different Aichi virus sequences sampled 
at different times. The results are a relative measure for genetic diversity through time. The line 
represents the median, and the shaded area represents the 95% highest posterior density of the 
number of isolates. 

 
 
 
 
 
 
 

← 

Figure 3. Phylogenetic relationships and genetic diversity over time for 166 sequences of Aichi virus 
genotype B strains collected in the Netherlands. A) Maximum-clade credibility tree was generated by 
the Bayesian Markov chain Monte Carlo method in BEAST,93 based on a multiple alignment of 
nucleotide sequences (481-nt) of the viral protein 1 region. The tree is rooted to the most recent 
common ancestor, visualized in FigTree (http://tree.bio.ed.ac.uk/software/figtree/), and plotted on a 
temporal y-axis scale using the sampling dates. Aichi virus strains from the Netherlands isolated from 
sewage (red) and surface waters (blue) are indicated. Clusters of sequences of the same sample are 
represented by triangles (a collapsed branch), and the number of isolates in each triangle is shown in 
parentheses. B) Bayesian skyline plot obtained by analyzing different Aichi virus sequences sampled 
at different times. The results are a relative measure for genetic diversity through time. The line 
represents the median, and the shaded area represents the 95% highest posterior density of the 
number of isolates. 
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Discussion 

Reuter et al.287 showed that the seroprevalence of Aichi virus in the human population 
worldwide is high. Up to 95% of persons 30–40 years of age have antibodies against 
Aichi virus, indicating a high rate of exposure to the viruses. By contrast, Aichi viruses 
are found at low incidence in clinical materials.9,156,160,267,318,366,396 More data are 
needed to gain better insight into the epidemiology and pathogenesis of Aichi viruses. 
Environmental surveillance of enteric viruses may give information on the possible 
circulation of Aichi viruses in the human population in the Netherlands, as well as their 
evolutionary dynamics. Therefore, we tested different water samples collected in the 
Netherlands over a period of 26 years (1987–2012) and found a high prevalence of Aichi 
viruses in samples from sewage and surface waters. We detected Aichi virus RNA in 
water samples from the Netherlands originating from 1987, which precedes description 
of Aichi virus in the literature, in fecal samples from patients affected in a 1989 oyster-
related gastroenteritis outbreak in Japan.391 
Three previous studies have described the detection of Aichi viruses in environmental 
samples and found different prevalence levels. In Venezuela, 5 of 10 tested surface 
water samples contained Aichi virus RNA,5 but in Tunisia, only 15 of 250 (6%) tested 
raw and treated sewage samples contained Aichi virus RNA.319 Much higher prevalen-
ce was found in samples from Japan: raw sewage, 100% (12/12); treated sewage, 92% 
(11/12); and surface water, 60% (36/60).179 Our study also found a high prevalence of 
Aichi viruses in water samples: 100% (14/14) of sewage and 85% (12/14) of surface 
water samples. Two surface water samples from 2012 tested negative for the presence 
of Aichi virus RNA, but this may have been explained by the origins: a large lake and a 
storage reservoir for the production of drinking water. These sources are different from 
the other waters tested, which included large, relatively polluted rivers. To resolve 
possible transmission routes, Aichi viruses could be quantified in source waters for 
drinking water production and recreational waters by cell culture methods followed by 
quantitative microbial risk assessment to estimate public health risks from such 
exposures.314 
 

 

 

 

→ 
Figure 4. Maximum-clade credibility tree showing the phylogenetic relationships between Aichi virus 
isolates from the Netherlands and other locations, based on a multiple alignment of nucleotide 
sequences (139-nt) of the 3C region. The tree was generated by the Bayesian Markov chain Monte 
Carlo method in BEAST,93 rooted to the most recent common ancestor, visualized in FigTree 
(http://tree.bio.ed.ac.uk/software/figtree/), and plotted on a temporal y-axis scale using the sampling 
dates. Aichi virus strains from the Netherlands isolated from sewage (red) and surface waters (blue) 
are indicated; reference strains (black) are shown with GenBank accession numbers. Clusters of 
sequences of the same sample are represented by triangles (a collapsed branch), and the number of 
isolates in each triangle is shown between brackets. Aichi virus genotypes are shown on the right (A, 
B, and C). CK, canine kobuviruses. 
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Several studies have compared the available Aichi virus sequences of the 3CD and VP1 
regions and described the 3CD junction region as conserved and the VP1 region as more 
variable.9,258,268,392 Lukashev et al.212 showed that the VP1 genome region, coding for 
structural proteins that express the antigenicity of the virus, is particularly suitable for 
distinguishing subtypes of Aichi viruses, whereas the sequence data of the more 
conserved 3CD junction region did not seem to provide sufficient sequence diversity 
for subtyping. The 3CD region, however, may be useful for the detection of a wider 
range of Aichi virus genotypes. The primers targeting the VP1 region used in this study 
proved to be useful for the detection of Aichivirus genotypes A and B. Sequence 
comparison with the limited sequence information of the other genotypes showed that 
our primers may have detected the Aichi virus genotype C less sensitively. In addition, 
the canine kobuviruses might not be detected by these VP1 primers; this may also be 
the case with the Aichi virus type found in sewage in 1998. More sequence information 
for the circulating Aichi virus strains is necessary to elucidate the considerations of a 
new genotype. Metagenomic studies, in both fecal and sewage samples,34,53 may 
facilitate the detection of new Aichi virus genotypes (or other genera of the kobu-
viruses), which also will facilitate the development of suitable primers for the detection 
of more Aichi virus genotypes. 
Future research might focus on analysis of samples from gastroenteritis outbreaks for 
which no causative agent can be detected, using the 3C and VP1 primer sets described 
in this study. The resulting prevalence data could then be compared with the 
environmental surveillance data and to Aichi virus prevalence rates in fecal samples 
from persons of different ages with and without clinical illness. The results could 
elucidate the role of Aichi viruses in disease development and the severity of 
symptoms. Moreover, the susceptibility of vulnerable groups to Aichi virus infection 
and disease should be determined because disease was recently detected in elderly 
hospitalized patients with diarrhea in Sweden.156 
In our study, PCR products were cloned before sequence analysis so that we could 
detect multiple Aichi virus strains in 1 sample, not just the predominant strain. This 
resulted in the finding of multiple strains in 5 of the analyzed samples: sewage/NL/ 
1989-33; sewage/NL/1991-29; surface/NL/1998-20; sewage/NL/1998-62; and sewage 
/NL/2011-331. We found a divergent Aichi virus strain in a sewage sample collected in 
1998 (sewage/NL/1998-56) by comparing the nucleotide sequences of the 3C region 
with the known Aichi virus types available in GenBank (Figure 4). A nucleotide diffe-
rence of 20% from the available sequences of genotypes A, B, and C was observed, 
tentatively leading to the conclusion that this sequence might belong to a new 
genotype of Aichi virus. More sequence information is needed to substantiate this 
finding by isolating this Aichi virus strain and subsequently subjecting the virus to 
whole-genome sequencing, as was described for an Aichi virus isolated in Taiwan in 
2010.63 For 3 of the sewage water concentrates from our study, 3C sequences were 
detected that showed high similarities with the recently discovered canine kobuvirus 
162,197 (Figure 4). Although canine kobuviruses could have ended up in the sewage by 
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run-off, further studies should be performed to gain more information about possible 
zoonotic transmission of these viruses. 
Comparing the Aichi virus nucleotide sequences from the two sampling periods, 1987–
2000 and 2009–2011, demonstrated that mainly genotype A strains were detected in 
the samples collected during 1987–2000. Aichi virus genotype B was found in both 
periods, but the sequences seemed to cluster in 2 distinct branches, which showed a 
shift in predominance of genotype B Aichi viruses after 2005 (Figure 3). Further analysis 
of these sequences, using BEAST,93 showed evolution of these genotype B strains over 
time, which resulted in a ladder-like structure, suggesting a continual replacement of 
lineages over the study period. 
In conclusion, our study showed a high prevalence of Aichi viruses in environmental 
water samples in the Netherlands over an extended period of time, with a possible 
increase in genetic diversity of genotype B Aichi viruses. The additional sequence data 
obtained in this study may aid in the analysis of the evolution of Aichi viruses. In 
addition, the results emphasize the need for further research to understand the relative 
importance of possible transmission routes of Aichi viruses; that knowledge could allow 
the implementation of effective control measures. 
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To determine the diversity of human picornaviruses in the Netherlands, a retro-
spective study was performed in archival sewage and surface water samples 
originating from 1987–2000 and 2009–2012. Human enteroviruses, parechoviruses, 
hepatitis A viruses, Saffold viruses and cosaviruses were detected in 97%, 80%, 33%, 
43%, and 50% of the 30 samples tested, respectively. High virus diversity in virus types 
and variants was observed, showing the prevalent circulation of different human 
picornaviruses, such as enteroviruses including enterovirus 71, Saffold viruses, 
cosaviruses and human parechoviruses, in the Dutch environment over the past 25 
years. However, hepatitis A virus was predominantly detected in the first period. 
Different genotypes of Saffold viruses in the sewage samples originating from the 
1990s indicated circulation of these viruses in the Dutch population at that time. 
Approximately 30% of the identified picornavirus strains are known to be associated 
with severe disease, indicating that adverse health effects may occur upon exposure 
to these surface waters. 
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Introduction 

Picornaviruses are single stranded positive sense RNA viruses, are non-enveloped and 
the genome is packed in an icosahedral capsid (30 nm). The genomes of the members 
of the Picornaviridae family vary between 7.2 and 8.8 kb in length and they share a 
conserved genome organization. The genome contains a single large open reading 
frame (ORF) that codes for a single polyprotein, and can be divided into three regions, 
P1-P3: P1 encoding the structural viral capsid proteins (VP4, VP2, VP3, and VP1), and 
P2 and P3 encoding for the non-structural proteins (2A-C and 3A-D). The ORF is flanked 
at the 5’ and 3’ end by two non-coding regions. In some picornavirus genera, the 
polyprotein starts with a leader (L) protein and some genera do not cleave the VP0 
protein into VP4 and VP2. 
The picornaviruses comprising of a large virus family can infect either humans or 
animals, and some genera can infect both. Known human picornaviruses include 
enteroviruses (HEV), hepatitis A virus (HAV), parechoviruses (HPeV), and Aichivirus 
(AiV), and more recently identified the human Saffold cardiovirus (SAFV), cosavirus 
(HCoSV), and salivirus (www.picornaviridae.com). The latter three have been identified 
in stools or respiratory samples from subjects presenting symptoms as severe as acute 
flaccid paralysis. Notable is that many infections with these viruses occur asymptoma-
tically, or cause only mild, often self-limiting disease such as flu-like illness and 
gastroenteritis and their clinical relevance remains to be elucidated.347 The exact 
determinants of (severe) disease development are not well known, but age and 
immune status definitely play an important role.113 On the other hand, many of the 
possible picornavirus associated diseases such as gastroenteritis and meningitis lack 
data on the causative agent. 
Two well-known members of the Enterovirus genus, the most diverse genus in the 
family of the Picornaviridae, are the polioviruses and enterovirus 71, which can cause 
severe neurological diseases. Although the numbers of poliovirus cases have signifi-
cantly dropped since the global poliovirus eradication initiative, in a few specific areas 
in the world poliovirus cases are still reported.61,62 Enterovirus 71 is emerging to 
become the most prevalent neurovirulent enterovirus worldwide causing major 
outbreaks of hand, foot and mouth disease (HFMD) and non-polio acute flaccid 
paralysis (AFP) throughout the world, especially in Asian countries. In addition to the 
human enteroviruses, the clinical importance of the human parechoviruses and 
hepatitis A viruses, has also been well established. Where parechoviruses, and 
particularly HPeV3, mainly cause severe clinical illness in very young children,128,317,362, 

364,384 hepatitis A virus causes more severe disease in infected adults.217,272 
The clinical relevance of the other human picornaviruses is less clear and further 
research is needed to elucidate the contribution of these viruses to disease burden. 
Aichi viruses cause gastroenteritis and were initially reported in an oyster-associated 
outbreak.391 Furthermore, the cosaviruses were initially detected in fecal samples of 
children with non-polio AFP, collected as part of the poliovirus eradication campaign in 
South Asian children.161 These viruses were also detected in healthy children in the 
same area and therefore it was concluded that it is unlikely that these viruses are highly 
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neurovirulent.37,161 Moreover, several seroepidemiological studies have shown that 
humans acquire SAFV infections early in life.64,110,182,402 Recently, SAFV was detected in 
the cerebrospinal fluid (CSF) of children with more serious infections in Germany and 
Denmark.89,243 Two studies have described the detection of salivirus in the fecal 
samples of children who were either asymptomatic or with diarrhea,119 and in fecal 
samples of children with non-polio AFP.196  
Retrospective studies can provide useful information about the circulation and the 
geographic and seasonal distribution of emerging or previously unknown viruses. 205,331 
In addition, analysis of archival water samples for the presence of enteric viruses is 
useful to enhance our knowledge on exposure to these (re)emerging and/or newly 
pathogenic viruses in relation with (possible) waterborne disease. Environmental 
studies are useful because the samples in these studies contain viruses that are shed 
by a large part of the sampled population, both the asymptomatically infected and 
patients. This indicates that these environmental studies cover more individuals 
anonymously than clinical studies. On the other hand, in clinical studies a more clear 
association may be found between virus infection and health outcome. 
In this study, the occurrence of several human picornaviruses was determined in 
sewage and surface waters in the Netherlands over a long period of time (samples go 
back to 1987) as an estimation of the circulation of these viruses in the Dutch 
population. After the successful detection of several picornavirus genera the obtained 
sequence information was used in phylogenetic analyses to study the genetic 
differences and evolution of these viruses. Furthermore, sequences were compared to 
known sequences in GenBank to compare the environmental strains with strains and 
variants with known clinical associations. 
 
Materials and methods 

Sewage and surface water samples 

The concentration method and volumes were described elsewhere in more detail.205 
Fifteen archival concentrates were selected that originated from 1987-2000, and 15 
more recent archival samples were selected, originating from 2009-2012. In both 
periods, eight samples were raw sewage samples and seven were surface water 
samples (Table 1). 
 
RNA extraction and cDNA synthesis 

RNA extraction was done using the NucliSENS miniMAG Nucleic Acid Isolation Kit 
(bioMerieux, Zaltbommel, the Netherlands) on a small volume of the concentrate (12.5 
and 125 µL) or on sewage directly (1 and 5 mL). The extracted RNA was analyzed 
undiluted and 10-times (in sewage also 100-times) diluted in a reverse transcriptase 
(RT) reaction using random hexamers as described.205 
 

Enterovirus and human parechovirus detection 

The cDNA samples were amplified using a qPCR using enterovirus primers and probe as 
previously described25 with minor modifications: forward primer (CCCTGAATGCGGC 
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TAAT), reverse primer (ATTGTCACCATAAGCAGCC) and probe (FAM-CGGAACCGACTAC 
TTTGGGT-BHQ1), and parechovirus primers as previously described. 28 The qPCR proto-
col for both viruses was as described.206 All samples were tested in duplicate, and each 
run included a negative- and positive control reaction.  
 
Enterovirus 71 detection and typing 

To specifically detect and type the enteroviruses 71 present in the samples, two 
previously described PCR assays were combined and used as a nested PCR assay. 
Briefly, cDNA samples were used in a first round PCR using primers 486 and 488 
targeting the VP1 region of HEV-A.257 Briefly, an aliquot of 5 μL of synthesized cDNA 
was added to 45 μL of the first-round PCR reaction mixture containing 1 PCR reaction 
buffer with MgCl2 (Roche, Almere, the Netherlands), 1 μmol/L of each primer, 0.2 
mmol/L dNTP (Roche), and 2.5 U Taq DNA Polymerase (Roche). The PCR reaction was 
as follows: a denaturation and activation step at 94°C for 5 min, followed by 35 cycles 
of 94°C for 30 s, 42°C for 30 s, and 68°C for 65 s. The PCR products obtained were 
subsequently used in a second-round PCR using the primer pair EV71–VP1F2/MAS02A 
to specifically detect enterovirus 71 RNA in the samples.353 One μL of the first-round 
PCR was added to the second-round PCR mixture, containing 1 PCR reaction buffer 
with MgCl2 (Roche), 0.1 μmol/L of each primer, 0.3 mmol/L dNTP (Roche), and 2.5 U 
FastStart Taq DNA Polymerase (Roche). The PCR reaction was as follows: a denaturation 
and activation step at 95°C for 5 min, followed by 40 cycles of 95°C for 20 s, 55°C for 30 
s, and 72°C for 60 s. 
 
Human parechovirus typing 

To type the HPeVs detected in the water samples, the generated cDNA products were 
used to amplify the VP3-VP1 region, as described previously.127  
 
HAV detection and typing 

The generated cDNA products were amplified by qPCR using hepatitis A virus primers 
and probe as previously described.71 All samples were tested in duplicate, and each run 
included a negative- and positive control reaction. To type the detected hepatitis A 
viruses the cDNA samples were subsequently used in a nested PCR targeting the VP1-
2A region, as previously described.303  
 
Cardiovirus detection and typing 

To broadly detect and type the cardioviruses present in the samples, the generated 
cDNAs were amplified using a nested PCR, targeting the VP2 region of the viral genome, 
as previously described.243 
 

Cosavirus detection 

Cosaviruses were detected using a nested PCR, using the produced cDNAs of all 
samples, targeting the 5’UTR of the genome as describe previously.161 
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Gel electrophoresis, cloning and sequencing 

The resulting PCR products were separated on 2% agarose gels and visualized by UV 
illumination after staining with SYBR Gold nucleic acid gel stain (Molecular Probes, 
Leiden, the Netherlands). DNA fragments of the expected size were purified from 
agarose gels using a QIAquick PCR purification Kit (Qiagen, Hilden, Germany), according 
to manufacturer’s instructions. All purified PCR products were stored at 20°C until 
further use. The purified PCR products were cloned and sequenced as described 
before.205,206 Approximately 5 (2-20) clones were selected per purified PCR product 
(Table 1). 
 
Phylogenetic analysis 

The obtained sequences were checked and edited with BioNumerics sotware version 
6.6 (Applied Math, Kortrijk, Belgium) and compared with all available sequences from 
GenBank to subsequently type the detected viruses. The sequences derived from the 
water samples and selected sequences available at GenBank were aligned using 
ClustalW (www.ebi.ac.uk/clustalw), alignments were checked manually using BioEdit. 
Phylogenetic trees were constructed using the neighbor-joining (NJ) method with 1,000 
bootstrap replications, as implemented in the MEGA (v5.2.2) software,345 using the 
maximum composite likelihood (MCL) distances with pairwise deletion for missing data. 
The accession numbers of the reference strains used in the phylogenetic trees are 
shown in Figures 1-5. The nucleotide sequences shown in this study are deposited in 
GenBank with accession numbers, EV71, KJ436742-KJ436758; HPeV, KF434829, 
KF434861-KF434864, KF434876, KF434928, KF434930, KF434959, KF434963, 
KF434964, KF434966, KF434988, KF434989, KF434996, KF434997, KF434999, 
KF435018-KF435024, and KJ436759-KJ436904; HAV, KJ436905-KJ436977; SAFV, 
KJ436978-KJ437059; HCoSV, KJ437060-KJ437136. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

← 
Table 1. Sample characteristics of Dutch sewage and surface water samples collected from 1987–2000 
and 2009–2012 and summarized results per (human) picornavirus. Genomic target regions of each 
picornavirus detected is indicated, as well as the number of clones (between parentheses). 
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Figure 1. Phylogenetic tree based on partial nucleotide sequences of the VP1 coding region (226 nt) 
of enterovirus 71 strains. The phylogenetic tree was constructed by the neighbor-joining method and 
the genetic distances were calculated using the Maximum Composite Likelihood (MCL) model of 
evolution. Bootstrap analysis was performed using 1000 pseudo-replicates and only bootstrap values 
of over 70% are shown. The phylogenetic analysis included the sequences obtained from this study 
and Dutch EV71 isolates previously isolated. The (red) circles indicate sequences obtained from 
sewage and Dutch clinical strains are indicated with their accession number and their year of isolation. 
Clusters of sequences of the same sample are represented by a triangle (a collapsed branch), and the 
number of isolates in each triangle is shown in parentheses. The sequences clustered either in the C1 
or C2 genogroup, and an enterovirus 71 of the B2 genogroup was used as an outgroup to root the 
tree. The scale bar shows the number of substitutions per site. 

AB524220 - 1997

AB524264 - 2002

AB524274 - 1997

AB524221 - 2005

HQ676274 - 2007

AB575942 - 2007

AB524270 - 1999

AB524279 - 2000

AB524273 - 1999

AB575938 - 2010

AB524202 - 2002

AB524179 - 2007

AB524189 - 2001

AB524169 - 2005

AB524187 - 2007

AB524196 - 2002

AB524165 - 1986

AB524215 - 1991

AB524198 - 1994

AB524211 - 1997

AB524212 - 1990

AB524207 - 1990

AB524199 - 1990

AB524274 - 1997

AB524245 - 2007

AB524238 - 2007

AB524249 - 2004

AB575948 - 2010

AB524178 - 1987

AB524175 - 1990

AB575936 - 1991

AB524244 - 2008

 Sewage/NL/2009-11  (2)

 Sewage/NL/2009-11  (2)

 Sewage/NL/2009-11

 Sewage/NL/2009-11

 Sewage/NL/1997-39  (9)

 Sewage/NL/1997-39

 Sewage/NL/1997-39

0.02

C2

C1

77

92

85



Evolution of different picornaviruses over time 

 67 

  

JN112329 - 2009

 Sewage/NL/1997-31

FJ847963 - 2008

 GQ183034 - 2007

JF799975 - 2004

 EU077518 - 2005

 Sewage/NL/1997-39

GU946769 - 2008

 GU946767 - 2006

JX946717 - 2010

 Surface/NL/1994-10

 GU946811 - 2006

 GQ183020 - 2004

KF300849 - 2012

 Sewage/NL/1998-62

 Sewage/NL/1998-62

FJ847986 - 2008

HQ897624 - 2008

JX946706 - 2010

JN112323 - 2008

 GQ183025 - 1994

JX946725 - 2010

 Sewage/NL/1989-33

 Sewage/NL/1997-31

JN112334 - 2010

 GU946760 - 2004

KF300882 - 2009

JX826607 - 2010

 Sewage/NL/1997-31

 Sewage/NL/1998-56

 GQ183027 - 2002

 GQ183021 - 2005

GU946708 - 2006

 GQ183032 - 1994

GU946733 - 2007

JN112338 - 2010
JX682576 - 2010

 GU946684 - 2006

KF300828

 Sewage/NL/1998-56

JN112325 - 2009

 GU946694 - 2006

 GQ183018 - 2001

JN112337 - 2010

EU024634 - 2003

KF300884 - 2011

FJ848011 - 2008

 GU946698 - 2006

HQ897639 - 2010

 Sewage/NL/1997-39

KF300845 - 2011

FM242866 - 2000

 GU946757 - 2006

FJ009266 - 2007

 Sewage/NL/1997-39

S45208 - 1956

JX946708 - 2010

JX179288 - 1985

JN112322 - 2008

JX946713 - 2010

 Sewage/NL/1998-62

KF300836 - 2011

EU024633 - 2003

 Sewage/NL/2010-216

 Sewage/NL/2011-221

GU125392 - 1992

 GU946691 - 2006

JN112333 - 2010

GU125390 - 1990

 GU946704 - 2004

 Sewage/NL/1998-62

EU024636 - 2003

JN112319 - 2008

 GU946702 - 1993

 Sewage/NL/1991-29

 GQ183019 - 2002

FJ009288 - 2007

GU946716 - 2008

EU024629 - 2003

FJ847955 - 2008

 GU946759 - 2004

 GQ183035 - 2004

FJ847987 - 2008

 GU946763 - 2008

FJ847953 - 2008

 GU946690 - 2006

KF300856 - 2012

 Surface/NL/1994-10

 Surface/NL/2009-74

JX946707 - 2010

GU125395 - 1995

 Sewage/NL/1998-56

FJ847964 - 2008

FJ847983 - 2008

 Sewage/NL/1997-39

JN112327 - 2009

 GU946810 - 1994

 Sewage/NL/1997-31

JN112320 - 2008

HQ897619 - 2006

 FM178558 - 2003

JN112326 - 2009

 GU946693 - 2006

JN112324 - 2009

 Sewage/NL/1997-31

JN112321 - 2008

 GU946699 - 2008

EF051629 - 2004

 GQ183023 - 1993

KC559748 - 2008

EU024635 - 2003

JX946724 - 2010

 Sewage/NL/1997-39

JX179287 - 1983

 GU946768 - 2006

 GU946761 - 2008

 GU946686 - 2006

 Sewage/NL/1998-56

 Sewage/NL/1997-31

NC001897 - 1956

KF300799 - 2009

 GQ183026 - 2001

KF300826 - 2010

 Surface/NL/1987-75  (6)
 Sewage/NL/1989-33  (5)

 Sewage/NL/1999-46  (4)

 Sewage/NL/1998-62 (5)

 Surface/NL/2010-7  (4)

 Sewage/NL/1997-39  (2)

 Sewage/NL/1999-46  (10)
 Surface/NL/1995-44  (9)

 Sewage/NL/2011-579  (6)

 Sewage/NL/2010-210  (12)

 Sewage/NL/2010-216  (4)

 Surface/NL/2009-74  (2)

 Sewage/NL/2011-24  (6)

 Surface/NL/2009-74  (3)
 Surface/NL/2009-64  (6)

 Sewage/NL/1998-56  (10)
 Sewage/NL/1991-29  (5)

 Sewage/NL/1997-39  (5)

 Surface/NL/2009-64  (6)

 Sewage/NL/2011-221  (5)

 Sewage/NL/2011-331  (6)

 Surface/NL/2009-64  (6)

 Sewage/NL/1998-56  (2)
 Sewage/NL/1998-62  (5)

 Sewage/NL/2010-216  (6)

3

6

2

1

FJ009287 - 2007

0.04

85

93

81

96

85

81

90

84

99

100

75

95

78
98

100
98

100

100

99

95

89

91

100
86

93

94

91

100

95

91

96

89

90

86

75

8389

100

100

74

77

91

72

88

93



Chapter 5 

 68 

Results 

The most prevalent human picornaviruses in our samples (16 sewage and 14 surface 
waters) were the enteroviruses (97%), followed by human parechoviruses (87%), 
cosaviruses (50%), Saffold virus (43%), hepatitis A virus (33%; Table 1). Enterovirus 71 
was detected in 2/30 samples (7%). In 26 samples, two or more human picornaviruses 
were detected up to five picornaviruses per sample (4 samples). In one surface water 
sample out of a total of 30 sewage and surface water samples, no human picornaviruses 
were detected. 
 

Enteroviruses 

In 29 of the 30 samples enterovirus RNA was detected with RT-qPCR targeting part of 
the 5’UTR region. By combining two separate PCR assays enterovirus 71 RNA was 
detected specifically in two sewage samples (originating from 1997 and 2009). In the 
sample of 1997 two types of enterovirus 71 were detected, C1 and C2, and in the 
sample of 2009 only the C2 variant was detected (Table 1; Figure 1). The sequences 
obtained from the two sewage samples were identical or very similar (98-100% 
sequence similarity) to sequences obtained from Dutch clinical samples originating 
from the same period (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

← 
Figure 2. Phylogenetic tree based on nucleotide sequences from the VP3-VP1 junction region (256 nt) 
of human parechovirus types 1, 2, 3, and 6. The phylogenetic tree was constructed by the neighbor-
joining method and the genetic distances were calculated using the Maximum Composite Likelihood 
(MCL) model of evolution. Bootstrap analysis was performed using 1000 pseudo-replicates and only 
bootstrap values of over 70% are shown. The phylogenetic analysis included the sequences obtained 
from this study and several HPeV isolates previously isolated. The (red) circles indicate sequences 
obtained from sewage and the (blue) diamonds indicate sequences obtained from surface water. 
Clusters of sequences of the same sample are represented by a triangle (a collapsed branch), and the 
number of isolates in each triangle is shown in parentheses. Reference strains are indicated with their 
accession number and their year of isolation. The scale bar shows the number of substitutions per 
site. 



Evolution of different picornaviruses over time 

 69 

 
 

 

 

Figure3. Phylogenetic tree based on nucleotide sequences from the VP1-2A junction region (461 nt) 
of hepatitis A virus strains. The phylogenetic tree was constructed by the neighbor-joining method 
and the genetic distances were calculated using the Maximum Composite Likelihood (MCL) model of 
evolution. Bootstrap analysis was performed using 1000 pseudo-replicates and only bootstrap values 
of over 70% are shown. The phylogenetic analysis included the sequences obtained from this study 
and several reference strains. The (red) circles indicate sequences obtained from sewage and and the 
(blue) diamonds indicate sequences obtained from surface water. Clusters of sequences of the same 
sample are represented by a triangle (a collapsed branch), and the number of isolates in each triangle 
is shown in parentheses. Reference strains are indicated with their accession number and their strain 
identification. The scale bar shows the number of substitutions per site. 
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Human parechoviruses 

In 63% of the tested water samples HPeV RNA was detected targeting the 5’UTR region 
of the viral genome, and from 21/30 samples VP3/VP1 sequences were obtained (Table 
1; Figure 2). Several HPeV types were detected, HPeV1, 2, 3, and 6. HPeV1 was the most 
frequently detected (15/30), followed by HPeV6 (8/30), HPeV3 (6/30), HPeV2 was 
detected once. In five of the tested sewage samples two HPeV types and in one sample 
three different HPeV types were detected. Also the genetic diversity between the 
different HPeV types was highest in the sewage samples, often containing multiple 
strains and variants. This difference in strains and variants was particularly seen in 
HPeV1 (Figure 2). HPeV1 and 6 were detected in both sampling periods (1987-2000 and 
2009-2012), however, HPeV3 was predominantly detected in the older samples and 
HPeV2 was only detected in one sample originating from 1998 (Table 1). The HPeV2 
variant detected in our study differed approximately 25% in the same genomic region 
from other known, clinical HPeV2 sequences recorded in GenBank. The translated 
amino acid sequences from water samples were quite similar to the reference sequen-
ces (95-100% identity) (data not shown). 
 

 

 
 
 
 
 

 
 
 

 
 
 
 
 
→ 
Figure 4. Phylogenetic tree based on partial nucleotide sequences from the VP2 coding region (568-
577 nt) of Saffold viruses. The phylogenetic tree was constructed by the neighbor-joining method and 
the genetic distances were calculated using the Maximum Composite Likelihood (MCL) model of 
evolution. Bootstrap analysis was performed using 1000 pseudo-replicates and only bootstrap values 
of over 70% are shown. The phylogenetic analysis included the sequences obtained from this study 
and several SAFV reference isolates. The (red) circles indicate sequences obtained from sewage and 
the (blue) diamonds indicate sequences obtained from surface water. Clusters of sequences of the 
same sample are represented by a triangle (a collapsed branch), and the number of isolates in each 
triangle is shown in parentheses. Reference strains of SAFV types 1-11 are indicated with their 
accession number and their year of isolation. The scale bar shows the number of substitutions per 
site. 
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Hepatitis A virus 

In seven of the 30 tested water samples hepatitis A virus RNA was detected with the 
RT-qPCR (targeting the 5’UTR region of the genome) and from 9/30 samples VP1/2A 
sequences were generated. In 7/9 of these samples one of the two different hepatitis 
A virus types were detected, 1A or 1B, and in two samples both types were detected 
(Table 1; Figure 3). Although no clear difference was seen in the number of HAV positive 
samples between the sewage and the surface water samples, six and four samples, 
respectively, a clear difference was seen in the two sampling periods, 8 positive samples 
in the first sampling period (1987–1998) and one positive sample in the second 
sampling period (2011) (Table 1). The sequences obtained from the current study 
differed up to 5% from each other, and all the samples appeared to be present in 
different clusters. HAV sequences of the current study were compared with known HAV 
sequences in GenBank. Although there was a difference in length some sequences were 
identical with Dutch human strains (177 nt), and some were more dissimilar (up to 13% 
difference). After translation, the amino acid sequences were often identical. The most 
dissimilar sequences differed only two amino acids (data not shown). 
 
Cardiovirus - Saffold virus 

Cardioviruses were detected in 16/30 samples, the detected cardioviruses included 
TMEV (2/30), Boone cardiovirus (5/30), and Saffold virus (13/30) (Table 1). Different 
Saffold virus types were detected, with SAFV1 as the most frequently detected (6/13), 
followed by SAFV2 (5/13), SAFV3 (2/13), and SAFV6 (1/13) (Figure 4). In two samples, 
two different SAFV types were detected, in both samples SAFV1 and 3 were detected. 
The SAFV1, 2, and 3 sequences diverged with the three genotypes 17%, 12%, and 13%, 
respectively. 
Nevertheless, after translation the amino acid sequence similarities within a genotype 
were 97% or more (data not shown). The Saffold viruses were predominantly detected 
in sewage samples (11/13) and twice in surface water samples. In the two sampling 
periods, no clear differences were seen in the number of positive samples and 
sequence variation of the detected SAFV types, 6 and 7 positives, respectively. Beside 
the detection of the human cardioviruses also murine cardioviruses, Boone cardiovirus 
(BCV) and Theiler's murine encephalomyelitis (TMEV) virus were detected in several 
samples (Table 1). The environmental Boone cardioviruses differed significantly from 
each other and from the reference strain (JQ864242), the difference between the 
sequences was 9–34%. After translation two distinct and separate clusters appeared, 
suggesting two different virus types (data not shown). 
 
Cosavirus 

In 15/30 samples cosavirus RNA was detected (Table 1). Although the sequences 
originated from the 5’UTR, and the sequences could not be typed specifically using this 
part of the genomic region, sequence diversities were observed (Figure 5). The 
cosaviruses were mainly detected in sewage samples (11/15) and less frequently in 
surface waters (4/15). No differences were seen in the amount of positive samples in 
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the two sampling periods, 7 positives in the first period and 8 positives in the second 
period (Table 1). 
 

Discussion 

This study demonstrates the omniprevalence of several human picornavirus genera in 
Dutch sewage and surface water samples, showing the circulation of these viruses in 
the Dutch population over an extended period of time (covering more than 25 years). 
Although viruses may have been shed by asymptomatic individuals, they were possibly 
shed by individuals with the manifestation of clinical symptoms (mild or more severe). 
Established human pathogenic picornaviruses, such as human parechoviruses and 
enterovirus 71, but also those recently associated with some severe disease cases, such 
as Saffold viruses, were abundantly present in the archival water samples over time. 
Moreover, the picornavirus strains originating from water samples for which clinical 
sequences were available from the same period and region showed high sequence 
similarities. Approximately 30% of the identified picornavirus strains in water are 
known to be associated with severe disease, indicating that exposure to surface waters 
may have health implications. 
The rapid development of advanced molecular biological methods, such as metageno-
mics, has resulted in the rapid expansion of the picornavirus family. Although the 
detection of new human picornaviruses does not automatically fill the diagnostic gap 
and reveal the association with apparent clinical illness, the obtained sequence 
information can aid in the development of new molecular methods to elaborate the 
clinical relevance and to perform environmental surveillance to establish the 
prevalence in a given population. 
Specifically, different EV71 variants detected in the water were either identical or 
otherwise very similar (> 98% similarity) to human clinical strains found in the Dutch 
population in approximately the same period (Figure 1). For the specific detection of 
enterovirus 71 in these water samples, a combination of two previously described PCR 
protocols was used.257,353 Although the sensitivity of this combined assay was unknown, 
it was successfully applied in this study.  
 
 

→ 
Figure 5. Phylogenetic tree based on partial nucleotide sequences from the 5’UTR region ( 276 nt) of 
human cosaviruses. The phylogenetic tree was constructed by the neighbor-joining method and the 
genetic distances were calculated using the Maximum Composite Likelihood (MCL) model of 
evolution. Bootstrap analysis was performed using 1000 pseudo-replicates and only bootstrap values 
of over 70% are shown. The phylogenetic analysis included the sequences obtained from this study 
and several HCoSV isolates. The (red) circles indicate sequences obtained from sewage, the (blue) 
diamonds indicate sequences obtained from surface water, the stars are isolated from US sewage and 
the open circles are isolates from water samples originated from Japan. Clusters of sequences of the 
same sample are represented by a triangle (a collapsed branch), and the number of isolates in each 
triangle is shown in parentheses. Reference strains of HCoSV are indicated with their accession 
number and their supposed genotype. The scale bar shows the number of substitutions per site. A 
Saffold virus type 1 was used as an outgroup to root the tree. 
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Although 16 different HPeV types have been described to date (www.picornaviridae. 
com/parechovirus/parechovirus.htm), the most prevalent HPeV types in clinical 
material of patients are HPeV1, 2, 3, and 6. HPeV3 is clearly associated with severe 
clinical illnesses,128,317,362,364,384 such as meningitis and sepsis-like illness, but for the 
other HPeV types the relationship with severe clinical illness is less clear. Interestingly 
HPeV 3 was determined in a sewage sample taken in 1989, which is to our knowledge 
the first detection of HPeV3 in any sample. Furthermore, the determined HPeV strains 
and variants in our study were very similar or even identical to variants detected in 
clinical material. However, also more divergent variants were detected in the water 
samples. The presence and identification of HPeV in several Dutch sewage samples 
from 2010–2011 were previously described,206 and three sewage samples obtained 
from different communities were also included in the current study. A notable 
difference in percentage of sequence diversity in the older samples compared to the 
more recent samples could be observed, with 6/15 and 2/15 different strains and 
variants, respectively. Calvert et al (2010)52 have described more sequence diversity 
between the HPeV1 variants (10–20% divergence) compared to that of HPeV3 variants, 
the higher sequence diversity of HPeV1 variants compared to those of HPeV3 and 6 is 
also seen in our study. It would be interesting to obtain more sequence information of 
the VP1 region to perform evolutionary studies to determine the most recent common 
ancestor (MRCA) of the different HPeV strains and variants in our water samples. 
Previously, such studies were successfully carried out for human parechoviruses by 
Drexler et al.90 and with respect to environmental surveillance for echovirus 6.346  
Hepatitis A virus is a common cause of infectious hepatitis worldwide. In high income 
countries, such as the Netherlands, risk factors for hepatitis A are travelling to, and 
originating from, endemic regions.365 Increasing age of the susceptible population was 
observed; this population is at risk of developing clinically severe disease upon 
infection, and may be infected through imported food consumption or exposure to 
travelers. Since 1994, a vaccine inducing long-term immunity246 has become available 
for Dutch travelers to endemic countries. The average number of annual hepatitis A 
notifications is declining, from 957 in the period 1991 to 1995 to 211 over the period 
2006 to 2010.341 This decrease in prevalence is reflected in the low number of positives 
in the archival water samples originating from 2009–2012 as compared with the higher 
numbers in the samples originating from 1989–1998. The HAV sequences detected in 
the environmental samples belonged to HAV types IA and IB and were often identical 
to sequences, 177 nt in length, originating from clinical isolates from Dutch individuals 
over a period of several years (Data not shown).  
In our study Saffold 1-3 viruses were detected as well as a SAFV6 variant and a more 
divergent SAFV variant clustering the closest to SAFV5, with 13% nt variation and 
approximately 13% amino acid variation in the VP2 region (data not shown). Overall, a 
high genetic diversity was observed between the different Saffold viruses detected over 
the years (genetic diversity is up to 37%). Our SAFV positive samples were collected 
from 1994 to 2011, indicating that Saffold viruses have been circulating in the Dutch 
population at least over the last 2 decades. Theiler's murine encephalomyelitis virus 
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was detected in 2 surface waters sampled in 2010 (data not shown). In the studied 
sewage samples, sequences were also detected that showed the highest similarity to 
Boone cardioviruses (data not shown). This early and frequent detection in water 
samples suggests the circulation of this recently discovered (2010) BCV in the Dutch 
murine population over a longer period in time. The earliest detection of these Boone 
viruses was in the sample originating from 1987 (genetic variation = 16%). 
Several studies have described the detection of cosavirus in human samples worldwide, 
at low prevalence, in samples originating from Australia, the UK, China, Nigeria, Nepal, 
Pakistan, Tunisia, Thailand, and Brazil.75,140,161,164,173,336 The Cosavirus genus is divided 
in five species, A-E, with HCoSV-A and –D as the most prevalent cosaviruses.164 For the 
detection of the HCoSVs, primers were used that targeted a part of the highly conserved 
5’UTR region. This genomic region is more conserved than the structural region of the 
picornaviruses and therefore may result in a more sensitive detection. Although this 
region of the genome is less suitable for typing than e.g. the P1 region, sequence 
information could be used to confirm that in fact human cosaviruses were detected. In 
further research, less conserved parts of the genome should be targeted for more 
appropriate typing of the detected cosaviruses. The presence of HCoSVs in different 
water samples has been studied in different parts of the world. Blinkova et al. (2009) 
described the detection of human cosaviruses and cardioviruses, with a high genetic 
diversity, in several sewage samples in the US. Furthermore, in Japan HCoSV was 
detected in 71% (10/14) of the tested raw sewage samples, 29% (4/14) of the treated 
sewage, and in 50% (2/4) of the surface water samples.126 In our study, we found lower 
concentrations in both the sewage and the surface water samples, 37% (11/30) and 
13% (4/30), respectively, which may be a true difference, or a sensitivity issue of the 
detection and should be further explored. 
For the molecular typing of enteroviruses the VP1 region is often used, because this 
region codes for the capsid proteins of the virus. The sequences in this region are highly 
diverse and therefore, highly degenerated primers are needed to detect the different 
members of the specific species. This reduces both the specificity of the molecular assay 
but more often also the sensitivity. Especially for environmental samples in which the 
virus concentrations are often low, this might induce false negative results. Further-
more, the co-isolation of substances that may inhibit the PCR does not aid in increasing 
the sensitivity of the detection. The 5’UTR region of the picornavirus genome is more 
conserved and the generated PCR product can be relatively small which improves the 
sensitivity. Therefore, this region is often used for the detection of (picorna)viruses. Our 
study, although sometimes other regions of the picornavirus genome (P1) were 
targeted, clearly showed the variability of the different picornaviruses present in Dutch 
sewage and surface water in the tested period. 
Archival samples, such as the currently studied collection of water concentrates, appear 
to be very useful to test retrospectively for the presence of more recently detected 
pathogenic viruses. In sewage samples, a large variety of human picornaviruses was 
detected and in most samples the number of strains and variants of the detected 
picornaviruses was increased as compared to surface water samples. More samples 
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were positive for different picornaviruses and more strains and variants were detected 
in the samples originated from 1987–2000 as compared to those from 2009–2012. 
Although sampling was spread all over the sampled years, no clear seasonal variation 
could be observed. The sequences obtained of several picornaviruses detected over a 
relative long period of time (25 years) in Dutch water samples provide useful 
information on the virus types circulating in the Dutch community in this period. 
Although sequence information obtained from longer VP1 fragments or other parts of 
the P1 structural region of the different viruses should be useful, the currently 
generated sequences can provide additional information on the genetic evolution of 
these viruses worldwide. 
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The quality of drinking water in the Netherlands has to comply with the Dutch 
Drinking Water Directive: less than one infection in 10,000 persons per year may 
occur due to consumption of unboiled drinking water. Since virus concentrations in 
drinking waters may be below the detection limit but entail a public health risk, the 
infection risk from drinking water consumption requires the assessment of the virus 
concentrations in source waters and of the removal efficiency of treatment processes. 
In this study, samples of source waters were taken during 4 years of regular sampling 
(1999 to 2002), and enteroviruses, reoviruses, somatic phages, and F-specific phages 
were detected in 75% (range, 0.0033 to 5.2 PFU/liter), 83% (0.0030 to 5.9 PFU/liter), 
100% (1.1 to 114,156 PFU/liter), and 97% (0.12 to 14,403 PFU/liter), respectively, of 
75 tested source water samples originating from 10 locations for drinking water 
production. By endpoint dilution reverse transcription-PCR (RT-PCR), 45% of the 
tested source water samples were positive for norovirus RNA (0.22 to 177 PCR 
detectable units [PDU]/liter), and 48% were positive for rotavirus RNA (0.65 to 2,249 
PDU/liter). Multiple viruses were regularly detected in the source water samples. A 
significant correlation between the concentrations of the two phages and those of 
the enteroviruses could be demonstrated. The virus concentrations varied greatly 
between 10 tested locations, and a seasonal effect was observed. Peak concen-
trations of pathogenic viruses occur in source waters used for drinking water 
production. If seasonal and short-term fluctuations coincide with less efficient or 
failing treatment, an unacceptable public health risk from exposure to this drinking 
water may occur. 
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Introduction 

Surface waters are continuously contaminated with human pathogenic viruses 
originating from sewage and other fecal waste sources.202 For instance, raw urban 
sewage may be discharged into surface water during heavy rainfall. Because enteric 
viruses are excreted in high concentrations by infected individuals,11,193,228 raw sewage 
can contain high concentrations of these viruses. Treated sewage is discharged into 
surface water, and previous studies have shown that depending on the applied 
treatment processes, treated sewage may still contain a high concentration of viruses. 
18,73,201,202,241,358 
In the Netherlands, surface water is used as source water for the production of drinking 
water but is also used for recreational purposes and for shellfish cultivation for human 
consumption. Because of this possible exposure, surface water can be a source of 
pathogenic viruses to humans. Pathogenic enteric viruses include noroviruses, rota-
viruses, hepatitis A and E viruses, and enteroviruses, which can pass asymptomatically 
or lead to mild illness, e.g., gastroenteritis, or more severe illness, such as hepatitis, 
encephalitis, and meningitis.80 Although the exact role of reoviruses as human 
pathogens remains unclear and they mainly cause mild and asymptomatic illness, more 
severe illness, like meningitis, has been reported.153,356 Numerous waterborne 
outbreaks have previously been described, particularly caused by noroviruses and 
rotaviruses.124,135,139,219,222,251,369 
Virus detection in environmental samples can be done either with cell culture methods 
or with molecular techniques.388 Because some viruses are difficult or even impossible 
to cultivate, molecular techniques are useful tools for detection. Even though these 
techniques do not discriminate between viable and nonviable viruses, these techniques 
are useful for monitoring the presence of these viruses in environmental samples. To 
use this information to estimate a possible public health risk following exposure to this 
water, a risk assessment should be performed to estimate the infection risk when the 
RNA of these viruses is detected in environmental samples. 
In the Netherlands, surface water, besides groundwater, is used as source water for the 
production of drinking water. The Dutch Drinking Water Directive14 describes that it is 
obligatory to establish the drinking water quality by quantitative microbial risk 
assessment (QMRA) for index pathogens. To comply with this legislation, the annual 
infection risk should be lower than one infected person in every 10,000 persons due to 
consumption of unboiled tap water. The necessary data to assess this risk are acquired 
by measuring the index pathogens in raw source water. The concentrations in the 
finished drinking water are subsequently estimated using the reduction by the 
treatment steps applied. Because the applied treatment processes differ between the 
locations where (surface) waters are used for the production of drinking water, this 
estimation should be done for each location separately. For the estimation of the 
concentration of infectious pathogenic viruses in the source water, the index pathogen 
is enterovirus. Furthermore, because of their characteristics, each group of micro-
organisms (i.e., parasites, bacteria, and viruses) behaves differently in these treatment 
processes and therefore should be looked at separately. 
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After the enteric viruses are discharged into water, they can survive for prolonged 
periods in the aquatic environment,304 and the survival of these viruses depends on 
different factors, such as UV, temperature, and pH.79,81 Because there are many 
different viruses belonging to the enteric virus group that have many different 
characteristics, the survival rate is also influenced by the virus type. Although these 
viruses are continuously discharged into the environment, the concentrations of viruses 
present in surface water are nevertheless generally low and, therefore, the analysis of 
large volumes of water is necessary. 
Here, we studied the quality of Dutch source waters for drinking water production at 
10 locations with respect to enteric viruses, because the source water quality, in 
combination with the applied treatment processes, has an impact on the drinking water 
quality. Samples were taken from 1999 to 2002, and the sampling period was different 
for each location. Besides the determination of enteroviruses as the viral index 
pathogen, the potentially human pathogenic noroviruses, reoviruses, and rotaviruses 
were also determined. Bacteriophages were determined because they have been 
suggested previously as useful indicators. The enteroviruses, reoviruses, and bacterio-
phages were detected by (cell) culture, and norovirus and rotavirus RNA was detected 
by reverse transcription-PCR (RT-PCR). To monitor the presence of inhibitory factors, 
which particularly influences the RT-PCR, an internal control RNA was used, to avoid 
false-negative results. 
 
Materials and methods 

Viruses 

The positive-control samples used in the cell culture method were reovirus type 3 and 
Coxsackie B4 virus.202 The positive control used for the detection of F-specific 
bacteriophages was MS2 (ATCC 15597-B1), and the positive control used for the 
detection of somatic coliphages was φX174 (ATCC 13706-B1). A norovirus-positive stool 
specimen obtained from a patient with gastroenteritis was used as a positive control 
(GGII.1; Hu/NV/6649/1994) in the RNA extraction and the RT-PCR. Rotavirus WA, kindly 
obtained from the Laboratory for Infectious Diseases and Perinatal Screening, National 
Institute for Public Health and the Environment, was used as a positive control for the 
RNA extraction and the RT-PCR. 
 
Sampling and concentration 

Large volumes of source water for drinking water production, 200 to 600 liters, were 
collected from 10 locations in the Netherlands (Figure 1). The locations were either the 
intake areas for the drinking water companies or upstream of a source water intake 
area. Each of the three source water intake locations at Andelse Maas, Lateraalkanaal 
Heel, and Bergse Maas receive water from the Maas River, which is largely contamina-
ted with human and zoonotic pathogens from upstream sewage treatment plants, 
sewage overflows, and runoff.226 Similarly, the Rijn River contributes directly to the 
source water locations at Lobith, Lekkanaal, and Amsterdam-Rijnkanaal, and the IJssel 
River feeds the intake locations at IJsselmeer and Twentekanaal. The Drentsche Aa is a 
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river catchment in the north of the Netherlands with multiple upstream sewage 
treatment plants. Sampling at these locations was repeated 1 to 12 times in the period 
from February 1999 to December 2002. To obtain more information about the water 
characteristics, several physical parameters were measured, i.e., temperature, pH, and 
turbidity. 
Water was concentrated by a conventional filter adsorption-elution method.202,299 The 
viruses were eluted from the filter with a beef extract solution with a high pH (9.0), and 
the resulting eluate was directly neutralized with a concentrated acetic acid buffer (pH 
5.0) to pH 7.2. The total retentate volume was approximately 1.8 liters. Two-thirds 
(1,200 ml) of the eluate was further concentrated with an ultrafiltration method and 
was subsequently analyzed by cell culture for the detection of cultivable viruses and 
bacteriophages, and the other one-third (600 ml) of the resulting eluate was subjected 
further to the two phase separation method. 
The eluate was further purified and concentrated using a two-phase separation 
method, and the RNA was subsequently extracted from the retentate volume with the 
modified extraction method of Boom et al.,42 as described previously.201,202 
 
Cell culture 
The determination of the concentration of infectious viruses was done by performing a 
monolayer plaque assay.202 Briefly, concentrate and an antibiotic mixture were added 
to a monolayer of Buffalo green monkey kidney (BGM) cells. After 2 h of incubation, 
whereby the viruses were allowed to adsorb to the cells, an agar overlay was added. 
After 9 days of incubation at 37°C, the cells were stained with a neutral red solution. 
After 24 h, the plaques were enumerated and the virus concentration in the original 
water sample was calculated from the tested volume and the virus counts. 
 
Enumeration of bacteriophages 

The detection of F-specific bacteriophages was done using the host strain WG49, and 
the detection of somatic coliphages was done using the host strain WG5, according to 
ISO 10705–1 (2001) and ISO 10705–2 (2001), respectively. In the presence of 
bacteriophages, plaques could be enumerated after an overnight exposure of the 
concentrate to the host bacterial strains WG49 and WG5.133 The bacteriophage 
concentration in the original water sample was calculated from the tested volume and 
the phage counts. 
 
 
 
 
 
 
→ 
Table. Median and mean concentrations, and minimum and maximum values, of somatic coliphages, 
F-specific phages, enteroviruses, reoviruses, noroviruses, and rotaviruses per sampling location, taken 
from 1999 to 2002  
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RT-PCR 

For norovirus detection, we used the viral RNA polymerase gene as the target for 
amplification with an RT-PCR method, as previously described,363 using the primer pair 
JV12Y/JV13i. To monitor to what extent the RT-PCR was inhibited, an internal control 
(IC) RNA was included in the RT step. The IC RNA was synthesized by the addition of 
complementary sequences of both primers, JV12Y and JV13i, to part of the β-globin 
gene, with a total length of 369 nucleotides. After subsequent cloning downstream of 
a T7 RNA-polymerase promoter, transcription was performed.300 After RT-PCR, the IC 
product can be easily distinguished from the norovirus product (329 nucleotides) by gel 
electrophoresis. 
To determine which IC RNA concentration was the most optimal concentration to add 
to the RT step, a titration series of the RNA was tested. The concentration of the IC RNA 
which did not interfere with the amplification of the target RNA and gave a clear band 
after gel electrophoresis was chosen. The confirmation of the specificity of the RT-PCR 
products was done by hybridization with a mixture of probes.370 As described 
previously,368 the VP6 gene was used as the target for amplification for the generic 
molecular detection of rotaviruses, using the primer pair VP6-3 and VP6-4. The 
rotavirus RT-PCR performance was also monitored by including an IC in the RT step. The 
rotavirus IC RNA was synthesized as described previously for the norovirus IC RNA by 
adding complementary sequences of the primers VP6-3 and VP6-4 instead of the JV 
primers, with a total length of 254 nucleotides. A VP6 probe was used to confirm the 
specificity of the detected RT-PCR products. To semi quantitatively determine the noro-
virus and rotavirus concentrations in the samples, the RNA was diluted at 10-fold 
intervals. 
 
Statistical methods 

The numbers of virus particles present in water were estimated by culture or RT-PCR 
on 10-fold serially diluted RNA (endpoint dilution). Virus concentrations in the 
undiluted samples were estimated as the most probable numbers by using the number 
of PFU or the presence or absence of virus genomes in the 10-fold RNA dilutions under 
the assumption that negative samples do not contain virus or viral RNA. Application of 
the Poisson distribution was justified by the assumption that the infectious virus 
particles or viral RNA was dispersed randomly in the sample. The maximum likelihood 
method was used to estimate the number of virus particles in the undiluted sample.238 
A negative binomial model gives the best fit for the distribution of virus particles in the 
original and diluted samples. 
 
RESULTS 

Viruses were determined in surface water samples at 10 locations upstream of source 
water intake points for drinking water production; the locations are widespread over 
the Netherlands (Figure 1). During 1999 to 2002, a total of 75 samples taken throughout 
this 4-year period from these 10 locations were tested. The mean virus concentrations 
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per location are presented in Figure 1, and the mean, median, minimum, and maximum 
values are presented in Table 1. 
 
Detection of viruses by culture methods 

In total, 75 samples taken throughout the 4 years, from 10 locations, were tested for 
viruses by (cell) culture. In 75% and 83% of all the samples tested, enteroviruses and 
reoviruses could be detected, respectively. During 1999 to 2002, the percentages of 
positive samples varied for both enteroviruses and reoviruses between 30 to 100% per 
location. The mean (Figure 1A) and median enterovirus concentrations per location are 
shown in Table 1 and varied between 0.0052 and 2.4 PFU/liter and between 0 and 2.4 
PFU/liter, respectively. Also, the mean (Figure 1A) and median reovirus concen-trations 
per location are shown in Table 1 and varied between 0.013 and 1.3 PFU/liter and 0 and 
0.8 PFU/ liter, respectively. The enterovirus concentrations in the positive samples 
ranged from 0.0033 to 5.2 PFU/liter, and those for reoviruses ranged from 0.0030 to 
5.9 PFU/liter (Table 1). 
Somatic coliphages were found in all of the tested water samples, and F-specific phages 
were found in 73 of 75 (97%) tested samples. The mean somatic and F-specific 
bacteriophage concentrations in the samples varied between 105 and 1.7  104 
PFU/liter and between 2.0 and 4.3  103 PFU/liter, respectively, and are shown per 
location in Figure 1A and Table 1. The median somatic and F-specific bacteriophage 
concentrations in the samples varied between 88 and 1.2  104 PFU/ liter and between 
0.44 and 3.4  103 PFU/liter, respectively, and are shown per location in Table 1. The 
concentrations of somatic coliphages found in the samples ranged from 1.1 to 1.1  105 
PFU/liter, and the concentrations of F-specific phages found in the positive samples 
ranged from 0.18 to 1.4  104 PFU/liter (Table 1). 
Overall, the concentration of viruses found, using culture methods, was somewhat 
higher in the colder months of the year than the concentrations found in the warmer 
months of the year (summer). This trend is seen for the locations in which both periods 
were sampled and appears to be independent of the sampling year (data not shown). 
 
 
 
 
 
 
 
 
 

→ 
Figure 1. Sampling locations in the Netherlands. 1, Andelse Maas; 2, IJsselmeer; 3, Amsterdam-
Rijnkanaal; 4, Beatrixkanaal; 5, Drentsche Aa; 6, Lateraalkanaal Heel; 7, Bergse Maas; 8, Lekkanaal; 9, 
Rijn; 10, Twentekanaal. Mean virus concentrations per location are given. (A) Concentrations of 
viruses and phages determined by culture methods (PFU/liter). (B) Concentrations of viral RNA 
determined by RT-PCR (PDU/liter). 
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Detection of viruses by RT-PCR 

Only four of the 10 samples taken at the Twentekanaal were analyzed for the detection 
of viruses by RT-PCR. Therefore, out of the 75 water samples, 69 were tested for the 
presence of norovirus and rotavirus RNA. Tenfold serially diluted RNA samples were 
analyzed by conventional RT-PCR.368,370 In 45% and 48% of these samples, norovirus 
and rotavirus RNA could be detected, respectively. The numbers of norovirus and 
rotavirus RNA detected in 69 tested samples ranged from 0 to 171 PCR-detectable units 
(PDU)/liter and from 0 to 2.2  103 PDU/liter, respectively. The mean norovirus and 
rotavirus concentrations found per location are shown in Table 1 and in Figure 1B. The 
mean norovirus concentrations varied between 0 and 26 PDU/liter, and the mean 
rotavirus concentrations varied between 0.88 and 375 PDU/liter (Table 1). 
An internal control (IC) RNA, for both norovirus and rotavirus, was included in the RT 
step to monitor for inhibition of the RT-PCR. No IC RNA was detected when undiluted 
RNA was analyzed in 61 of the 69 (88%) samples analyzed by norovirus RT-PCR, whereas 
in 28 of the 69 (41%) 10-times diluted RNA samples, no IC RNA was detected. In the 
rotavirus RT-PCR, no IC RNA was detected in 65 (94%) and 48 (70%) of 69 samples when 
undiluted and 10-times-diluted samples were tested, respectively. In 21 (30%) of 69 
samples for norovirus and 30 (43%) of 69 samples for rotavirus, where no IC and no 
virus-specific RNA could be detected, norovirus and rotavirus RNA could be detected in 
the 100- and 1,000-times-diluted RNA samples and therefore still produced a positive 
result. Nevertheless, in 34 (49%) samples, it remained unclear whether the samples 
were truly negative for the presence of either norovirus or rotavirus RNA or whether 
the samples were false negative due to inhibitory factors. 
In the samples originating from nine of the 10 locations, at least one norovirus RNA 
could be detected, but in the samples taken at one location (Andelse Maas), no noro-
virus RNA could be detected (four samples tested). However, in all of the four samples 
taken at this location, rotavirus RNA was detected (15 to 182 PDU/liter). Overall, no 
correlation could be seen between the numbers of norovirus-positive samples and the 
rotavirus-positive samples. Phages could be detected in most samples, and overall a 
very strong correlation (P  0.00005) between the concentrations of the somatic 
coliphages and the F-specific phages detected in these samples was found. Besides a 
correlation between the presence of these two phages and the enteroviruses (P  
0.0005), no other significant correlation between the tested viruses was seen. 
Although samples from the different locations were taken over a period of 4 years and 
also taken in different months, a difference could be observed in virus concentrations 
between locations (Table 1 and Figure 1). Virus concentrations found in the samples 
taken from the Lateraalkanaal Heel and the Beatrixkanaal were overall higher than 
those found in the samples taken at the other locations, with the lowest concentrations 
found in the Drentsche Aa. One of the five Drentsche Aa samples was taken after a 
heavy rainfall event that caused a sewage overflow at an upstream sewage treatment 
plant. In this sample, but not in the other four Drentsche Aa samples, norovirus RNA 
was detected. 
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Physical parameters 

Because the characteristics of the surface water samples could influence the 
inactivation of the different viruses, the pH, temperature, and turbidity of the water 
samples were also measured for 93%, 77%, and 50% of the samples, respectively. 
Comparison of the available physical parameters with the virus concentrations in these 
samples showed a moderate correlation (P  0.005) between the pH of the water and 
the norovirus concentrations (higher norovirus concentrations were found at higher 
pHs), but no other significant correlations were found. 
 

DISCUSSION 

Surface water used as source water for drinking water production may contain high 
concentrations of human pathogenic viruses, possibly affecting the drinking water 
quality. The human pathogenic noroviruses and rotaviruses were detected in 45% and 
48% of the samples, respectively, by performing different concentration and detection 
methods, i.e., molecular methods, on the water samples. Infectious enteroviruses and 
reoviruses, which may impact public health, could be detected in approximately 80% 
of the tested samples. Source water quality is best identified by analysis of pathogenic 
viruses, but it has been suggested that phages can also be used.209 We found somatic 
coliphages and F-specific phages in 100% and 97% of the samples, respectively, which 
is not indicative of the presence of human pathogenic viruses. Moreover, in the two 
samples where no F-specific phages could be detected, enteroviruses were present, 
and in one sample rotavirus and norovirus RNA was also detected. A significant 
correlation was observed between phages and enteroviruses but not between phages 
and any of the other viruses and not between the other viruses. These results do not 
support a role for phages as indicators of source water quality. However, bacterio-
phages may be useful for determining the recovery of the applied methods and for 
treatment efficiencies.352 
The water quality, with respect to the virus contamination of the tested organisms, 
differed between the 10 source water locations (Table 1 and Figure 1). For instance, 
overall, the concentrations of the viruses were low in samples taken from the Drentsche 
Aa, whereas the concentrations were generally higher in samples taken from the 
Lateraalkanaal Heel and the Beatrixkanaal. At various locations, samples were taken 
over several years, but regardless of the sampling year, the average virus concentra-
tions found at a specific location in the same season were similar. Nevertheless, as can 
be seen in Table 1, up to a 5 log10 difference throughout the sampling period could be 
observed, suggesting that peak values regularly occur. At a particular location, e.g., 
Beatrixkanaal, large fluctuations in virus concentrations could be observed from one 
sampling date to the next compared with other locations (data not shown). It is 
important that for each location where surface water is used as source water for the 
production of drinking water, the possible sources of viral contamination are identified 
as suggested in the WHO water safety plan.21 When the source of contamination at an 
intake point for drinking water production is identified, using either the water safety 
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plan or molecular source tracking, intervention measures can then be targeted to 
reduce viral loads in the surface water. Alternatively, source water locations may be 
relocated if possible. 
The detection of viruses by culture methods from the ultra-filtered concentrates has 
the advantage that only infectious viruses are detected, and because a large volume 
can be tested, it is a sensitive method as well. Nevertheless, it should be considered 
that the BGM cells used in the culture method in our study were not susceptible to 
infection by all enteroviruses,74 which may result in an underestimation of the numbers 
of infectious enteroviruses present in the tested water samples. To detect the entero-
viruses which cannot (or not efficiently) infect the BGM cells, and therefore were not 
detected in our assay, other cell lines or even molecular methods might be used. 
Inhibition of the molecular detection assay in a large number of samples, as indicated 
by our internal control RNA in the rotavirus and norovirus RT-PCRs, suggested that 
further purification steps are required to remove inhibitors or, alternatively, bovine 
serum albumin and dimethyl sulfoxide could be added.36 In our study, a number of 
samples which were negative in the norovirus RT-PCR may be false negative, because 
in these negative samples, 88% of the undiluted and 41% of the 10-fold diluted RNA 
samples showed RT-PCR inhibition. For rotavirus, these numbers were 94% and 70%, 
respectively. Although the RNA samples used for both the norovirus and rotavirus RT-
PCRs originate from the same RNA extract, it seems that the rotavirus RT-PCR is more 
influenced by inhibitory factors than the norovirus RT-PCR. Rutjes et al.299 described a 
method comparison to determine an optimized method for the detection of viruses in 
eluate and ultrafiltered concentrate obtained from large water volumes and had shown 
that the extraction of viruses from the ultrafiltered concentrate is a more suitable 
method. The resulting RNA samples were more purified from inhibitory factors and 
therefore were less prone to inhibition in the RT-PCR. In spite of the smaller volume 
that can be processed, the method has been shown to be more sensitive. Reduction of 
inhibition is important to avoid false negatives, and appropriate use of controls and 
standardization are essential71. Sampling, concentration, and detection methods may 
largely influence virus concentrations in source waters for drinking water production 
and in that way influence the anticipated public health risk. 
Although some samples might be false negative for the presence of viruses (or viral 
RNA), several samples tested positive for the presence of 2 or even 3 pathogenic 
viruses. Twenty-two out of 69 (32%) samples tested positive for the presence of both 
norovirus and rotavirus RNA, 25 of 69 (36%) samples contained both norovirus RNA and 
infectious enteroviruses, and 27 of 69 (39%) samples contained both rotavirus RNA and 
infectious enteroviruses. In 19 of 69 (28%) samples, all three viruses were detected, 
which might suggest that people who are exposed to drinking water which is processed 
from these source waters have a greater risk of obtaining a viral infection when the 
treatment processes are less efficient or failing. 
The high virus concentrations determined by RT-PCR (mean concentration, 10 PDU/ 
liter) may be explained in part by the detection of virus RNA instead of infectious 
particles. Indeed, reoviruses and enteroviruses, which can be cultured, were present at 
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much lower levels (mean concentration, 101 PFU/liter). It is difficult to determine the 
concentrations of infectious rotaviruses and noroviruses, because these concentra-
tions are dependent on different factors, like the water temperature and UV exposure. 
As shown in other studies,81,302 the ratio of defective viruses to infectious virus particles 
changes due to various environmental characteristics and can vary from a factor of 20 
to 104. In volunteer studies, it has been shown that the infectious dose for both 
noroviruses and rotaviruses may be as low as 10 viral particles,355 and therefore even 
low concentrations of these infectious viruses present in the environment may cause a 
public health risk. These viruses cause gastro enteric disease, which is in general a mild 
illness, although for small children and elderly people, an infection with these viruses 
might be life threatening. 
In the present study, surface waters were sampled throughout the year, with the most 
extensive screening period in the colder period of the year, ranging from November to 
April. Although less virus data were generated in the period from May to October, lower 
virus concentrations were found in this period than in the colder period of the year, 
suggesting that there is a seasonal influence. For noroviruses, this can be explained by 
the seasonality of noroviruses, which are more prevalent in the population in winter.240 
For viruses in general, it has been shown that they survive better at lower temperatures 
81 and with little UV exposure.79 
In a previous study,373 it has been shown that noroviruses occur in short-term fluctua-
tions, and no correlation was found with the presence of enteroviruses and F-specific 
phages. When these peak concentrations occur, and when these viruses are infectious, 
there can be a higher exposure to these viruses. If, at that moment, the treatment is 
insufficient, viruses may be present in the drinking water at levels that cause an 
unacceptable risk to public health. The previous study, as well as the current study, 
shows the importance of monitoring for waterborne pathogenic viruses. Detection of 
viral indicators only would be less accurate in estimating the possible public health risk. 
Rapid molecular detection methods for pathogenic viruses are increasingly being 
developed and used for analyzing environmental samples.157,158,192,227,296,302,324,381 
Nevertheless, because of their abundant presence in surface waters and because their 
characteristics – size, charge, and inactivation rate – correspond with human pathoge-
nic viruses, phages are still very useful organisms for determining the removal efficiency 
of different treatment processes, which can be used in a risk assessment to evaluate 
whether the treatment is sufficient. 
Teunis et al.352 described the applicability of three models to characterize different 
treatment processes which can be used in quantitative microbial risk assessment. 
Although risk assessment, with data on virus concentrations in the source water and 
the treatment efficiency, is an important tool to estimate the possible risk of infection, 
there is no actual surveillance system in the Netherlands to determine the actual cases 
of infected individuals through transmission of these viruses via water. To further 
assess the risk of transmission of viruses via water, it is necessary to obtain more 
information about the identity and the viability of the viruses present in different water 
samples. 



Chapter 6 

 92 

ACKNOWLEDGMENTS 

This work was funded by the VROM-Inspectorate (M/703719) and VROM Sustainable 
Production (M/609715). 
We gratefully acknowledge Agnes Holwerda and Ria de Bruin for technical assistance. 
 

 

 



Viruses in source waters for drinking water production 

 93 

 
 
 



 

 94 

  



 

 95 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

W.J. Lodder, H.H.J.L. van den Berg, S.A. Rutjes, M. Bouwknegt, J.F. Schijven 
and A.M. de Roda Husman 

 
 

Journal of Water and Health 2013; 11:256-266 
 
 
 
 
 
 
 
 
 

 

 Chapter 



Chapter 7 

 96 

Molecular methods are increasingly applied for virus detection in environmental 
samples without rendering data on viral infectivity. Infectivity data are important for 
assessing public health risks from exposure to human pathogenic viruses in the 
environment. Here, treatment efficiencies of three (drinking) water treatment 
processes were estimated by quantification of the indicator virus bacteriophage MS2 
with culture and real-time reverse transcription polymerase chain reaction (qRT-
PCR). We studied the virus reduction by slow sand filtration at a pilot plant. No decay 
of MS2 RNA was observed, whereas infectious MS2 particles were inactivated at a 
rate of 0.1 day1. Removal of MS2 RNA and infectious MS2 particles was 1.2 and 1.6 
log10-units, respectively. Virus reduction by UV and gamma irradiation was 
determined in laboratory-scale experiments. The reduction of MS2 RNA based on 
qRT-PCR data was negligible. Reduction of infectious MS2 particles was estimated at 
3.0–3.6 log10-units (UV dose up to 400 or 800 J/m2) and 4.7–7 log10-units (gamma dose 
up to 200 Gray). As shown in this study, estimations of viral reduction, both 
inactivation and removal, obtained by molecular methods should be interpreted 
carefully when considering treatment options to provide virus-safe drinking water. 
Combining culture-based methods with molecular methods may provide supplemen-
tary information on mechanisms of virus reduction. 
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Introduction 

Contamination of water resources by fecal waste poses a serious risk to human health 
upon exposure. Especially in situations where fecally contaminated source water for 
drinking-water production is insufficiently treated, consumption may cause (severe) 
illness and, in certain situations, even death.147,344 Therefore, protecting source water 
quality for drinking water production, maintaining the efficiency of the applied 
treatment processes and ensuring safe distribution as prescribed in the WHO Water 
Safety Plans are important tools for the production of safe drinking water.375 Several 
treatment processes can be applied for drinking water production, such as coagulation, 
sedimentation, slow sand filtration, membrane filtration and ozone and UV 
disinfection, through which human pathogens are retained and/or inactivated. Because 
of the differences in their characteristics, pathogens, including viruses, behave 
differently in the various water-treatment processes.8,22,315 To date, virus removal by 
several treatment processes for drinking-water production has mainly been assessed 
using bacteriophages as indicator viruses for human pathogenic viruses because of 
their ease of use and their harmlessness to humans. The F-specific RNA phage MS2 is 
commonly used as a surrogate for human pathogenic RNA viruses, such as entero- and 
noroviruses due to similarities in characteristics such as size and charge.19,49,224 
Waterborne, human pathogenic viruses, such as rotavirus, norovirus and enterovirus, 
can cause a wide range of symptoms, varying from common cold and gastroenteritis to 
more severe diseases like meningitis and paralysis.80 
Culture-based detection methods are sensitive methods and can be used to quantify 
infectious viruses in the aquatic environment.202,203 However, it is still difficult or 
impossible to reliably culture several common pathogenic viruses, such as norovirus. 
95,337-339 Furthermore, differentiation of aggregates from single virus cells is not possible 
with these kinds of infectivity assays, and may therefore lead to underestimation of the 
virus concentration in the original sample.350 Alternatively, molecular detection 
methods can be used for the detection of noncultivable and cultivable viruses. These 
methods are sensitive, rapid and are able to quantify aggregated viruses.81 One 
substantial limitation of molecular techniques is that genomes or fragments of 
genomes are detected and no information is obtained on the infectivity of the virus. 
Because molecular methods cannot differentiate between infective and defective virus 
particles, results cannot be directly translated to public health risks. 
To obtain more information on the infectivity status of viruses detected by molecular 
methods, additional procedures, such as treatment of the sample with enzymes such 
as proteinase K or RNase, prior to molecular detection have been described.20,247 
Although a decrease in detection of viral genomes could be obtained, these treatments 
did not lead to the sole detection of infective virus particles.265 Other researchers used 
propidium monoazide (PMA) in a pre-treatment step to detect only infectious RNA 
viruses.106,175,263 Although these studies concluded that using PMA treatment prior to 
the reverse transcription polymerase chain reaction (RT-PCR) succeeded for several of 
the tested viruses under laboratory conditions, this method was not applicable for all 
RNA viruses in environmental samples. Also, fragment length has been evaluated as a 
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molecular tool to assess viral infectivity.382 In addition, culture and molecular methods 
have been combined with so-called integrated cell culture-PCR methods to gain 
information on infectivity of viruses that are difficult to culture.288,302 
Replication of viruses is restricted to susceptible living host cells and therefore infective 
viruses will only reduce in numbers once released into the environment. The inacti-
vation rate of viruses is dependent on variables such as the pH and temperature of the 
water, the amount of sunlight (UV) and the virus type. Due to the loss of infectivity in 
the environment, viruses may be undetectable by culture based methods, whereas the 
genomic material still can be detected over a prolonged period of time.81 
In this study, the efficiencies of virus reduction of three (drinking-) water treatment 
processes, slow sand filtration, UV and gamma irradiation, were assessed by 
quantification of the indicator virus bacteriophage MS2 before and after treatment. 
Quantification was performed by culture and the molecular method quantitative real-
time RT-PCR. Furthermore, the feasibility of PCR for the estimation of virus removal and 
inactivation by such water treatment processes was evaluated. 
 

Material and methods 

MS2 culture 

F-specific bacteriophage MS2 (ATCC 15597-B1) was cultured according to the standard 
procedure, ISO 10705-1.151 The initial concentrations of the viral stocks used in the 
different experiments were between 2.8  106 and 5.8  106 plaque forming units 
(PFU)/mL and these were stored at 4C until use. 
The detection of F-specific bacteriophages was done using the host strain Salmonella 
typhimurium WG49. The bacteriophage concentration in the original water sample was 
calculated from the tested volume and the phage counts.  
 
RNA standard 

To be able to quantify the PCR-products obtained with a one-step real-time RT-PCR 
(qRT-PCR) a RNA standard was developed. For this purpose, a 662 bp PCR product, 
located at the 5’ end of the MS2 genome, was cloned into a pCRII-Topo vector 
(Invitrogen, Leek, the Netherlands) according to the manufacturer’s instructions. The 
orientation of the insert was checked with conventional PCR and sequencing using M13 
primers supplied by the manufacturer. After several purification steps and restriction 
enzyme treatments, the RNA was transcribed using T7-polymerase. The resulting RNA 
(800 nt) was treated with DNase to remove the plasmid DNA and subsequently a final 
purification step was done. To determine the concentration of the synthesized RNA the 
optical density (OD) was measured to calculate the RNA copies present in the standard. 
Serial 10-fold dilutions of the standard RNA, at concentrations ranging from 1.6  101 
to 1.6  106 RNA copies per 5 μL, were aliquoted and stored at 80C until use. In each 
qRT-PCR assay, the serial dilutions of the RNA standard were tested in duplicate to 
create a standard curve, which was subsequently used to quantify the RNA in the 
original samples. 
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MS2 qRT-PCR 

An EXPRESS One-Step SuperScript qRT-PCR Kit (Invitrogen) was used according to the 
manufacturer’s instructions. Primers, forward (TGCCATTTTTAATGTCTTTAG) and rever-
se (TGGAATTCCGGCTACCTAC), and a probe (AGACGCTACCATGGCTATCGC) targeting 
the 5’ end of the MS2 genome, were used as described earlier to detect the viral RNA.138 
In brief, 50 μL of the original samples were heated to 95C for 5 min, to denature the 
virus capsid and release the viral RNA. Samples were subsequently cooled on ice for 5 
min. An aliquot of 5 μL of the heat-released RNA (and 10-fold and 100-fold dilutions), 
or 5 μL of the aliquoted RNA standard, was added to 15 μL of the qRT-PCR reaction 
mixture containing EXPRESS Superscript® qPCR SuperMix, 15 μM of each primer, 4 μM 
of the probe and EXPRESS Superscript® Mix for One-step qPCR. The qRT-PCR protocol 
was as follows: a reverse transcription at 50C for 15 min, an activation step for the 
Platinum® Taq DNA polymerase at 95C for 5 min, and 45 cycles of 95C for 15 s, and 
60C for 60 s. The qRT-PCR assays were performed in a Light-Cycler 480 System (Roche) 
and the LightCycler software automatically determined the cycle threshold (Ct) point 
of each qRT-PCR reaction. Both the Ct-data corresponding to the standard RNA and to 
the viral RNA concentrations were obtained and were subsequently used to calculate 
the genome concentrations in the samples. The number of phage particles in the 
samples, either subjected to the treatment processes or not, was determined by the 
use of a standard curve, assuming that the detection of one copy of the viral genome 
corresponded with one phage particle. All samples were tested in duplicate as well as 
the RNA standard and the negative controls. In this study, we interpreted a relative 
difference of 3 Ct values or less in 10-fold serial dilutions as qRT-PCR inhibition. 
Theoretically, in a completely efficient qRT-PCR reaction, a difference of 3.3 Ct values 
relates to every 10-fold dilution of the target nucleic acid in a given sample. The Ct point 
of each sample was defined as the average of the Ct data of the duplicates. 
 

Treatment processes 

Virus reduction by slow sand filtration was studied at pilot-plant scale. A suspension of 
MS2 was seeded onto a sand filter for a period of 24 hours (temperature 20C), as 
described more extensively elsewhere.315 Briefly, 3 L 108 PFU MS2 per liter were added 
directly to the layer of water on top of the sand filters and were gently mixed with a 
rotor fixed onto an electric drill in order to immediately achieve the desired C0 level of 
approximately 106 PFU MS2 per liter. This level was kept constant for 24 hours by 
proportionally adding seeding suspension. Samples of 100 mL were taken from the 
influent on top of the filter bed as well as from the effluent every hour during working 
hours. About 30 effluent samples were collected for 5-7 days. For the inactivation of 
MS2 during the slow sand filtration, parallel with the seeding experiment, a sample of 
the seeding suspension was stored at the same temperature as the slow sand filtration 
and samples were taken on different days. The detection of MS2 by plaque counting 
was done within 48 hours and by qRT-PCR after subsequent storage at 80C (qRT-PCR 
either with or without the addition of 4.5% Triton X-100 (Merck, Amsterdam, The 
Netherlands) to the sample). 
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UV experiments (laboratory scale) were performed using MS2 suspensions in tap water 
that were exposed to UV light (wavelength  253.7 nm) at different fluences. In the first 
experiment, fluences of 0, 50, 100, 200, 300, 400 and 800 J/m2 were used and 0, 50, 
100, 150, 200, 300 and 400 J/m2 in the second experiment. Gamma irradiation 
experiments were conducted with different gamma irradiation doses: 0, 50, 75, 100, 
150 and 200 Gray (Gy). The MS2 suspension used in the first experiment had a higher 
protein content than the MS2 suspension used in the second experiment. Details of the 
experimental set up are described elsewhere.79 Concentrations of MS2 determined by 
plaque counting were performed directly, detection of MS2 by qRT-PCR was performed 
after storage at 80C. 
 

Statistical methods 
During slow sand filtration viruses are removed from the water by inactivation and by 
attachment to the sand grains. Breakthrough curves were constructed and fitted for 
the concentration data of the effluent samples using the two-site kinetic model in 
Hydrus-1D (version 4.14; www.pc-progress.com) in order to obtain values for 
attachment, detachment and inactivation rate coefficients as described previously.306 
Inactivation rates in the water were determined by fitting the data to the monophasic 
and biphasic exponential model analysis of the concentration data obtained for 
samples taken from the water on top of the sand filter at different times at the same 
temperature as the slow sand filtration experiment (see below). 
All decay rates, in the UV and gamma irradiation experiments, were estimated by 
maximum likelihood, aiming for the most parsimonious of the monophasic and biphasic 
exponential models81 and the Weibull model.357 The likelihood ratio test was used to 
assess improved fits for the biphasic and Weibull models compared to the monophasic 
model. The corrected Aikaike Information Criterion148 was used to select between the 
biphasic and Weibull models. Decay rate parameters for the infectivity assays were 
based on virus counts. Decay rate parameters for qRT-PCR were based on genome 
counts, which were estimated using a likelihood function that estimated jointly the 
decay rate parameters and the intercept and slope of the RNA standard curve. The 95% 
intervals for all parameters were obtained by Markov Chain Monte Carlo adaptive 
rejection sampling using the likelihood functions.116 The burn-in period was set to 1,000 
iterations and the chain was stopped when 10,000 samples were accepted. The stability 
of the Markov chains was explored graphically. Virus counts were assumed to be 
Poisson distributed, genome counts were assumed to be log-normally distributed. 
 
Results 

Slow sand filtration 

Removal by slow sand filtration is determined by virus inactivation and virus removal 
by attachment of virus to the sand grains.312 To measure the inactivation rate of MS2 
over time, an aliquot of the MS2 spike suspension used in the slow sand filtration 
experiment was stored under the same experimental conditions as the sand filter for 
11 days. Regression analysis revealed that no significant change in MS2 genome 
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concentration was observed over time (Figure 1). After 11 days, a reduction of 
approximately 5 log10 units of infectious MS2 was observed. 

 
 

 
Figure 1. Inactivation of the MS2 phages in the spike suspension used in the slow sand filtration 

experiments under experimental conditions (20 C). Circles represent the MS2 concentration in PFU 
per mL obtained with the culture method (N/mL) and squares (with Triton) and triangles (without 
Triton) represent the MS2 concentration in genomes per mL obtained with the qRT-PCR (N/mL). Lines 
represent the fitted model (parameter values can be obtained on request). 

 
Figure 2 shows the breakthrough curves with normalized concentrations of MS2 as 
determined by molecular and culture methods. The MS2 RNA standard curve gave 
reproducible results in different experiments (data not shown). Although PCR inhibition 
was apparent for undiluted samples of the slow sand filtration experiment, the 10-fold 
and 100-fold dilutions showed no inhibition. A constant maximum breakthrough 
concentration was reached; therefore, it may be assumed that a steady state condition 
applied. This implied that log removal could simply be determined by the differences in 
the logarithm of the maximum breakthrough concentrations. The difference in seeding 
concentration amounted to 0.5 log10 units, i.e. the seeding suspension comprised one-
third of infectious virus particles and for two-thirds of defective virus particles. Infective 
MS2 particles were removed at 1.6 log10 units, whereas 1.2 log10 units of defective MS2 
particles were removed. Hence, during maximum breakthrough, the samples contained 
about 2.5% infectious and 97.5% defective particles. 
The tails of the breakthrough curves represent slow detachment of bacteriophages 
from the sand after seeding had stopped (Figure 2). The tail of the breakthrough curve 
for the infectious MS2 particles decreased linearly with time at a rate of about 0.7 log10 
units/day, which represents the value of the inactivation rate coefficient of attached 
infectious MS2 particles. 
Detection of MS2 genomes by qRT-PCR showed a negligible reduction in MS2 RNA load 
after UV treatment (Figure 3). UV-irradiation doses up to 800 and 400 J/m2 showed a 
3.6 log10 and 3.0 log10 unit reduction of the infectious MS2 particles, respectively. 



Chapter 7 

 102 

The qRT-PCR data showed no reduction in the detection of MS2 RNA after irradiation 
with gamma beams (Figure 4), a 4.7 log10 unit reduction in the first experiment was 
seen and, because no MS2 could be cultured at the highest irradiation dose of 200 Gy 
in the second experiment, at least a 7-log10 unit reduction was observed there 

 

 

Figure 2. MS2 breakthrough curves (normalized concentrations C/C0,avg) of the slow sand filtration 
experiment. Squares (without Triton) and triangles (with Triton) are observations obtained with qRT-
PCR. Circles are observations obtained with the culture method. The lines represent the fitted two 
site-kinetic virus transport model using Hydrus-1D. 

 

 

Figure 3. Concentrations of MS2 bacteriophages (N/mL) after UV radiation with different fluences in 
the first experiment (open symbols) and the second experiment (closed symbols). Squares represent 
the MS2 concentration in genomes per mL obtained with the qRT-PCR. Circles represent the MS2 
concentration in PFU per mL obtained with the culture method. The shades represent the 95% 
confidence interval. 
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Inactivation by UV and gamma irradiation 

In addition to virus removal by slow sand filtration, disinfection by the mechanistically 
different treatment processes, irradiation by UV and gamma, was studied. Therefore, 
reduction of MS2 bacteriophages measured by qPCR was compared with results 
obtained by culture. The MS2 RNA standard curve gave reproducible results in different 
experiments (data not shown). No PCR inhibition was observed for the UV and gamma 
(ir)radiated samples when 5 μL of the original sample was analyzed directly or after the 
addition of 4.5% Triton X-100 (data not shown). MS2 concentrations of the stocks used 
in the irradiation experiments determined by plaque assay using the bacteriophage 
suspensions that were not radiated varied between 3  106 and 6  106 PFU/mL. MS2 
concentrations determined by qRT-PCR were approximately 2 log10 units higher 
(Figures 3 and 4). 
 

 

 

Figure 4. Concentrations of MS2 bacteriophages (N/mL) after gamma irradiation with different 
fluences (gamma dose (Gy)) in the first experiment (open symbols) and the second experiment (closed 
symbols). Squares represent the MS2 concentration in genomes per mL obtained with the qRT-PCR. 
Circles represent the MS2 concentration in PFU per mL obtained with the culture method. The shades 
represent the 95% confidence interval. 

 

Discussion 

Quantitative PCR detection methods are used increasingly for the detection and 
quantification of (pathogenic) viruses in the environment. Nevertheless, the interpre-
tation of the results on the numbers of viral genomes in the environment for the 
assessment of potential public health risks upon exposure is challenging. PCR detects 
both infectious and defective particles with fragment lengths of approximately 300 
bp.4,81,112 Defective particles are unlikely to yield any adverse health effects, although 
‘defective’ has not yet been exactly defined. The defect may interrupt virus binding to 
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the host cell, replication in the host cell or release from the host cell. The application of 
specific virus detection methods that selectively detect, for example infectious viruses 
or viral genomes, will indicate whether damage is at the protein or nucleic acid level, 
or a combination of both.378 In the current study, infectious bacteriophages as well as 
total bacteriophages (both infectious and defective particles) were detected, and 
information on at least nucleic acid damage may be obtained. 
Slow sand filtration is often used as the last step in the drinking-water treatment 
process in the Netherlands.315 Virus reduction by this process is based on both removal 
by attachment of virus particles to the sand grains and inactivation of virus particles. In 
our study, we compared the breakthrough curves based on either culture data or qRT-
PCR data and it was demonstrated that removal occurred by attachment of MS2 RNA 
containing particles and by attachment and inactivation of infectious MS2 particles. The 
tail of the breakthrough curve represents slow detachment of attached infectious MS2 
bacteriophages. Apparently, there was 0.4 log10 units (equal to 2.5 times) more 
reduction by attachment of infectious MS2 particles than of those detected by qRT-
PCR. Based on such molecular data, the removal efficiency of slow sand filtration would 
be underestimated. Our experiment showed that infectious MS2 particles attached 
more to sand particles than defective particles, or attachment is similar but virus 
inactivation may occur without detectable genome damage. It would be interesting to 
clarify the mechanism by carrying out column experiments with, for instance, mutant 
variants of MS2, or slightly different bacteriophages such as GA. In addition, pathogenic 
viruses with similar characteristics could be studied to assess their reduction ensuring 
drinking-water safety. 
Our data showed that qRT-PCRwas not suitable for studying inactivation by UV and 
gamma irradiation, because no reduction in MS2 RNA concentrations was seen, not 
even at the highest fluences, whereas a large reduction of infectious MS2 bacterio-
phages was observed. The differences in protein content of theMS2 suspensions in the 
two experiments did not seem to influence results from PCR. Although RNA could be 
detected and quantified by qRT-PCR after UV or gamma irradiation, no information 
could be obtained on the possible fragmentation of the MS2 genomes in these samples 
due to the short target length of 64 nt. Recent research has shown that detection of 
genome damage in correlation to infectivity is dependent on the length of the amplified 
nucleic acid.328,382 Amplification of long fragments would correlate better with viral 
infectivity than the amplification of shorter fragments,265 but nevertheless it will 
underestimate virus inactivation. Moreover, it has been shown that also the damage to 
viral proteins contributes to virus inactivation,265,379 which cannot be detected by 
molecular methods. 
Molecular techniques are particularly useful for microbial source tracking (MST)108 to 
establish a correlation between viruses isolated from clinical cases and viruses in the 
possible source responsible for the infection. Bacteriophages have been shown to be 
useful for MST,177,383 but also specific human pathogenic viruses.109 Another useful 
application of molecular techniques is to monitor the circulation of specific virus types 
in the human population in a specific area in time.203,204 



MS2 qRT-PCR to assess treatment efficiency 

 105 

Detection of both infectious and defective virus particles by (RT-)PCR is a well-
recognized phenomenon. Multiple PCR-based methods to detect infectious viruses in 
environmental samples have been suggested,293,398 such as enzymatic pretreatment. 
Sample treatments prior to the PCR detection, such as PMA treatment, have been 
studied for the selective detection of genomes derived from infectious particles.20,247,265 
However, these assays also detected a proportion of genomes of inactivated viruses, 
and the authors concluded that the combination of cell culture and PCR is still the best 
approach to assess viral infectivity. 
There seemed to be more inactivation of the MS2 bacteriophages in the second series 
of irradiation experiments (both UV and gamma) compared to the first. The spike 
suspensions used in the irradiation experiments were different in composition with 
respect to protein content.79 High protein content of bacteriophage suspensions did 
not negatively affect virus reduction by UV irradiation as compared to low protein 
content. However, virus inactivation by ionizing irradiation was impaired by high 
protein levels. 
Virucidal modes of action have been described for different water-treatment processes 
including UV disinfection,137,333 ozone treatment325 and slow sand filtration.231,315 UV 
irradiation damages the nucleic acids of micro-organisms including viruses137,328 and the 
viral capsid.248 If no repair mechanism is present, as is the case for RNA viruses such as 
MS2, irradiation will lead to irreversible inactivation of the virus. The degradation rate 
of the viral genome varies between different RNA viruses, but there does not seem to 
be a general rule for the UV susceptibility of viruses with different virus characte-ristics, 
i.e. size, genome and weight.79 It has been shown in previous studies that viruses with 
double stranded genomes, such as adenoviruses, are less prone to damage by UV 
irradiation as compared with single-stranded RNA viruses, i.e. poliovirus and Coxsackie-
virus.95,115 
To compare virus reduction as detected by culture and molecular methods, a qRT-PCR 
was used that detects a fragment of 64 nt of the MS2 phage genome. In this study, the 
qRT-PCR experiments were performed with heat-released RNA and therefore the 
hands-on preparation time was low. This rapid approach is applicable when little or no 
inhibition of the matrix on the detection assay is expected and when test sensitivity is 
of minor importance as in the case of low protein content spike suspensions with 
relatively high virus concentrations. Extraction of nucleic acids prior to PCR amplifica-
tion may increase the sensitivity by lowering the detection limit and removing PCR 
inhibitors, but also may give rise to loss of virus target, and was not necessary in our 
application. A one-step qRT-PCR protocol was applied which enabled us to rapidly 
analyze the presence of MS2 RNA in the different samples taken before and after water-
treatment processes. 
Detected RNA was quantified by the use of an external single-stranded RNA standard, 
which was synthesized using in-vitro transcription. RNA standards reflect the efficiency 
of the detection during the entire qRT-PCR assay, including the RNA transcription. RNA 
standards are susceptible to degradation and should therefore be handled with care to 
avoid overestimation of the target nucleic acid concentrations. Although DNA stan-
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dards are less prone to degradation, and therefore more convenient to use, they do not 
need reverse transcription prior to PCR, possibly leading to mistakes in the estimation 
of virus concentrations. 
The efficiencies of virus reduction by drinking-water treatment processes that cause 
little to no damage to the viral genome are underestimated when viruses are detected 
by molecular methods, indicating that loss of infectivity and genome degradation do 
not coincide. Applying molecular methods to assess virus reduction by water treatment 
processes would lead to overestimation of possible human health risks from 
consumption of the treated drinking water. On the other hand, use of molecular data 
in quantitative microbial risk assessment may aid trend analyses and, if necessary, 
guide subsequent intervention measures when surges in viral RNA load would be 
observed. Molecular assays may be utilized in online monitoring systems yielding rapid 
test results on either indicators or pathogens. 
 
Conclusion 

As shown in this study, estimations of viral reduction obtained by molecular methods 
should be carefully interpreted for public health risks. Following disinfection, inacti-
vated and therefore non-infectious viruses may remain present in the sample, and their 
genomic material will be detected. Combining culture-based methods with molecular 
methods may provide valuable information on the mechanisms of virus reduction, such 
as attachment and inactivation of viruses. 
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In this case-control study among hospitalized young children human enterovirus and 
parechovirus infection status of patients and controls were related to questionnaire 
data. We showed that drinking water consumption and recreational water exposure 
were no significant risk factors for acquiring infection. However, familial spread was 
potentially associated with virus infection. 
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Introduction 

Human enterovirus (HEV) and parechovirus (HPeV) infections often remain 
asymptomatic but can also result in symptomatic diseases in young children. HEV and 
HPeV can elicit a variety of diseases; while Coxsackie A viruses and HPeV1 mainly cause 
rashes and mild gastrointestinal disease, polioviruses and enterovirus 71 can cause 
severe neurological disease, and HPeV3 infections lead to severe and life-threatening 
complications in infants.30 
The transmission route of many members of the family of Picornaviridae, such as HEV 
and HPeV, is mainly fecal-oral, by ingestion of contaminated food or water or through 
person-to-person contact. However, the specific sources for virus exposure have not 
been clarified, hampering targeted interventions. Few reported outbreaks have been 
attributed to drinking water and recreational water exposure,330 and person-to-person 
spread was shown in two cases of sepsis-like illness caused by HPeV3 which could be 
traced back to their older siblings.99 Furthermore, secondary person-to-person spread 
may cloud the initial infection source such as ingestion of contaminated water, which 
may go unnoticed. 
Surface water can be contaminated with HEVs and HPeVs by several sources. High 
numbers of these viruses are discharged with treated and untreated sewage water,259 
which are thus an abundant source of contamination. Although the number of 
infectious viruses in the environment will gradually decrease over time due to inactiva-
tion and removal, enteric viruses are known to persist for several weeks up to months. 
292 The high prevalence of these viruses in environmental waters may pose a health risk 
to people that come into contact with contaminated water. Especially when vulnerable 
individuals, such as infants and young children, are exposed to these contaminated 
aquatic environments, exposure may pose a public health threat. The goal of this study 
was to test the hypothesis that exposure to water (drinking water and recreational 
water) is related to diseases caused by HEV and HPeV infections in infants admitted to 
the hospital, and their families. 
 
Study design 

The case-control study PARMA (PARechovirus infection and Maternal Antibodies) 
aimed to determine if maternal antibodies protect children against HPeV infection, as 
described elsewhere.380 The current study was conducted among children younger than 
1 year included in the PARMA study; those admitted to the hospital with a confirmed 
HEV or HPeV infection as cases and those matched by age and similar clinical symptoms 
to the cases (with negative HEV and HPeV PCR results) and were admitted to the 
hospital for other medical reasons (2009-2012) as controls. Questionnaires about the 
consumption of water and contact with water through recreational activities were 
given to the parents at the time of inclusion or were sent retrospectively to part of the 
participants of the PARMA-study after their consent. Data on the consumption of 
drinking water by the mothers as well as by the children through consumption of 
prepared milk powder, and recreation in diverse waters by the whole family (swimming 
pool, surface water, seawater) were collected. The questions referred to the three 
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months prior to the first clinical manifestations displayed by the patient. When answers 
could not be remembered exactly approximate answers were to be supplied, noting 
this at the end of the questionnaire. A physician helped the mothers of the newly 
included children to fill out the questionnaires. The association between exposure 
factors and virus infection (HEV and HPeV) were examined univariably with logistic 
regression.141 Those variables displaying a p-value <0.30 were analyzed multivariably. 
Given the relatively low number of cases, variables with a p-value <0.10 were 
considered statistically significant and values between 0.10 and 0.20 as potentially 
associated and of interest for further studies. All statistical analyses were performed 
using SPSS 19 software package (SPSS Inc., Chicago, IL, USA).  
 
Results 

Approximately 63% (54/85) of the water related questionnaires were returned. Of the 
responders 24 questionnaires were from cases with a confirmed HPeV infection, 12 
were from cases with a confirmed HEV infection and the remaining 18 were from 
hospitalized control subjects. Of the 24 confirmed HPeV infections in the infants, 13 
were typed as an HPeV3, six were HPeV1, three were HPeV4, one was HPeV6 and one 
remained untyped. In the feces of 12 infants with an HEV infection included in this study 
11 different HEV types were detected, showing the diversity of HEVs circulating in the 
human population causing serious infections in young children. Several echoviruses, 
Coxsackie A and B viruses were found. The average age of HPeV3 infected infants was 
much younger than infected children with an HPeV infection, other than type 3, and 
with an HEV infection; 42 days old, 111 days old and 95 days old, respectively. 
The majority of the families (15 out of 16) who had reported that they had swum in the 
3 months prior to the disease development of the infant visited a swimming pool while 
only one family had been swimming in surface water; swimming in seawater was not 
reported (Table). The newborn of the family that had been swimming in surface water 
developed an echovirus 11 infection. Of the 54 mothers in this study, 32 were 
breastfeeding their child, 14 of those also gave powdered milk to their child and 22 
were solely formula fed. For the preparation of the powdered milk, unboiled water (8), 
boiled water (16), both unboiled and boiled water (2), and mineral water (2) were used. 
Different volumes were used in the preparation of powdered milk but most parents 
used 120-180 mL per feeding, in case of additional formula feeding (besides breast-
feeding) water volumes were significantly lower (30-50 mL). 
No risk factors for acquiring an HEV or HPeV infection were statistically significantly 
associated with the consumption of unboiled tap water or water recreation by infants 
(Table). A potential association between the infected infants and the presence of other 
children in their family was observed, most frequently one (22), but also two (10), three 
(1) and even four siblings (1) were present. 
 
Discussion 

In this study, we could not identify risk factors associated with exposure of infants to 
water for acquiring human HEV or HPEV infections in infants. Although the response 
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was relatively high, the resulting sample size was relatively small. This limitation may 
have reduced the power of the risk factor analyses. Nevertheless, the included children 
resulted in a representative group of HPeV, HEV and control individuals. 
 

Table. Characteristics of the children included in the study and the summary of possible risk factors, 
percentage found in cases with a confirmed virus infection, their odds ratio (OR), 95% confidence 
interval (CI), and the p-value. Totals not adding to 54 per factor are due to missing data. 

Factor Total % 
Cases 

OR 95% CI P-value 

Sex child: male 33 63.6 1.0   

 female 21 71.4 1.4 0.44 – 4.7 0.552 

Age child:  < 90 days 34 67.6 1.0   

 > 90 days 20 65.0 0.89 0.28 – 2.9 0.842 

Siblings no 20 55.0 1.0   

 yes 34 73.5 2.3 0.71 – 7.3 0.167 

Child, during week:  home (100%) 37 67.6 1.0   

 daycare/family (part) 13 69.2 1.1 0.28 – 4.2  0.515 

 hospital (100%) 3 33.3 0.24 0.020 – 2.9 0.489 

Health complaints family no 31 61.3 1.0   

 yes 17 76.5 2.1 0.54 – 7.8 0.279 

Swimming, pool:  mother  no 44 68.2 1.0   

 yes 9 55.6 0.58 0.14 – 2.5 0.473 

 baby no 49 67.3 1.0   

 yes 4 50.0 0.48 0.62 – 3.8 0.492 

 family no 38 66.8 1.0   

 yes 15 66.7 1.0 0.29 – 3.7 0.952 

Food child:  breastfeeding no 22 68.2 1.0   

 yes 32 65.6 0.89 0.28 – 2.8 0.845 

 formula feeding no 16 62.5 1.0   

 yes 36 66.7 1.2 0.35 – 4.1 0.771 

Powdered milk  unboiled water no 41 68.3 1.0   

Preparation: yes 10 60.0 0.70 0.17 – 2.9 0.619 

 boiled water  no 30 56.6 1.0   

 yes 18 72.2 1.9 0.56 – 7.0 0.276 

Drink mother: unboiled water  no 4 75.0 1.0   

 yes 50 66.0 0.65 0.062 – 6.7 0.707 

 boiled water no 32 65.6 1.0   

 yes 37 40.5 1.1 0.35 – 3.6 0.845 

 mineral water  no 40 75.0 1.0   

 yes 10 50.0 0.43 0.11 – 1.8 0.244 

 

The lack of identification of water-associated risk factors for young children in acquiring 
an HEV or HPeV infection in this Dutch cohort may be indicative for a high quality of tap 
water and recreational waters in the Netherlands. This is not unexpected, because the 
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microbial safety of the drinking water is safeguarded by a preventative quantitative risk 
assessment approach as laid down in the Dutch drinking water directive.314 With 
respect to Dutch recreational water quality the EU bathing water directive is leading 
which has now been implemented in Dutch legislation.15 No information was derived 
on possible person-to-person transmission, because this study did not focus on other 
factors e.g. hygiene. Furthermore, mother and infant contact and the presence of 
maternal antibodies was not included in the present study.  
Infections with HEV or HPeV can be mild or even asymptomatic, and these 
asymptomatic infections are probably a continuing source infecting other susceptible 
individuals, in case of infected children in infecting their sibling(s). Particularly very 
young children are at risk for development of severe disease after an HEV of HPeV 
infections, most likely because of their often immature immune system.  
In a previous study, HPeV1 was detected as the most prevalent type in sewage (20/89 
samples), HPeV3 was detected less frequently (8/89) in in the period 2010-2011 in the 
Netherlands,206 reflecting the HPeV types that were circulating in the human 
population at that time. The higher percentage of HPeV3 infections determined in this 
hospital-based study was not surprising, because the clinical manifestations of HPeV3 
infections are generally more severe as compared to other HPeV infections. 
Notably, the age of the infants with an HPeV3 infection was lower than the age of the 
children with an HEV infection. Children with an HPeV3 infection were mainly deter-
mined in the even years (12/13). The biannual occurrence and the young age of HPeV3 
infected children have been described extensively.30,384 The high diversity of circulating 
HEVs in the children was also observed in our screening of environmental samples in 
2010-2011 (unpublished data). Schets et al.310 reported that in the Netherlands, 
swimming in surface water mainly occurs in the summer months (July-August) of the 
bathing season, whereas the children included in the PARMA-study were included in a 
period of four years. The three months prior to the time of infection in many cases did 
not overlap with these two summer months, possibly explaining the low reporting of 
swimming in surface waters. 
In conclusion, although we could not identify significant risk factors for acquiring HEV 
or HPeV infections associated with exposure to water in our study, a potential associa-
tion between the infected infants and the presence of other children in their family was 
suggestive of spread of the viruses from their siblings to the infant. 
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Numerous studies have reported quantitative data on viruses in surface waters 
generated using different methodologies. In the current study, the impact of the use 
of either cell culture-based or molecular-based methods in quantitative microbial risk 
assessment was assessed. To this end, previously and newly generated data on the 
presence of infectious human enteroviruses (HEV) and enterovirus and parechovirus 
RNA were used to estimate distributions of virus concentrations in surface waters. 
Because techniques for the detection of infectious human parechoviruses in surface 
waters were not available, a parallelogram approach was used to estimate these 
concentrations based on the ratio infectious HEV/HEV RNA. Furthermore, the 
obtained virus concentrations were used to estimate the probability of exposure for 
children during recreation in such virus contaminated surface waters.  
A broad range of cell-culture/PCR ratios was determined ranging from 2.3  10-3 to 
0.28. This diverse range of ratios indicates that care should be taken in assuming a 
fixed ratio for assessing the risk with PCR based virus concentrations. 
The probabilities of exposure for both enteroviruses and parechoviruses were 
calculated, and for both viruses it was observed that the detection method signifi-
cantly influenced the probability of exposure. Based on the calculated culture data 
and PCR data, and the ingestion volume, it was estimated that the mean probabilities 
of exposure, of recreating children, to surface water containing infectious entero-
viruses, enterovirus particles, parechovirus particles and the calculated infectious 
parechoviruses were estimated to be 0.087, 0.71, 0.28 and 0.025, respectively. The 
mean probabilities of exposure of children, recreating in surface water used for 
source water of drinking water production, to infectious enteroviruses were 
estimated for nine locations and varied between 1.5  10-4 – 0.09.  
In this study, the use of a surrogate dose response relation was avoided, instead, the 
probabilities of exposure were studied as a function of the distributions of the 
calculated doses. The exposure assessment carried out in this study showed that virus 
concentrations present in surface waters could pose a health risk for children and 
other vulnerable populations. 
 

Highlights 

 An exposure assessment for human enteroviruses and parechoviruses was carried 
out for children recreating in virus contaminated surface water, thereby comparing 
exposures based on cell-culture-based and molecular-based methods. 

 The ratio infectious virus particles and viral genomes is highly variable between 
sampling location and sampling moments and vary from 10-3–0.3. 

 Typing and quantification of detected viruses is useful for comparing relative risks 
of exposure; e.g. exposure to HPeV3 may result in relatively more severe disease 
than exposure to HPeV6. 

 In conclusion, recreation in the studied surface waters may pose a risk for public 
health. 
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Introduction 

Surface waters are continuously contaminated with human pathogenic viruses 
originating from sewage and other human fecal waste sources, and in case of zoonotic 
viruses, animal fecal waste sources.202 Often sewage treatment processes do not 
efficiently reduce the virus concentration, indicating that treated sewage containing 
concentrations of enteric viruses significant to public health,259 which are subsequently 
discharged into surface waters. Moreover, in the case of combined sewage overflows 
untreated sewage is discharged onto the surface water. The receiving surface water 
thereupon transports the enteric viruses through the environment by natural water 
flows.  
Surface waters are used for the production of drinking water, for recreational purposes, 
for cultivation of shellfish and for irrigation of crops. Humans may be exposed to 
microbially contaminated surface water via several exposure routes: 1 - via (inade-
quately) treated drinking water, 2 - via direct ingestion of surface water during recrea-
tional activities, 3 - or via the consumption of contaminated food or food products. 
Viruses can only replicate, or multiply, in susceptible host cells; once shedded into the 
environment, the numbers of infective viruses will therefore only decrease. The 
inactivation of viruses in the environment is dependent on several circumstances: for 
instance the amount of sunlight (UV), the temperature and the pH of the water are 
important factors. As a result of the inactivation of the viruses in the environment, they 
may become undetectable by cell culture-based methods, whereas the genomic 
material, also of these inactivated viruses, can still be detected over a prolonged period 
of time.81 Virus concentration and purification methods are used to efficiently 
concentrate the sometimes-low virus concentrations from water. Detecting these low 
concentrations is important because small numbers of viruses may cause infection and 
in some cases disease in exposed individuals.121 Virus detection in environmental 
samples can be done either by cell culture-based methods or by molecular techniques; 
the choice, if any, of the different available virus detection methods depends on the 
priority of whether information on the infectivity of the detected viruses is needed. 
Bathing water legislation has been installed to protect humans during recreation in 
surface waters. The indicator organisms that should be monitored according to these 
guidelines are fecal indicator bacteria (FIB), but these do not necessarily correlate with 
the presence of pathogenic viruses. In fact, several studies have demonstrated that 
bathing water in compliance with the bacterial guideline values still may contain viral 
pathogens.199,387 Furthermore, in summer people also swim in river forelands of large 
rivers and in smaller rivers and streams, but also in surface waters used for drinking 
water production, which are not official batching sites. Such activities may cause 
serious public health risks when pathogens are present in these waters and susceptible 
individuals ingest these pathogens. 
Several enteric viruses, such as noroviruses, adenoviruses, hepatitis A viruses, 
echoviruses and Coxsackie viruses, have been described as recreationally associated 
waterborne pathogens.330 In waterborne outbreaks, a very high proportion of the 
exposed population can be affected, which can lead to several to even hundreds of 
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cases of gastroenteritis, often followed by secondary or person-to-person spread.330 
Especially the members of the Picornaviridae family are of interest because, unlike e.g. 
noroviruses, besides gastroenteritis, they can also cause more severe disease such as 
meningitis, myocarditis, paralysis and hepatitis. Although there are some reported 
waterborne picornavirus outbreaks,10,132,330 other involvement of water in the trans-
mission of picornavirus infections have not yet been described. Beside the infrequent 
occurrence of severe disease caused by human picornaviruses, such as enterovirus 
(HEV) and parechovirus (HPeV) infections, these infections often have a long incubation 
period, infections often remain asymptomatic or cause mild clinical manifestations, and 
furthermore secondary person-to-person spread may obscure the initial infection 
through ingestion of contaminated water.  
The Dutch Drinking Water Directive14,16 demands that less than one infection in 10,000 
persons per year may occur due to the consumption of unboiled drinking water. A user-
friendly computational Quantitative Microbial Risk Assessment (QMRA) tool has been 
developed, QMRAspot,314 to aid in the assessment of the infection risk using the virus 
concentrations in the source water and the removal efficiencies of the applied 
treatment processes in drinking water production. To represent waterborne patho-
genic viruses, enteroviruses were selected as the index pathogen.  
In recreational waterborne transmission children are more at risk, because they swim 
more often, submerge their heads more often, ingest significantly more water, and may 
develop more severe diseases than adults.250,262,310 
In this study, we applied Quantitative Microbial Risk Assessment (QMRA) to assess 
exposure of children to contaminated surface water, existing data of numbers of 
infectious enteroviruses and new data on the numbers of enterovirus and parechovirus 
RNA particles in several surface waters in the Netherlands we used. First the infectious 
HPeV concentrations were calculated using a parallelogram approach and secondly we 
used the obtained virus concentrations to estimate the probability of exposure when 
children recreate in these contaminated waters. Furthermore, the exposure assess-
ment based on data obtained with cell-culture based methods was compared with on 
molecular-based methods. 
 
Materials and methods 

Data 

Enterovirus and parechovirus concentrations based on PCR from seven archival surface 
water concentrates that originated from 1987–2000 were included as well as seven 
more recent samples originating from 2009–2012.207 The details of the concentration 
method and sampled volumes were described elsewhere.205 Besides concentrations 
determined by PCR, also cell culture data were included that were available for 10 out 
of 14 locations (unpublished data). 
 

Surface water samples – Source water study 

Ten locations of surface waters that were used as source waters for the production of 
drinking water, were included of which enteroviruses were determined by BGM cell-
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culture as described elsewhere,203 as well as the details of the different locations, the 
concentration method and sampled volumes.  
 
Exposure data 

The ingested volumes of children recreating in surface water, as calculated by Schets et 
al.310 were used; an average of 37 mL (95% CI (Confidence Interval) 0.14-170 mL; 
corresponding to a Gamma distribution with shape r = 0.64, and scale λ = 58) of water 
is swallowed per recreation event (approximately 80 minutes per event).  
 
Data analysis 

Virus concentrations and exposure data were analyzed using Mathematica (version 
9.0.1; Wolfram Research Inc., Champaign, IL, USA). The virus and ingestion distribu-
tions were calculated using Monte Carlo simulations with 10,000 iterations. 
Subsequently, the dose and the probability of exposure were estimated using the 
sampled virus and ingestion volumes. 
 
Virus and RNA concentrations 

Virus concentrations were calculated based on plaque counts or on the 
presence/absence of PCR signals in 10-fold serial dilutions of virus RNA suspensions 
(end point dilution), assuming that negative samples did not contain infectious viruses 
nor viral RNA. Application of the Poisson distribution was justified by the assumption 
that the infectious virus particles or viral genomes were dispersed randomly in the 
sample. The maximum likelihood method was used to estimate the number of virus 
particles in the samples.238 Variation in virus concentrations among different sets of 
samples was modelled as a gamma distribution. 
 
Parallelogram approach to calculate infectious HPeV concentrations 

In a parallelogram approach, we used the enterovirus concentrations obtained by cell-
culture (Plaque forming units [PFU]/L) and obtained by PCR-based methods (PCR-
detectable units [PDU]/L) to calculate a culture/PCR ratio R, pairing observations (PFU/L 
and PDU/L) obtained from the same sample. Because the parechoviruses were 
detected in the samples in which also the enteroviruses were detected, we assumed 
they have the same culture/PCR ratio. Therefore, this calculated ratio R was multiplied 
by the HPeV concentrations obtained by PCR methods (PDU/L) to calculate 
concentrations of infectious HPeV particles (PFU/L) (Figure 1).  
 

Risk assessment 

Distribution data of the numbers of ingested viruses per swimming event were 
obtained by multiplying Monte Carlo samples of virus concentrations and ingested 
volumes: 
 
 𝐷𝑜𝑠𝑒 = 𝐶 × 𝑉𝑖𝑛𝑔𝑒𝑠𝑡 [1] 
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where C is the virus concentration in the water and Vingest is the ingested volume of 
water by a child, per event, during recreational activities. The probability of exposure 
Pexp per swimming event, i.e. the chance of ingesting one or more pathogens, was 
calculated as  
 
 𝑃𝑒𝑥𝑝 = 1 − 𝑒−𝐷𝑜𝑠𝑒 [2] 
 
using the Poisson sampling distribution. 
 
 
 

 
 

 𝐷 = 𝐴
𝐵⁄ × 𝐶 

 

 

 

 

Figure 1: Parallelogram approach used in this study. 

 

Results 

Virus concentrations: Surface waters 

Presence/absence of HEV and HPeV RNA in the analyzed water volumes obtained by 
RT-qPCR and nested-PCR was determined in 14 archival surface water samples. These 
data were used to calculate the distributions of viral RNA concentrations. In these 
samples, enterovirus and parechovirus RNA concentrations were calculated and ranged 
from 0 to approximately 5,000 PDU/L; the average concentrations were 967 PDU/L (0–
4,775 PDU/L) and 25 PDU/L (0–166 PDU/L), respectively. From ten of these surface 
water samples the concentrations of infectious enteroviruses were also available, and 
ranged from 0–21.4 PFU/L (the average concentration was 3.4 PFU/L). These virus 
concentrations were used to calculate the different virus (2A) and viral RNA (2B, 2C) 
distributions in the studied surface waters (Figure 2). 
 
Virus concentrations: Source waters 

Concentrations of enteroviruses were determined in surface waters obtained from 10 
locations, upstream from intake points of drinking water production locations. In total, 
75 samples were taken, ranging from two to 13 samples per location. The enterovirus 
concentrations differed per location (average enterovirus concentrations were 3.8  
10-3 to 2.4 PFU/L), excluding one location where only two samples were taken, virus 
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concentrations from nine locations were used to calculate the distribution of entero-
virus concentrations (by location) (Figure 3). 
 

 

Figure 2. In the parallelogram approach, the histogram of measured enterovirus concentrations 
obtained by cell culture and molecular methods, the calculated enterovirus cell culture/PCR ratio (R), 
the measured parechovirus concentrations obtained with molecular methods and the subsequently 

calculated infectious parechovirus concentrations using the ratio R; D=A/BC, are shown. The 
displayed concentrations are distributions obtained with repeated random sampling (10,000 
iterations) with the Monte Carlo procedure. 

Calculated infectious HPeV concentrations using a parallelogram approach  

For the calculation of the enterovirus culture-PCR ratio paired samples were used, and 
from 10 of the 14 samples culture data were available (at one location no culturable 
enteroviruses were detected). In individual samples diverse culture/PCR ratios could be 
observed, ranging from 2.3  10-3 to 0.28, and a distribution of the nine ratios in these 
samples was generated (histogram ratio (R) in Figure 2). As shown in Figure 2, the Beta 
distribution of the ratio R was used in the calculation of the culturable HPeVs using the 
distribution of the HPeV PDU/L (2D), which resulted in a mean infectious HPeV 
concentration of 0.91 PFU/L. Comparing the mean infectious enterovirus and parecho-
virus concentrations in the archival samples with those in the source water samples 
similar concentrations were detected (Figure 3A and 3B, respectively).  

Ratio R 

Ratio R 

D 

R 
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Figure 3. Enterovirus concentrations of the nine source waters of which the virus distribution was 
calculated using the virus infectivity data (1, 2, 4-10) (A) and the measured enterovirus (HEV) and 
calculated parechovirus (HPeV) infectivity data of the archival surface waters (B). The mean virus 
concentration is shown (horizontal bar) and the uncertainty as upper 95% level and lower 5% level 
(vertical bar). The displayed concentrations are Gamma distributions obtained with repeated random 
sampling (10,000 iterations) with the Monte Carlo procedure. 

Risk assessment 

Virus concentrations in surface waters 

The probabilities of exposure to enteroviruses and parechoviruses were estimated, and 
for both viruses it was observed that the detection method significantly influenced the 
probability of exposure. As an example, the distributions of virus concentrations, inges-
tion volume, the dose and the exposure risk based on the calculated HPeV culture data 
and the calculated HPeV PCR data, are shown (Figure 4). From these distributions it can 
be concluded that out of, for instance, 1,000 children recreating in these contaminated 
waters, the mean number of children ingesting at least one infectious virus particle will 
be 25 children; at least one viral RNA particle will be ingested by on average 280 
children. The (95%) upper limits, for being exposed to at least one viral particle, were 
13% (130/1,000 children) for infectious viruses and 98% (980/1,000 children) for viral 
RNA particles (Figure 4). 
 
Virus concentrations in source waters 

The probability of exposure to enteroviruses in nine source water locations were 
calculated (Figure 5A), and were compared to probabilities of exposure for the 
cultivable enteroviruses and parechoviruses from the surface water samples (5B). As 
an example, the exposure distribution of source water location 2 (with low virus 
concentrations) was compared with that of location 6 (with high virus concentrations). 
When 1000 children would recreate in the contaminated water of location 2 the mean 
number of children ingesting at least one virus particle was no child as compared to 90 
children at location 6. The (95%) upper limits for the exposure risks were 2% (20/1,000 
children) for location 2 and 32% (320/1,000 children) for the data calculated for location 
6 (Figure 5). 
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Figure 4. Probability of exposure obtained with the calculated infectious parechovirus concentrations 
(A) and the measured parechovirus particle (RNA) concentrations (B) of the archival data, using the 
distribution of the ingestion volume of children, the distribution of the dose in the ingested volume 
was estimated, as well as the probability of exposure, per child and per recreation event. The 
displayed distributions were obtained with repeated random sampling (10,000 iterations) with the 
Monte Carlo procedure.  

 

 

Figure 5: The probability of exposure, per child and per recreation event, for the nine source water 
locations of which the virus distributions were calculated using the virus infectivity data (1, 2, 4-10) 
(A) and the measured enterovirus (HEV) and calculated parechovirus (HPeV) infectivity data of the 
archival surface waters (B). The mean probability of exposure is shown (horizontal bar) and the 
uncertainty as upper 95% level and lower 5% level (vertical bar). The displayed probabilities of 
exposure are distributions obtained with repeated random sampling (10,000 iterations) with the 
Monte Carlo procedure. 

Discussion 

Surface water that contains human pathogenic viruses can cause public health 
problems, for instance when it is used for recreational activities.330 Differences in 
behavior of children and adults have been shown to lead to a significant difference in 
ingested volumes of surface water, with children ingesting approximately 2 times more 
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water than adults, approximately 40 mL and 20 mL per recreation event, respectively. 
94,310 This is mainly because children swim more often than adults and submerge their 
heads more often than adults. Furthermore, it has been suggested that children may 
develop more severe disease than adults, because of their less developed immuno-
logical, neurological and digestive systems. This indicates that such sensitive popula-
tions should be addressed more specifically in risk assessments.250,262 In our study, we 
used Quantitative Microbial Risk Assessment (QMRA) to assess the risk of exposure of 
a sensitive population (children) during recreation in contaminated surface waters. 
To be able to assess health risks following exposure to pathogenic viruses in water, 
several characteristics of these viruses are required; virus concentration, the infectivity 
of the viruses and preferably also the virus type, and the infectious dose. 
For quantification of viruses in the environment, two steps are involved. Because 
human pathogenic  viruses are often present in low concentrations, relative large 
volumes of water need to be concentrated, since it is known that low concentrations 
can cause disease in exposed individuals.121 The second step is enumeration of the 
viruses, either by cell culture-based infectivity assays or by molecular-based assays. 
Although infectivity assays, have the advantage that only infectious viruses will be 
detected, it has been shown that not all viruses are detectable on available cell lines. In 
fact, multiple cell lines are needed to be able to detect the broad range of picorna-
viruses, such as enteroviruses and parechoviruses.29,279 BGM-cells are often used for 
the detection and quantification of infectious enteroviruses in environmental samples, 
but they cannot detect all the different enterovirus species.74,202,320 Available 
alternative methods such as molecular-based methods are highly sensitive and specific 
in detecting viral particles, but they do not give information on the infectivity of the 
detected viruses. At present, viability PCR assays are only successful to a limited 
extent.107 Moreover, molecular methods are prone to inhibitory substances that may 
remain present in the extracted RNA, which might result in false negative results. 
Therefore, a risk assessment based on PCR data will probably overestimate the 
infection risk. The risk may be lowered considerably when assuming that only a small 
proportion of the detected viruses are infectious. As has been described in our previous 
study,81 the fraction of infectious viruses in the environment decays over time. The RNA 
of these inactivated viruses can be detected for a long time, indicating that the ratio of 
infectious to non-infectious virus particles may decrease significantly over time. 
Therefore, caution in using PCR-based data in risk assessment is recommended. The 
exact extent of virus inactivation in the environment depends on many different 
factors, such as environmental characteristics; temperature and pH of the water, 
exposure of the viruses to direct sunlight, but also the virus type and virus fitness are 
important factors.33 Human enteroviruses and parechoviruses are most prevalent in 
summer and fall, which coincides with the Dutch Batching season (May-October). As a 
result of seasonal variability and short term fluctuations, the concentrations of enteric 
viruses in the aquatic environment will vary over time.373 To represent this variability, 
we have used the distribution of the virus concentrations detected at the different 
locations, or used the overall virus concentrations. 
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The history of ingested viral particles and virus type are important for the estimation of 
the infection risk. It is impossible to know how much time has elapsed after release 
from the human host in environmental surveillance studies. Besides this factor, the 
reduction in virus infectivity also depends on for instance the chemical composition of 
the water. Therefore, we used paired data to calculate the ratio of our enterovirus cell 
culture data and PCR data. These calculations showed that a broad range of cell 
culture/PCR ratios were found, ranging from 10-3 to 0.3. It could be hypothesized that 
the viruses in the samples with a very low ratio had been present in the environment 
significantly longer than the viruses in the samples with a much higher ratio, which 
might have been shed into the environment recently. Assuming that the parechoviruses 
originated from the same contamination source as the enteroviruses, and decay rates 
are comparable and that parechoviruses and enteroviruses were exposed to the same 
environmental conditions, the culture/PCR ratio that was calculated for enteroviruses 
could be used for the parechoviruses and also for other small, human pathogenic 
viruses such as rotaviruses.302  
The endpoint of QMRA studies is often the risk of infection after exposure to a 
contaminated source. For this endpoint, the dose-response (DR) relationship of the 
pathogen is needed. For enteroviruses several DRs are available that can be used for 
ingestion studies. Echovirus 12 and polioviruses 1 and 3 DRs were determined in human 
challenge studies, resulting in a range of different outcomes, both among different 
enteroviruses and also between strains and variants.123,351 In these challenge studies, 
different doses of viruses, which are often higher than the concentrations of viruses 
present in the aquatic environment, were given to healthy human subjects, not 
necessarily representative of the general population. Therefore, the choice of the dose-
response model is decisive for the outcome of the risk assessment but does not 
automatically cover all related viruses. In fact, it will probably not even be the same for 
similar virus strains. In QMRA studies for individuals who are exposed to contaminated 
water, often the rotavirus dose-response relation is used, as it is considered to 
approach a worst-case scenario.285,314 However, the use of this DR relation suggests 
that the infection risks can be estimated, while there is no clue of the true DR, possibly 
overestimating infectious risks; may be different for HEV and HPeV. 
The interaction between a pathogenic organism and its host may be treated as a chain 
of conditional events;351 infection is conditional on exposure (i.e. only exposed indivi-
duals can be infected) and development of disease is conditional on an infected host. 
Although many human enteric viruses can infect their host at low doses, e.g. exposure 
to a few organisms is associated with a considerable probability of infection (as 
predicted by the rotavirus DR), the exact public health impact of exposure to specific 
pathogenic virus species is not known. Therefore, we restricted ourselves to studying 
the probability of exposure of children recreating in surface water as a function of the 
calculated dose. Our results therefore represent a maximum infection risk (assuming 
that any ingested virus particle will cause infection). With a high probability of exposure 
it could be assumed that recreation in a specific location may give rise to public health 
risks, especially for vulnerable populations. Young children, the elderly, pregnant 
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women and immune-compromised individuals have been shown to acquire infection at 
lower doses an with more significant adverse health outcomes.113   
The above is even more relevant for illness endpoints. For enterovirus and parechovirus 
infections, very diverse health outcomes have been reported: infections may remain 
asymptomatic, but mild disease with flu-like symptoms and gastroenteritis has been 
described as well. Occasionally, infections will result in more severe disease, such as 
meningitis, myocarditis and paralysis. The exact factors leading to disease are not 
known, but age and immune status of the infected individual seem to play an important 
role. Some of the different enterovirus and parechovirus types are associated with 
specific disease outcomes. For instance, Coxsackie B viruses are associated with 
myocarditis, parechoviruses types 1 and 6 are associated with mild clinical symptoms 
such as gastro-enteritis, and HPeV3 is associated with more severe disease (aseptic 
meningitis). Therefore, various virus species may cause considerably more severe 
public health outcomes than other virus species. In the samples included in the current 
study, we determined the HPeV types in the surface water,207 and in 8 out of 10 positive 
samples HPeV types could be determined; five locations contained HPeV1, three 
locations contained HPeV6, and one location contained HPeV3. At the HPeV3 positive 
location we found 22 PDU/L. It could be hypothesized, that even in the absence of 
infectivity data, this location poses a higher risk to develop a severe disease than 
another location where 24 PDU/L of HPeV6 were detected. 
The overall conclusion of our study is that it could be stated that the detected 
concentrations of infectious enteroviruses and the calculated infectious parecho-
viruses in surface water used for recreational activities by children, could pose a 
potential public health risk. 
 

 

Conclusions 

 The virus data used in our study, obtained with different detection techniques, 
resulted in differences in infectious virus and viral particle ratio’s. Caution should be 
taken in assuming a fixed culture/PCR ratio because this probably will be different 
for each sampled location and even between samples from the same location taken 
in a different moment. 

 Using available dose-response relations in individuals that are more susceptible may 
be inappropriate because they would have different dose-response effects, and 
these individuals may be at elevated risk. Exposure assessments are independent of 
the immune-status of the exposed individuals. 

 Determination of the specific virus type or even virus strain may aid in the applica-
tion of a more specific QMRA, and thus a more accurate estimation of a public health 
risk. 

 Even without infectivity data and dose-response relations, typing data are useful in 
comparing relative risks of exposure. For example, a location with 22 PDU/L HPeV3 
will pose a higher risk to develop a severe disease than another location where 24 
PDU/L HPeV6 were detected. 
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The overall research question of the work presented in this thesis was whether the 
presence of human picornaviruses in the aquatic environment poses a problem to 
public health. A multidisciplinary approach was used to determine by environmental 
surveillance the extent to which human picornaviruses circulate in the general 
population, and if and to which extent people are exposed to which human 
picornaviruses in surface waters, closing their aquatic cycle. In this chapter, the 
outcomes of the virological, epidemiological, and risk assessment studies presented in 
this thesis (Figure) are discussed, as well as the current knowledge in the scientific field 
and the need for future research. 
 
Virological analysis of water  
Virological analysis of water is required for research of the public health risks as a 
consequence of exposure to human picornaviruses in the aquatic environment. Several 
researchers have reviewed the many available concentration methods and virus 
detection methods in water.46,150,159 However, the detection of human picornaviruses 
in water is hampered by low virus concentrations, which is nevertheless significant to 
public health, by the high diversity of the Picornaviridae and by inhibitory substances 
present in the water matrix. Nevertheless, information on their virulence, numbers and 
infectivity is needed to be able to estimate public health risks from human picorna-
viruses in water. By typing, information regarding virulence can be yielded, whereas the 
detection method applied can provide information on virus concentrations to which 
people may be exposed and whether or not the viruses are infectious, as discussed 
below. 
In Chapters 2, 4 and 5 we described the detection of several human picornaviruses; 
enteroviruses (inclusively polioviruses), parechoviruses, hepatitis A viruses, Aichi 
viruses, Saffold viruses and cosaviruses in both Dutch sewage and surface water 
samples and we detected infectious vaccine polioviruses in sewage (Chapter 3). The 
presence of enteroviruses and hepatitis A viruses in water samples has often been 
described in other studies, but the detection of Aichi virus, Saffold virus, and cosavirus 
is less frequently described.46,109,180,270,349,390 Aichi viruses were detected in sewage 
samples originating in Tunisia, Venezuela, Italy and Japan5,86,179,319, and the Japanese 
detected them in surface waters as well.60 Two other studies described the occurrence 
of cosa-virus in sewage in the USA and in both sewage and surface water in Japan, with 
38%, 71% and 29% positive findings, respectively.38,126 The results from Japan, reported 
by Haramoto et al. corresponded with our results: 68% positive sewage samples and 
28% positive surface water samples. Blinkova et al.38 were the first to describe the 
detection of Saffold viruses in sewage samples; their results (43% positive samples) 
were similar to our results (56% positive samples). We have described the prevalent 
occurrence of several parechovirus types in the Dutch environment, and to our 
knowledge, we have described the detection of parechovirus RNA in sewage and 
surface waters for the first time (Chapters 2 and 5), although in metagenomic studies 
parechovirus sequences were already detected in sewage samples.34,35,53,295  
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In Chapter 6, the range of enterovirus concentrations detected in surface waters, 
obtained from ten locations, ranged from none detected to a maximum of 5.2 plaque 
forming units [PFU]/L. Published data on the concentrations of infectious enteroviruses 
found in surface water are likewise diverse, but some studies confirm our findings.44,202, 

299 Results were questionable for a French study in which infectious enteroviruses could 
hardly be detected in 68 surface water samples obtained from four rivers (3% 
positivity).142 The findings could truly indicate absence of viruses but could possibly 
reflect poor performance of the culture method and/or virus concentration method 
(glass wool filtration). 
With respect to the data obtained in culture-based and PCR-based detection assays, 
different information is generated, either the presence of infectious viruses or the 
presence of viral particles (both infectious and non-infectious). The ratio of culturable 
and PCR-detected picornaviruses changes over time, as is shown in a study of 
laboratory storage,81 and it differs with each water sample (Chapter 9). Therefore, a 
careful approach in interpreting PCR results with respect to virus infectivity is 
needed.111,332  
Water treatment processes such as UV irradiation and ozone treatment have shown 
different virucidal effects. Simonet and Gantzer328 determined that UV irradiation 
inactivated the viruses and fragmented the viral genome; long fragments (>2000 bases) 
could not be detected but smaller fragments could still be detected by PCR. Moreover, 
Pecson et al.265 concluded that genome damage is only a part of virus inactivation, as 
the virus capsid proteins are also changed, a finding corraborated by Wigginton et al.298 
In contrast, ozone disinfection experiments with poliovirus showed that virus 
reductions detected with RT-PCR were similar to those detected by cell culture.325 
Especially for virus detection after water disinfection and/or treatment processes, a 
combination of both methods may be useful (Chapter 7), but this approach needs to be 
carefully evaluated. For example, the physical removal of viruses (PCR) can be 
compared with the inactivation of viruses (cell culture), and therefore additional 
information is generated. 
For microbial source tracking (MST) studies molecular-based techniques are very 
useful. For instance, contaminated fountain water was determined as the source of a 
norovirus outbreak among school children who played in the fountain, by identifying 
the virus strain in both the water and in feces of the children.139 In such studies, 
normally qualitative data will be generated, but when quantitative data of the 
contamination sources is used in microbial source tracking (QMST) this will enable the 
estimation of the attribution of possible sources.313 
 
Picornavirus risk assessment 
Quantitative microbial risk assessment (QMRA) can be used to estimate the human 
health risks after exposure of an individual to a viral pathogen. In Chapter 9, we studied 
whether the presence of enteroviruses and parechoviruses in the aquatic environment 
might pose a public health problem and, more specifically, what risk it represents for 
children playing in that contaminated water. We used the concentrations of human 



Chapter 10 

 134 

enteroviruses and parechoviruses measured by PCR in several surface water samples 
and subsequently used viable enterovirus counts in a parallelogram approach to 
estimate the viable parechovirus concentrations in these samples. These virus 
concentrations were then used in an exposure assessment. Others have used virus 
concentrations obtained with PCR-based methods in quantitative microbial risk 
assessments,78,109,187,208 often as a substitution of missing viral infectivity data. For 
example, Kundu et al.187 assessed the probability of illness in swimmers exposed to 
adenovirus-contaminated water; based on data obtained by quantitative PCR, they 
mentioned that the risk would be considerably lower when they would assume that 
only a small proportion of adenoviruses was infectious. De Man et al.78 reported that 
enterovirus concentrations determined by PCR, were used to assess the risk of infection 
after exposure to contaminated water by assuming a fixed ratio between infectious and 
defective enterovirus particles (1:100). When virus infectivity data are not available, 
these are logical approaches, despite findings that the culture-PCR ratio differs with 
each sample and changes over time (81 and Chapter 9).  
Generally, dose-response (DR) relations are used to assess the infection risk after 
exposure to virus-contaminated water.114,122,314 Diverse dose-response relationships 
were obtained for several enteroviruses (echovirus 12 and polioviruses types 1 and 3) 
through human challenge studies.167,185,195,237,275,311 These challenge studies have 
shown that dose-response relations differ among enterovirus types and also virus 
strains,351 but for several other human picornaviruses, such as parechoviruses and 
hepatitis A virus, dose-response relations have not been described.271 Even for 
enteroviruses, the dose-response relations may be misleading. The fact that doses used 
in challenge studies often contain more highly concentrated enterovirus than typically 
found in environmental samples will result in to uncertainty when extrapolating dose-
response curves  to low exposure levels. 
To approach a more realistic scenario, more virus-specific risk assessments should be 
performed; therefore, virus-specific dose-response relations are needed. However, 
such assessment would require the specific detection and quantification of infectious 
viruses in water samples, which cannot be performed as part of routine sampling 
strategies. To illustrate the usefulness of the application of specific virus strain 
information in risk assessments, an example: picornaviruses show different levels of 
pathogenicity, even within a picornavirus species, and in case of for instance 
parechoviruses, the risk might considered to be lower when water is contaminated with 
type 1 than when water is contaminated with the same concentration of  type 3. This 
is because parechovirus types 1 and 2 are commonly associated with mild respiratory 
disease and gastroenteritis, whereas parechovirus type 3 is more frequently associated 
with neonatal sepsis and with infections of the central nervous system (CNS).30,384 
In Chapter 9 we chose to estimate the probability of exposure to picornaviruses in the 
absence of a suitable enterovirus dose-response relation, and we decided not to use 
the generally used rotavirus dose-response relation as a worst-case scenario;314 in fact 
our results represent the maximum infection risk at the described locations for the 
specific picornaviruses. Although this is most probably an overestimation of the public 
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health risk, as already discussed by Gerba et al.113 When more susceptible individuals, 
such as young children, the elderly, pregnant women and other immune-compromised 
individuals are exposed to these contaminated waters, exposure risk may be a good 
indicator for possible public health risks.   
 
Environmental surveillance: multi-purpose  
In several countries environmental surveillance is used as an early warning system for 
the circulation of polioviruses in the population. To assess the sensitivity of the 
poliovirus surveillance system a challenge study was performed in the Netherlands, 
with oral polioviruses 1 and 3 (Chapter 3). We estimated that in a population of several 
tens of thousands, 100 infected individuals would be detected. Hovi et al. published 
similar results;144 in a population of 700,000 individuals, poliovirus circulation was 
detected if one out of 10,000 inhabitants were excreting the virus. A study using 
simulation models confirmed the results obtained by Hovi et al. and demonstrated the 
critical factors of success: for instance, that samples should be taken at strategic 
locations and should be taken at regular intervals.284  
Environmental surveillance is an important tool in the final stages of the polio 
eradication campaign. Besides disease surveillance, such as acute flaccid paralysis (AFP) 
surveillance, surveillance of polioviruses circulating in sewage originating from a given 
(possibly susceptible) population will aid in tracing the remaining circulating neuro-
virulent polioviruses.40,60,146 This screening is of supplementary value because the 
reported clinical cases of poliomyelitis are just “the tip of the iceberg”, and many more 
asymptomatic infected individuals will be shedding and spreading the virus. In fact, 
environmental surveillance of sewage samples was valuable in Israel where the silent 
circulation of wild type poliovirus 1 was shown.12,291 In the Netherlands, environmental 
poliovirus surveillance is in place to monitor the sewage in municipalities with a low 
vaccination coverage for a possible introduction of virulent polioviruses (either wild 
polioviruses or vaccine-derived polioviruses (VDPVs)), which could cause major 
outbreaks in susceptible populations. When hazardous viruses are detected, 
intervention strategies such as vaccination campaigns can be implemented, as was 
done in a poliovirus 3 (wild type) outbreak in the Netherlands in 1992-1993.69,359  
Furthermore, besides for polioviruses environmental surveillance of untreated sewage 
may be a useful way to screen with relatively high sensitivity for viral infections in the 
human population.329 In Chapter 2 of this thesis, the circulation of many distinct 
parechovirus strains and variants in a region with low vaccination coverage in the 
population (Bible belt) was demonstrated, indicating that environmental surveillance 
studies can be used to estimate the prevalence and genetic identity of pathogenic 
viruses in a given population. Others have successfully performed environmental 
surveillance studies; for example, Kern et al.169 described a study of 80 surface water 
samples in which human adenoviruses (56%), noroviruses (30%), and enteroviruses 
(13%) were detected, indicating a high prevalence of these pathogens in surface water. 
Kargar et al.165 used a different approach: to determine the epidemiology of rotaviruses 
in the community, they tested urban and hospital sewage and genotyped the circulating 



Chapter 10 

 136 

rotavirus strains. Arraj et al.18 described results that contradict the usefulness of 
environmental surveillance. Sewage samples taken over a period of 18 months tested 
positive for the presence of astrovirus and rotavirus but failed to reveal noroviruses, 
enteroviruses, and hepatitis A viruses, which was striking because these three viruses 
were circulating in the sampled French population. The explanation was that their 
detection methods were not sensitive enough, but the samples were only diluted 10-
times which might not be enough considering the presence of many inhibitory 
substances co-isolated from sewage samples. In our studies, we have diluted the RNA 
obtained from sewage even 100 and 1,000 times to enhance the detection of viruses in 
samples with inhibitors present. Additionally, we have used RNA clean-up columns to 
remove these inhibitory substances further from the RNA samples (Chapters 2, 4 and 
5). In environmental samples inhibitory substances may negatively influence the 
efficiency of the PCR reaction and can result in false-negative results.159 This because 
the virus concentrations in environmental samples are generally low and the presence 
of inhibitory substances can result in an underestimation of the presence or the virus 
quantity in the water samples.118 Therefore, to ensure the correct interpretation of 
such PCR data appropriate controls should be included, such as process controls.47,292  
Environmental surveillance may also be of benefit for the surveillance of emerging 
viruses such assevere acute respiratory syndrome (SARS) and Middle East respiratory 
syndrome-coronavirus (MERS-CoV). Although known to cause severe respiratory 
diseases, these viruses are shed in feces of infected individuals.65,91,371 Also for other 
microorganisms such as pathogenic bacteria and parasites, which are excreted in feces 
or in urine of an infected individual, their circulation in a population could be monitored 
by environmental surveillance. A recent example of a non-enteric pathogen that was 
detected by environmental surveillance was a large outbreak of measles virus in a low 
vaccine coverage region. In the sewage of schools attended by infected children, 
genomic material of measles virus was detected (E. Duizer, personal communication), 
which provided information on the virus circulation in the human population. Such 
environmental surveillance can contribute to virus and disease surveillance systems. In 
addition, outbreak dynamics, i.e. the upsurging and ending of an outbreak, can draw 
upon environmental surveillance directing vaccination strategies. The advantage of 
such studies is that they cover both the ill and the asymptomatic individuals in a specific 
area. Compared to clinical diagnostic studies they are less laborious, less invasive, and 
cover a large population anonymously. However, the clinical relevance of the detection 
of enteric viruses remains unknown. For the estimation of the burden of disease, 
additional information is needed, such as a more distinct relationship with observed 
disease manifestations.  
Besides serving as an early warning tool, environmental surveillance may also aid in 
elucidating the introduction of viruses in the population retrospectively. In the 
Netherlands, the unique archive of water concentrates at the National Institute of 
Public Health and the Environment (RIVM) has been extremely useful in generating 
information on previously unknown or undetectable human pathogenic viruses in the 
Dutch environment. This was demonstrated in Chapter 4, in which the presence of Aichi 
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viruses in water concentrates, originating from 1987 to 2011, was shown and where we 
detected and typed the emerging Aichi viruses for the first time in the Netherlands 
(Chapter 4). In fact, we detected Aichi virus RNA in a sample originating from 1987, 
which preceded the initial detection of this virus in humans in 1989 in Japan.391 The 
comparison of molecular variation among virus strains over time (virus evolution), in 
clinical as well as environmental samples, combined with study of geographic origin, 
seasonality, and disease manifestations, might aid in understanding the epidemiology 
of Aichi virus infections. The same holds true for the parechoviruses, Saffold viruses, 
and cosaviruses described in Chapters 2 and 5. In 2005 we reported detecting a 
norovirus strain in an archival sample originating from 1987 which was three years 
before the detection of norovirus in a clinical sample in 1990.331  
 
Environmental samples versus clinical diagnostics 
In a substantial (approximately 40%) proportion of the feces of viral gastroenteritis 
patients no causative agent can be detected, resulting in a so-called diagnostic gap.82,181 
A few years ago, for instance, Svraka et al.342 could not detect Aichi viruses in a number 
of samples of Dutch patients with acute gastroenteritis with unknown etiology (1994-
2005). Retesting these samples with the recently developed methods (Chapter 4) 
demonstrated that Aichi viruses indeed were present in several of these samples. This 
finding is in line with the suggestion  by Tapparel et al.347 and Knox et al.181 that other 
picornaviruses, such as cosa- and salivirus, may likewise be involved in the etiology of 
unexplained gastroenteritis cases. The presence of Saffold viruses and cosaviruses in 
Dutch archival water samples (Chapter 5) indicates that these viruses also circulated 
within the Dutch population and may have been involved in gastroenteritis outbreaks 
with an unknown causative agent. This possibility is supported by the recent finding of 
two studies by Svraka et al.,342,343 in which they have used a metagenomics approach 
to retrospectively detect Saffold virus RNA in 5 out of 8 culture isolates of patients with 
unexplained gastro enteric diseases. These unbiased detection methods are therefore 
extremely useful in elucidating the causative agent in these unexplained cases. 
Because archival samples can be analyzed retrospectively, viruses can be studied, over 
25 years, in our work, using data obtained with the most current and advanced 
techniques. Several retrospective clinical studies have been useful in detection of 
parechoviruses (and typing of the parechoviruses) in archival samples of diverse origins, 
e.g., feces, cerebrospinal fluid (CSF), and cell cultures representing patients with diverse 
clinical manifestations.3,45,98,317,321,384 By using new diagnostic tests, parechoviruses 
were retrospectively detected. This provided useful information on the difference in 
pathogenicity of parechovirus types 1 and 3. For the emerging enterovirus 71, the VP1 
sequences from clinical samples collected from 1963-2008 were used to reconstruct 
the population dynamics in the Netherlands.361  
 
Evolution of picornaviruses 
As reviewed in Chapter 1, picornavirus genomes evolve through mutation and recombi-
nation mechanisms. Picornaviruses are known to have high mutation rates (within the 
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range of 10-4-10-3 substitutions per site per year)102,136,239 and due to the growing 
numbers of mutations accumulating in their genomes, virus lineages diverge quickly 
over time. Sequence information is used for taxonomic purposes, but can also be used 
to elucidate the evolutionary history of these viruses. Picornavirus phylogeny is often 
inferred using a small part of the genome. Sequences of the P1 region are commonly 
used, especially the VP1 region, because this is the most variable part of the genome. 
Studies by Oberste et al.252,254 have shown that highly degenerated primers had to be 
used to be able to detect the enteroviruses, because of the high variability in the 
sequence of the viral VP1 region. To increase the sensitivity of the detection, also other 
parts of the viral genome are targeted, such as the VP3-VP1, VP1-2A and VP2 regions 
as used in our studies (127,243,303, Chapters 2 and 5).  
Picornavirus phylogeny is commonly performed by the neighbor joining (NJ)307 and the 
maximum likelihood (ML) methods,178 although the Bayesian variant of the maximum 
likelihood approach (BEAST)93 is increasingly used to investigate the origin and spread 
of viruses. BEAST has been applied by van der Sanden et al.,361 Faria et al.,102 Calvert et 
al.,52 McIntyre et al.,225 and Moratorio et al.239 to describe the evolutionary history of 
enteroviruses 71, parechoviruses, rhinoviruses and hepatitis A viruses demonstrating 
that all these picornaviruses showed their own particular evolutionary characteristics 
over time. We have used BEAST analysis to obtain important insights into the 
evolutionary history of Aichi viruses in the Netherlands (Chapter 4). BEAST analysis of 
Aichi virus VP1 sequences originating from environmental isolates collected between 
1987-2011 revealed a distinctive sequence replacement over time; an increase of 
genotype B sequences in the more recent samples was seen. 
Although the VP1 region is the most useful part of the viral genome for genotyping the 
viruses, changes in other regions of the viral genome (e.g. P2 and P3) can also influence 
the virulence.281 The sequence analysis of viral evolution studies has concentrated on 
measurements of variation in the genotypes of picornaviruses without achieving much 
clarity about what this variation means in terms of pathogenicity. Generating genomic 
sequences from isolates of a particular picornavirus in samples with a well-
characterized clinical outcome might facilitate the mapping of genetic determinants 
that contribute to picornavirus virulence. 
For viral metagenomic analyses, prior knowledge is not needed, allowing a wider range 
of potential pathogens to be detected.35,83,96 Metagenomics has been applied to 
identify viral communities in clinical samples105,161,343,367 as well as in samples with 
environmental origin.34,53,242,295 To unravel the composition of the viral RNA community 
in a sewage sample, we performed two pilot metagenomic experiments in which the 
concentrate of a sewage sample was subjected, both directly and after a cell culture 
step, to several treatment and purification steps to reduce the background noise of 
DNA and enhance the presence of viral RNA. Both experiments generated very large 
data sets in which sequences were found with some similarities to known human 
picornaviruses. However, the majority of sequences present in these samples were 
from other (often DNA) organisms, such as  bacteria, fungi, and plants. Although further 
analysis needs to be performed, it will be challenging to extract useful information out 
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of these large piles of data. Other purification steps will probably be necessary to 
enhance the detection of RNA viruses in these samples, as has been shown in previous 
studies in which the viral particles are isolated as an initial step.83,354 Wong et al.385 
studied the circulating human pathogenic viruses in community wastewater by a 
combination of cell culture and multiple target microarrays, targeting 27 groups of both 
DNA and RNA viruses and using a total of 780 unique probes. Although the resulting 
detection is not unbiased, and prior knowledge of circulating viruses is necessary to 
develop such a microarray, the pre-analysis treatment may be applicable for whole 
genome sequencing. Cantalupo et al.53 described a metagenomic survey of viruses 
present in raw sewage, finding that more than 90% of the sequence reads could be 
aligned to known viruses, and the remainder represented sequences from novel viruses 
that have not been described previously. Indicating that sewage provides a rich matrix 
for identifying novel viruses and for studying virus diversity. In fact, these studies may 
provide information about geographic and seasonal distribution of emerging or 
previously undetectable viruses, and might also produce useful information for the 
development of clinical detection assays. 
 
Picornavirus epidemiology 
Using epidemiological studies to establish that water may play a role in transmission of 
picornaviruses has been problematic because a high percentage of individuals are 
asymptomatically infected;261,347 the incubation period may be too long (up to several 
weeks) to establish that disease originated from exposure to a specific aquatic source, 
the clinical manifestations are diffuse, and transmission may also occur by person-to-
person spread.188 Moreover, different picornaviruses may cause the same disease, the 
same virus may cause multiple diseases and some clinical symptoms cannot be 
distinguished from those caused by other types of viruses. Combined with the fact that 
viruses might be difficult to detect (Chapter 6) and the contaminated water may have 
dispersed to downstream locations, these factors explain why only a few studies have 
reported proven waterborne picornavirus outbreaks.10,188,330 Another explanation may 
be that disease is first noticed in individuals who were infected by person-to-person 
transmission, indicating that the initial waterborne transmission was missed.80  
In the epidemiological study described in this thesis (Chapter 8) we were not able to 
identify any water-related risk factors to establish waterborne transmission of 
enteroviruses or parechoviruses as the source of infection in hospitalized young 
children and their families. As gastroenteritis-like symptoms may be too general, future 
studies should include patients with symptoms more specific to picornaviruses, such as 
aseptic meningitis. In addition, general practitioners could be requested to report 
clustered cases with different disease outcomes, e.g., gastroenteritis but also 
meningitis-like disease, to possibly identify a common source. More specifically, 
research could determine if exceedances of drinking water standards coincide 
geographically and temporally with increased enterovirus disease symptoms, which 
might imply water as the source of enterovirus infection. 
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Transmission routes – role of water? 
The first prerequisite of waterborne transmission is the presence of the virus in the 
water source. In Chapters 2, and 4-6, we desribed the occurrence of several human 
picornaviruses in sewage and surface water in the Netherlands. Although waterborne 
outbreaks caused by picornaviruses are not frequently reported,10,330 several review 
papers indicated that water may play a role in the transmission of picornaviruses.109,188, 

232,282 For instance, the review of La Rosa et al.188 described the viral pathogens known 
to be transmitted through water, that is the enteric viruses, and discussed which viruses 
are potentially emerging in the aquatic environment; several viruses including hepatitis 
E virus were considered to be emerging waterborne pathogens. Although hepatitis E 
virus RNA was detected in Dutch surface water301 the role of water as a transmission 
route remains unclear, nevertheless, Yugo and Meng401 indicated that detection of 
hepatitis E virus in environmental samples might pose safety concerns even in 
industrialized countries where waterborne origins for hepatitis E virus infections were 
previously considered rare. 
Of the human picornaviruses, hepatitis A viruses were the most frequently confirmed 
to be involved in water-related outbreaks. They are frequently detected in the 
environment and are often associated outbreaks related to food, e.g., shellfish 
(reviewed in 26) and berries54,117,223 imported from hepatitis A-endemic regions. Several 
characteristics of hepatitis A virus may be responsible for this high persistence in the 
environment and resistance1,17 to higher temperatures,33 compared to other human 
picornaviruses. The decrease in the hepatitis A virus prevalence in the Dutch population 
over the last two decades341 is reflected in the decreased number of hepatitis A virus 
positive sewage and surface water samples. Numbers were lower in samples originating 
from 2009-2012 (2 out of 15) than in samples originating from 1987-2011 (8 out of 15), 
as described in Chapter 5. Although most infected young children remain 
asymptomatic, infected older children and adults often (more than 70 percent) show 
distinct clinical symptoms (mainly jaundice), making it easier to detect clusters of 
patients. In the Netherlands, hepatitis A infection is a notifiable disease, which 
increases the chance of the detection of clusters of infected individuals and also aids 
the investigation of a possible common source of infection. Because of the low 
immunity to this virus in the Dutch population, its importation from high-endemic 
regions can cause serious health outcomes for the adult population, as was seen in 
Spain.271 Therefore, water should be considered as a probable transmission route for 
hepatitis A virus, especially in case of exposure to non-treated water sources, such as 
recreational water, irrigation water and shellfish growing waters.  
In the Netherlands, a high quality of tap water is secured by the Dutch Drinking Water 
Directive,14 which demands that less than one infection in 10,000 persons per year may 
occur due to the consumption of unboiled drinking water. To be able to assess this 
infection risk, enterovirus concentrations are measured in the water used for producing 
drinking water. Nevertheless, as mentioned above, the chance of an enterovirus 
infection is depended on, for instance, the enterovirus type and the infectious dose of 
the specific virus; to assess a proper public health risk, the detected viruses should be 
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typed and a corresponding dose-response relationship should be used. A tool such as 
QMRAspot can be used to easily assess risks.314 Furthermore, other important human 
pathogenic viruses, e.g. noroviruses, hepatitis A and E viruses should be included in the 
risk assessment because these viruses might also pose feasible public health risks. And 
with respect to official Dutch bathing water sites, the EU bathing water directive is 
leading which has now been implemented in Dutch legislation15 to protect humans 
from recreational exposure to contaminated surface water. Nevertheless, the fecal 
indicator bacteria that should be monitored according to these guidelines do not 
necessarily correlate with the presence of pathogenic viruses. When sewage 
contamination of bathing water sites is suspected, even in the absence of these 
indicator bacteria, the water should be tested for the presence of human pathogenic 
viruses, e.g. enteroviruses, noroviruses, hepatitis A and E viruses, and perform a risk 
assessment.389 In addition, further improvements in the different virus detection 
methods will consequently lead to a more precise determination of the concentrations 
of the different human pathogenic viruses, and will improve the risk assessment.     
Concluding, a better understanding of the various possible water transmission routes 
is of great importance, because of susceptible populations, such as the young, the 
elderly, and immune-compromised individuals, are at risk for severe disease 
development. It is also important to facilitate the introduction of interventions to 
prevent virus discharge into surface water and, if contamination occurs, to prevent the 
exposure of susceptible populations.  
 
Overall conclusions and recommendations 
 Environmental surveillance has proven to be a useful and sensitive tool for several 

picornaviruses aiding clinical virology. Environmental surveillance can contribute to 
virus and disease surveillance systems for e.g. poliovirus but also measles virus. The 
detection of emerging pathogenic viruses, such as Aichi viruses but also for instance 
coronaviruses (SARS and MERS) which are excreted in the feces of infected 
individuals, provides information on virus circulation in the human population. 

 The rapid development in molecular and next generation sequencing (NGS) 
techniques offer great opportunities in virus detection and virus discovery, which 
may provide information about geographic and seasonal distribution of emerging or 
previously undetectable picornaviruses, and might also be useful for development 
of clinical detection assays, and should be further applied in future environmental 
virology research. 

 Virus data obtained by culture-based or molecular-based methods may result in 
significant differences in concentrations of either infectious viruses or virus particles 
indicating that the meaning of the test result should be interpreted with care. 
Additional information on treatment mechanisms may be obtained by combining 
results obtained by both detection methodologies.  

 The identification of the specific virus type or even more detailed strain information 
of detected viruses may aid in the application of a more specific quantitative 
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microbial risk assessment. Risk assessment outcomes can facilitate targeting and 
prioritizing intervention measures. 

 Transmission of a wide range of human pathogenic picornaviruses by exposure to 
contaminated water may occur, although further research is required to provide 
direct evidence for this. For instance, epidemiological studies considering whether 
exceedances of drinking water standards coincide geographically and temporally 
with increased enterovirus disease symptoms might be performed to elucidate the 
role of water in the occurrence of enterovirus infections. 

 
Figure. The overall conclusions of the studies presented in this thesis. 

 
 

Picornaviruses – one big happy family! 
The Picornaviridae are a very large and diverse virus family, and the seven genera that 
can infect humans are, as in any traditional family, related but have their own 
distinctive identities. Their appearances are similar but they can vary widely in their 
composition and behavior: they are and can act quite differently. Also, the ultimate 
effect on the health of an individual can be quite diverse: no infection, infection without 
disease or infection with the development of a specific disease. Therefore, a general 
approach in the research of the members of this family might be difficult, and might 
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even be different per picornavirus species. By adopting several study disciplines, such 
as virology, epidemiology, and risk assessment we have attempted to determine if 
human picornaviruses in water present a public health risk. These disciplines included 
for instance, virus typing, detection, and virus evolution studies, which have been found 
successful. However it has proven difficult to establish consequences for human health 
directly in terms of infection and disease. 
 
To conclude, although the multidisciplinary approach presented in this thesis yield a lot 
of information on a role of water in the transmission of picornaviruses, we could not 
generally state that the presence of picornaviruses in water used for drinking and 
recreational purposes is considered to constitute a potential public health risk. Except 
when vulnerable individuals, such as young children, the elderly, pregnant women and 
immune-compromised individuals are exposed to these contaminated waters. Further 
studies should address the possible picornavirus transmission routes, including water, 
to be able to protect the public health and to implement possible intervention 
measures. 
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As described in the introduction of this thesis, Chapter 1, the picornavirus family 
consists of many different viruses, which can infect humans and a wide variety of 
animals. Seven of the 17 identified picornavirus genera are known to infect humans: 
Cardiovirus, Cosavirus, Enterovirus, Hepatovirus, Kobuvirus, Parechovirus, Salivirus. 
Infections with picornaviruses may result in a wide range of mild to severe diseases, 
although the majority of picornavirus-infected individuals remain asymptomatic. 
Picornavirus infected individuals excrete these viruses primarily in their feces. 
Picornaviruses are small, contain single stranded RNA and are nonenveloped which 
makes them very persistent in the environment. Picornaviruses are introduced into the 
aquatic environment through the discharge of treated and untreated sewage. High 
concentrations of viruses are subsequently discharged onto surface water and are 
further distributed by water flows. Surface water is used amongst other applications as 
a source for the production of drinking water, as irrigation water for crops and it is used 
for recreational activities. Humans can be exposed to water-borne picornaviruses by 
consumption of contaminated food or water. The research described in the current 
thesis aimed to determine if the presence of human picornaviruses in water poses a 
public health threat. To this end, human picornaviruses in water were identified 
followed by assessing a possible contribution of water in transmission of these viruses 
to humans using epidemiology and quantitative microbial risk assessment. 
Environmental surveillance can be used to study the circulation of viruses in the human 
population, enabling the detection of viruses shed by both asymptomatically and 
symptomatically infected individuals. In Chapter 2, environmental parechovirus 
surveillance was performed by molecular analysis of sewage collected at different 
locations, where people live close together that on religious grounds have not been 
vaccinated, including for poliomyelitis. Different parechovirus strains and variants were 
observed, however, no obvious correlation in time or place was seen. It was concluded 
that human parechoviruses circulated to a higher extent in the studied population 
throughout different age groups than would be expected from the current knowledge 
that parechovirus infections occur predominantly in young children. The sensitivity of 
environmental surveillance was estimated after challenging healthy elderly individuals 
with monovalent oral poliovirus vaccine (Chapter 3). The poliovirus concentration in 
sewage approximated the measured initial virus excretion in feces, resulting in a 
sensitivity of detection of 100 mostly asymptomatically infected individuals in tens of 
thousands of individuals. From the results obtained in Chapters 2 and 3, it was 
concluded that environmental surveillance is a feasible early warning system for the 
detection of circulating viruses in a human population.  
To study the prevalence of picornavirus infections among humans in the Netherlands 
over time, archival water samples originating from 1987–2000 and 2009–2012 were 
studied by molecular techniques (Chapters 4 and 5). Chapter 4 describes the detection 
of Aichi virus RNA in several sewage and surface water samples. Our results showed 
that Aichi virus has been circulating among the Dutch human population before its 
initial detection in humans in Japan in 1989. By analysis of the sequences derived from 
the archival samples, we could demonstrate their evolutionary dynamics with 
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differential expansion of Aichi virus genotype B. These archival samples were also 
tested for the presence of other human picornaviruses; enteroviruses, parechoviruses, 
hepatitis A viruses, Saffold viruses and cosaviruses to determine the diversity of human 
picornaviruses present in the Netherlands (Chapter 5). High virus diversity was 
observed, demonstrated by the circulation of several different human picornavirus 
genera, such as human parechoviruses, but also Saffold viruses, cosaviruses and Entero-
virus 71, in the Dutch environment. Approximately 30% of the identified picornavirus 
strains are known to be associated with severe disease, indicating that exposure to 
surface waters may have adverse health effects (described in Chapter 9). The studies 
described in Chapters 4 and 5, demonstrated the omniprevalence of several human 
picornavirus genera in Dutch sewage and surface water samples, showing the 
circulation of these viruses in the Dutch population in the last 25 years.  
Because surface water is used as source water for drinking water production, the 
prevalent  occurrence of several human pathogenic viruses in surface water (as shown 
in Chapters 4 and 5), may affect the drinking water quality. The quality of drinking water 
in the Netherlands has to comply with the Dutch Drinking Water Directive, indicating 
that less than one infection in 10,000 persons per year may occur due to consumption 
of unboiled tap water. Because virus concentrations in drinking waters are too low to 
be reliably measured, the concentration of viruses in drinking water has to be estimated 
based on the enterovirus concentrations in source waters and the virus removal and 
inactivation efficiency of the applied treatment processes. These treatment efficiencies 
are often determined using bacteriophages, as is described in Chapter 7 for a selection 
of treatment processes. By combining the estimated drinking water concentrations 
with exposure and infectious dose in a quantitative microbial risk assessment, the 
annual infection risk can be estimated. In the study described in Chapter 6, source 
waters were analyzed during 4 years of regular sampling (1999 to 2002) for the 
presence of enteroviruses and bacteriophages. The virus concentrations varied greatly 
on and between the tested locations, indicating that peak concentrations of pathogenic 
viruses occur in source waters used for drinking water production. If seasonal and 
short-term fluctuations coincide with less efficient or failing treatment, an unaccep-
table public health risk from exposure to this drinking water may arise. 
Besides its use for virus typing, quantitative PCR detection methods are increasingly 
applied for the detection and quantification of pathogenic viruses in water samples, 
before and after treatment, without rendering data on viral infectivity. Infectivity data 
are important for assessing public health risks from exposure to human pathogenic 
viruses in the environment. As described in chapter 6, efficiencies of water treatment 
processes are often estimated by quantification of the bacteriophage MS2. In Chapter 
7, both culture- and molecular-based methods for MS2 detection and quantification 
were used to estimate the treatment efficiency of three different processes. This study 
demonstrated that estimations of viral reduction, both inactivation and removal, 
obtained by molecular methods should be interpreted carefully when considering 
treatment efficiencies to provide virus-safe drinking water. The interpretation of the 
results on the numbers of viral genomes in the environment for the assessment of 
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potential public health risks upon exposure is challenging. However, use of molecular 
data in quantitative microbial risk assessment may aid trend analysis, as has been 
demonstrated in Chapter 9.  
Because human picornaviruses are prevalent in Dutch surface water (Chapters 4-6) and 
viruses may occasionally be present in water after treatment processes (Chapter 7), we 
have conducted an epidemiological study to identify risk factors associated with 
exposure to water for acquiring human enterovirus or parechovirus infections (Chapter 
8). The study was conducted among infants admitted to the hospital with a confirmed 
enterovirus or parechovirus infection and among matched control infants. Question-
naires on drinking water consumption and water recreation were sent to participants 
in the case-control study, and general questions, for instance related to the composi-
tion of the family and health complaints of the other family members were included. 
Although we could not identify significant risk factors for acquiring human enterovirus 
or parechovirus infections associated with exposure to water in our study, a potential 
association between the infected children and the presence of other children in their 
family was suggestive of the risk of spread of the viruses from their siblings to the infant. 
Numerous studies have reported quantitative data on viruses in surface waters using 
different methodologies (as also described in Chapters 4-6). In the study described in 
Chapter 9, the impact of the use of either culture-based or molecular-based methods 
in quantitative microbial risk assessment was evaluated. The probability of exposure of 
children during recreation in such virus contaminated surface waters was estimated 
based on the distributions of virus concentrations obtained in Chapters 5 and 6. The 
probabilities of exposure for both enteroviruses and parechoviruses were estimated, 
and for both viruses it was observed that the detection method significantly influenced 
the probability of exposure. A broad range of cell culture/PCR ratios was determined 
and this diverse range of ratios indicated that care should be taken in assuming a fixed 
ratio for risk assessments using PCR-based virus concentrations. Because children 
behave differently during recreational activities than adults, and therefore ingest more 
water, and because children may develop more severe disease than adults, children are 
considered as a sensitive population. We performed an exposure assessment to 
indicate possible unacceptable health risks when children are exposed to the 
concentrations of viruses detected at the surface water locations. 
Finally, the general discussion and concluding remarks are described in Chapter 10. This 
thesis offered new insights in the prevalence of several human picornaviruses in the 
Dutch environment indicating circulation in the sampled human population. 
Furthermore, the sensitivity of the environmental surveillance was estimated, and the 
usefulness, of culture and PCR data, with respect to water treatment processes and 
exposure probabilities, was evaluated. The omniprevalence of the diverse family of 
human picornaviruses (enteroviruses, parechoviruses, hepatitis A viruses, Aichi viruses, 
Saffold viruses and cosaviruses) in sewage and surface water was demonstrated, as well 
as virus evolution dynamics for several of the detected picornaviruses. Exposure to such 
waters e.g. through water recreation of children may lead to a public health risk 
although risk factors could not be identified.  



Summary 

 173 

Conclusions and recommendations following from the research described in this thesis 
are: 
 Environmental surveillance has proven to be a useful and sensitive tool for several 

picornaviruses aiding clinical virology. Environmental surveillance can contribute to 
virus and disease surveillance systems for e.g. poliovirus but possibly also for other 
viruses such as the measles virus. The detection of emerging pathogenic viruses, 
such as Aichi viruses but also for instance coronaviruses (SARS and MERS) which are 
excreted in the feces of infected individuals, provides information on virus 
circulation in the human population. 

 The rapid development in molecular techniques offer great opportunities in the 
virus detection and virus discovery possibilities, which may provide information 
about geographic and seasonal distribution of emerging or previously undetectable 
viruses, and might also produce useful information for the development of clinical 
detection assays, and should be further applied in future environmental virological 
research. 

 Virus data obtained by culture-based or molecular-based methods may result in 
significant differences in concentrations of either infectious viruses or virus particles 
indicating that the meaning of the test result should be interpreted with care. 
Additional information on treatment mechanisms may be obtained by combining 
results obtained by both detection methodologies.  

 The identification of the specific virus type or even more detailed strain information 
of detected viruses may aid in the application of a more specific quantitative 
microbial risk assessment, which may aid in targeting and prioritizing intervention 
measures. 

 Transmission of a wide range of human pathogenic picornaviruses by exposure to 
contaminated water may occur, although further research is required to provide 
direct evidence for this. For instance, epidemiological studies considering whether 
exceedances of drinking water standards coincide geographically and temporally 
with increased enterovirus disease symptoms might be performed to elucidate the 
role of water in the occurrence of enterovirus infections. 
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De hoofdvraag van het werk dat in dit proefschrift is gepresenteerd is of de 
aanwezigheid van humane picornavirussen in het waterige milieu, in het bijzonder de 
aanwezigheid van enterovirussen en parechovirussen, een probleem veroorzaakt voor 
de volksgezondheid?  
Zoals is beschreven in de introductie van dit proefschrift, Hoofdstuk 1, bestaat de 
picornavirus familie uit veel verschillende soorten virussen, en kunnen ze naast de 
mens ook een aantal diersoorten infecteren. Van zeven van de 17 ontdekte 
picornavirus genera is bekend dat ze ook mensen kunnen infecteren: Cardiovirus, 
Cosavirus, Enterovirus, Hepatovirus, Kobuvirus, Parechovirus, Salivirus. Enkele 
specifieke kenmerken van picornavirussen zijn dat ze klein zijn van formaat, dat ze een 
enkelstrengs RNA genoom hebben, en omdat ze geen envelop bevatten (dit is een extra 
lipiden mantel) kunnen ze voor langere tijd overleven in het milieu. Infecties met 
picornavirussen kunnen dat leiden tot een grote verscheidenheid aan milde 
ziektebeelden (bijvoorbeeld diarree en jeuk) maar kunnen ook leiden tot ernstige 
ziekten (bijvoorbeeld hersenvliesontsteking en verlamming). Het grootste deel van de 
geïnfecteerde mensen zullen echter helemaal geen gezondheidsklachten krijgen. 
Wanneer een persoon geïnfecteerd is met een picornavirus worden de virussen 
vermenigvuldigd in de darmen en worden deze uitgescheiden in zijn/haar ontlasting. 
Deze virussen worden vervolgens in het milieu geïntroduceerd door de lozing van zowel 
gezuiverd als ongezuiverd rioolwater. Soms worden erg hoge concentraties van deze 
virussen op het oppervlakte water geloosd en worden ze verder verspreid door de 
stroming van het water. Oppervlakte water wordt in Nederland gebruikt om drinkwater 
van te maken, als irrigatiewater bij het besproeien van gewassen en ook om in te 
recreëren. Mensen kunnen worden blootgesteld aan deze virussen wanneer ze besmet 
voedsel of water binnenkrijgen. Het doel van het onderzoek dat in dit proefschrift 
beschreven staat was om te bepalen of water een rol speelt in de verspreiding van 
picornavirussen. Dit is gedaan door te bepalen welke virussen er precies voorkomen in 
het waterige milieu, maar ook door het schatten van de bijdrage van de aanwezige 
virussen in het water aan de transmissie; door het uitvoeren van een epidemiologische 
studie en het doen van kwantitatieve microbiologische risicoschattingen. 
Door het monitoren van water kunnen virussen die in de humane populatie circuleren 
worden onderzocht, zowel de virussen die worden uitgescheiden door mensen die ziek 
zijn als door mensen die niet ziek zijn geworden van een picornavirus infectie. In 
Hoofdstuk 2 is een monitoringstudie beschreven naar de aanwezigheid van parecho-
virussen in water, door rioolwater met behulp van moleculaire technieken te 
onderzoeken op de aanwezigheid van deze virussen. Hiervoor zijn rioolwater monsters 
genomen op verschillende locaties in een gebied in Nederland waar veel mensen dicht 
bij elkaar wonen die op religieuze gronden niet gevaccineerd zijn, ook niet tegen 
poliomyelitis. Verschillende parechovirus stammen en ook variaties in de genetische 
informatie (ook wel sequenties genoemd) konden worden gevonden, er kon echter 
geen relatie worden aangetoond in de tijd en tussen de verschillende locaties. De 
conclusie van deze studie was dat humane parechovirussen in een grotere mate 
circuleren dan in eerste instantie werd verwacht op basis van de huidige kennis van 
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parechovirussen dat ze voornamelijk infecties veroorzaken bij hele jonge kinderen. Om 
vervolgens de gevoeligheid van de monitoring van water op de aanwezigheid van 
picornavirussen te bepalen hebben we gezonde ouderen gechallenged met oraal 
poliovirus vaccine (Hoofdstuk 3). De concentratie van poliovirussen gevonden in het 
rioolwater was bij benadering gelijk aan de oorspronkelijke poliovirus uitscheiding in 
de ontlasting van de ouderen. Dit resulteerde in een gevoeligheid van ongeveer 100 
geïnfecteerde (maar waarschijnlijk niet zieke) mensen in een totale populatie van 
tienduizenden mensen. De resultaten die verkregen zijn in Hoofstukken 2 en 3, zijn een 
indicatie dat de monitoring van water een bruikbaar signaleringssysteem is voor het 
aantonen van circulerende virussen, in een bepaalde humane populatie.  
Om het voorkomen van picornavirus infecties in Nederland in de tijd te bestuderen zijn 
archief monsters uit 1987-2000 en 2009-2012 onderzocht met behulp van moleculaire 
technieken (Hoofdstukken 4 en 5). In Hoofdstuk 4 hebben we Aichi virus RNA kunnen 
aantonen in verschillende rioolwater en oppervlakte water monsters. Onze resultaten 
toonden aan dat Aichi virussen al eerder in de Nederlandse bevolking circuleerden dan 
de oorspronkelijke ontdekking van het virus in Japan in 1989. Door de verkregen 
sequentie-gegevens te analyseren hebben we kunnen aantonen wat de evolutie 
dynamiek van deze Aichi virussen was, en dat in Nederland de Aichi virus genotypen B 
de laatste jaren meer voorkomen dan genotypen A. Om ook het voorkomen van andere 
humane picornavirussen in de Nederlandse bevolking te onderzoeken zijn deze archief 
monsters ook onderzocht op de aanwezigheid van andere humane picornavirussen; 
enterovirussen, parechovirussen, hepatitis A virussen, Saffold virussen en cosavirussen 
(Hoofdstuk 5). Een grote verscheidenheid aan virussen kon worden gevonden en 
toonde de circulatie van verschillende humane picornavirussen aan, zoals de 
aanwezigheid van humane parechovirussen, cosavirussen en enterovirussen type 71, 
in het Nederlandse milieu. Van circa 30% van de aangetoonde picornavirussen is 
bekend dat ze ook ernstige ziekten kunnen veroorzaken, wat inhoudt dat blootstelling 
aan deze virussen in het oppervlakte water gezondheidsproblemen kan opleveren 
(zoals beschreven is in Hoofdstuk 9). De studies beschreven in Hoofdstukken 4 en 5 
toonden het veelvuldig voorkomen van verschillende humane picornavirus genera in 
Nederlands rioolwater en oppervlakte water aan, en laten de circulatie van deze 
virussen in de Nederlandse bevolking in de afgelopen 25 jaar zien. 
Omdat oppervlakte water wordt gebruikt voor de productie van drinkwater, kunnen de 
soms hoge concentraties van humane ziekteverwekkende virussen die gevonden zijn in 
het oppervlakte water (zoals is aangetoond in Hoofdstukken 4 en 5), de drinkwater 
kwaliteit beïnvloeden. In Nederland moet de kwaliteit van het drinkwater voldoen aan 
het Drinkwater besluit, waarbij gesteld is dat per jaar niet meer dan één op de 10.000 
personen een infectie mogen oplopen als gevolg van de consumptie van ongekookt 
leidingwater. Omdat de virus concentraties in drinkwater te laag zijn om betrouwbaar 
te kunnen meten, worden de virus concentraties in drinkwater geschat op basis van de 
aantallen enterovirussen in het oppervlakte water, dat gebruikt wordt voor de 
productie van drinkwater, en de efficiëntie van de gebruikte zuiveringsprocessen bij de 
drinkwater productie. De efficiëntie van een zuivering wordt vaak bepaald met behulp 
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van bacteriofagen (virussen die bacteriën kunnen infecteren). Door de geschatte 
enterovirus concentraties te vermenigvuldigen met de blootstelling en de infectieuze 
dosis van deze virussen, in een kwantitatieve microbiologische risico schatting, kan het 
jaarlijkse infectierisico worden geschat. In de studie die is beschreven in Hoofdstuk 6 
zijn oppervlakte wateren, waarvan drinkwater geproduceerd wordt gedurende 4 jaar 
van reguliere bemonstering (1999 tot 2002), getest op de aanwezigheid van onder 
andere enterovirussen en bacteriofagen. De virus concentraties varieerden veel, ook 
tussen de verschillende bemonsterde locaties, wat suggereert dat piek concentraties 
van ziekteverwekkende virussen voor kunnen komen op deze locaties (waar 
oppervlakte water ingenomen wordt waarvan drinkwater geproduceerd wordt). 
Wanneer seizoensgebonden en kortdurende schommelingen in virus aantallen 
samenvallen met een minder efficiënte of zelfs een falende zuivering, kan consumptie 
van dit water een onacceptabel gezondheidsrisico opleveren.  
Naast het gebruik voor de typering van virussen, worden kwantitatieve PCR detectie 
methoden steeds meer toegepast voor zowel de detectie als voor de bepaling van de 
aantallen (ziekteverwekkende) virussen in water, zowel voor als na zuiverings-
processen. Zonder dat hierbij rekening wordt gehouden met de mogelijkheid of een 
virus nog wel een infectie kan veroorzaken. Het verkrijgen van gegevens over de 
infectiviteit van een virus is belangrijk wanneer de gezondheidsrisico’s door bloot-
stelling aan deze virussen in het milieu worden bepaald. Zoals wordt beschreven in 
Hoofdstuk 6, wordt de efficiëntie van water zuiveringsprocessen vaak vastgesteld door 
het bepalen van de aantallen bacteriofagen voor en na de zuivering, en daarmee de 
zuiveringsefficiëntie. Om MS2 aan te tonen en te kwantificeren, worden in Hoofdstuk 
7 zowel de celkweek als de moleculaire methoden gebruikt om de zuiveringsefficiëntie 
van drie verschillende processen te schatten. Deze studie heeft aangetoond dat het 
bepalen van de virus afname, zowel door inactivatie als door verwijdering van 
bacteriofagen, met moleculaire technieken met zorg moet worden geïnterpreteerd, 
wanneer het gaat om het beoordelen van de zuivering, om veilig drinkwater te kunnen 
garanderen. Het interpreteren van de verkregen gegevens, van de aangetoonde 
aantallen virus deeltjes in het milieu, en om hier vervolgens een mogelijk 
gezondheidsprobleem mee te schatten na blootstelling aan deze virus deeltjes, is een 
uitdaging. Echter het gebruik van moleculaire data in een kwantitatieve 
microbiologische risico schatting kan wel een opkomende trend volgen, zoals 
beschreven is Hoofdstuk 9. 
Omdat zowel is aangetoond dat humane picornavirussen veelvuldig voorkomen in het 
Nederlandse oppervlakte water (Hoofdstukken 4-6) en virussen soms ook nog aanwezig 
zijn in het water na zuiveringsprocessen (Hoofdstuk 7), is een epidemiologische studie 
uitgevoerd; om risico factoren te identificeren, voor het oplopen van een enterovirus 
of parechovirus infectie door zuigelingen, die geassocieerd zijn met blootstelling aan 
water (Hoofdstuk 8). De studie was uitgevoerd onder zuigelingen die waren 
opgenomen in het ziekenhuis met een bevestigde enterovirus of parechovirus infectie 
en onder bijbehorende controle zuigelingen. Vragenlijsten met betrekking tot de 
consumptie van water en het recreëren in water zijn naar de deelnemers van deze 
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patiënt-controle studie gestuurd, evenals andere toegevoegde algemene vragen, zoals 
de samenstelling van de familie en gezondheidsklachten van andere gezinsleden. 
Ondanks dat in deze studie geen significante risico factoren voor het krijgen van 
enterovirus of parechovirus infecties met betrekking tot blootstelling tot water kon 
worden aangetoond, werd een mogelijke associatie gevonden tussen de geïnfecteerde 
zuigelingen en de aanwezigheid van andere kinderen in de familie. Dit suggereert dat 
de aanwezigheid van andere kinderen in een familie een risico vormen voor het 
overbrengen van virussen op een zuigeling. 
Verschillende studies hebben kwantitatieve virus data gerapporteerd die verkregen zijn 
door gebruik te maken van verschillende detectie methoden (zoals ook beschreven is 
in Hoofdstukken 4-6). In Hoofdstuk 9 is kwantitatieve microbiologische risico schatting 
beschreven waarbij de impact is bepaald van het gebruik van gegevens gebaseerd op 
celkweek of op moleculaire technieken. De waarschijnlijkheid van de blootstelling van 
kinderen tijdens recreatie activiteiten aan virus besmet oppervlaktewater, is bepaald 
door gebruik te maken van de virus verdelingen verkregen in Hoofdstukken 5 en 6. De 
waarschijnlijkheid van de blootstelling aan enterovirussen en parechovirussen is 
geschat, en voor beide virussen werd opgemerkt dat de gebruikte detectie methode 
verschil maakt in wat de uiteindelijke kans op blootstelling is. Een breed bereik van 
celkweek/PCR ratio’s werd gevonden. Dit verschil in ratio’s geeft aan dat voorzichtig 
moet worden omgegaan met het aannemen van een vaste ratio, wanneer risico 
schattingen worden gedaan met virus concentraties die verkregen zijn met moleculaire 
methoden. Omdat kinderen zich anders gedragen tijdens waterrecreatie activiteiten 
dan volwassenen, en daardoor ook meer water binnenkrijgen, en ook omdat kinderen 
ernstigere ziekten kunnen ontwikkelen dan volwassenen, kunnen kinderen beschouwd 
worden als een gevoelige populatie. Om mogelijke gezondheidsrisico’s aan te tonen 
van recreëren in oppervlakte water is een blootstellingsschatting uitgevoerd, voor 
kinderen die worden blootgesteld aan virusconcentraties die gevonden zijn voor 
Nederlandse oppervlaktewateren. 
Tenslotte zijn de algemene discussie en afsluitende opmerkingen beschreven in 
Hoofdstuk 10. Dit proefschrift beschrijft nieuwe inzichten met betrekking tot het 
voorkomen van verschillende humane picornavirussen in het Nederlandse water, wat 
aangeeft dat deze circuleerden in de bemonsterde bevolking. Ook is de gevoeligheid 
van rioolwater surveillance geschat, en is de bruikbaarheid van gegevens verkregen met 
kweek en moleculaire technieken vergeleken. Het veelvuldig voorkomen van de diverse 
humane picornavirussen (enterovirussen, parechovirussen, hepatitis A virussen, Aichi 
virussen, Saffold virussen en cosavirussen) in rioolwater en oppervlakte water is 
aangetoond, evenals de evolutie dynamiek van verschillende van deze picornavirussen. 
Blootstelling aan deze wateren, door bijvoorbeeld recreatie van kinderen in water, 
kunnen leiden tot een volksgezondheidsrisico, ondanks dat er geen specifieke risico 
factoren gevonden konden worden. 
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Conclusies en aanbevelingen die volgen op het onderzoek dat beschreven is in dit 
proefschrift zijn: 
 Het aantonen dat monitoringstudies van water bruikbaar en gevoelig genoeg zijn 

om verschillende picornavirussen aan te tonen, wat kan helpen bij de klinische 
virologie. Water surveillance kan ook helpen met virus en ziektebewaking, zoals 
voor poliovirus maar mogelijk met betrekking tot andere virussen zoals het mazelen 
virus. Het aantonen van opkomende ziekteverwekkende virussen, zoals Aichi virus 
maar ook voor bijvoorbeeld coronavirussen (SARS en MERS) die uitgescheiden 
worden in de ontlasting van een geïnfecteerd persoon, verschaft toegevoegde 
informatie over de virus circulatie in de humane populatie.  

 De snelle ontwikkeling van moleculaire technieken kunnen grote kansen bieden in 
de virus detectie en ‘virus discovery’. Deze studies kunnen informatie verschaffen 
over de geografische en seizoensgebonden verspreiding van opkomende en 
vooralsnog niet aantoonbare virussen, en kunnen mogelijk ook nuttige informatie 
opleveren om klinische detectie methoden te ontwikkelen, moleculaire technieken 
zullen ook zeker verder worden toegepast in toekomstig virologisch milieu 
onderzoek. 

 Virologische data, die verkregen zijn met op celkweek en op moleculair gebaseerde 
methoden, kunnen significante verschillen opleveren in aantallen van infectieuze 
virussen en virusdeeltjes. Dit geeft aan dat voorzichtig moet worden omgegaan met 
de interpretatie en verder gebruik van zulke gegevens. Aanvullende informatie over 
zuiveringstechnieken kan verkregen worden door de data van beide detectie 
methoden te combineren. 

 Het bepalen van het virus type of variant kan helpen om de kwantitatieve risico 
schatting meer specifiek te kunnen uitvoeren, wat kan helpen om gerichte 
interventie maatregelen te kunnen nemen en te prioriteren.  

 Transmissie van verschillende ziekteverwekkende humane picornavirussen is 
mogelijk bij blootstelling aan besmet water, ondanks dat verder onderzoek nodig is 
om hier meer direct bewijs voor te leveren. Epidemiologische studies zouden 
bijvoorbeeld kunnen worden uitgevoerd om vast te stellen dat overschrijdingen van 
de drinkwater norm, geografisch en in de tijd, samenvallen met een verhoogd aantal 
meldingen van enterovirus-geassocieerde klachten, om zo de rol van water in het 
voorkomen van enterovirus infecties te kunnen ophelderen. 
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Er zijn een heleboel mensen die in meer of mindere mate een bijdrage hebben geleverd 
bij het tot stand komen van dit boekje. Hier wil ik graag de gelegenheid nemen om die 
te bedanken. 

Allereerst wil ik de promotiecommissie: Jasper Griffioen, Arie Havelaar, Marion 
Koopmans, Frank van Kuppeveld, Gert Jan Medema en Katja Wolthers, bedanken voor 
het aanwezig willen zijn bij mijn promotie(plechtigheid).  

Ana Maria, mijn eerste promotor, we kennen elkaar al heel lang (sinds mijn stage bij de 
VU in Amsterdam ergens begin jaren negentig). Allereerst natuurlijk bedankt voor de 
mogelijkheid van promoveren! En ook zeker ook voor het vertrouwen en de vrijheid die 
je mij gegeven hebt tijdens het gehele traject. Jouw kritische blik heeft het boekje zoals 
het hier ligt zeker naar een hoger plan getild. Ondanks dat je als afdelingshoofd meer 
dingen aan je hoofd hebt (gehad) dan alleen mijn promotie, ook nog veel dank voor de 
tijd die je steeds voor mij hebt ingeruimd. Een aantal dingen zou ik achteraf anders 
doen – het blijft toch een leerproces hè – vooral omdat de planning op het laatst toch 
wel een beetje strak en stressvol was. En heb ik ook gemerkt dat ik wel van alles kan 
verwachten, maar dat iedereen (en ook jij) daar toch weer een andere gedachte en 
mening over kan en mag hebben.…. Kortom, een open en heldere communicatie om 
dat voor iedereen duidelijk te houden is erg belangrijk. Nogmaals – heel erg bedankt 
voor je bijdrage in mijn ontwikkeling als onderzoeker, en hopelijk zal je daar in de 
toekomst ook nog een belangrijke rol in blijven spelen! 

Peter, mijn tweede promotor, je bent iets later bij mijn promotie onderzoek betrokken 
– maar ik ben erg blij dat je dat nog hebt willen doen. Jij bent voor mij altijd een 
enthousiaste gesprekspartner en begeleider geweest, en konden we samen op je 
kamer rond stuiteren als we overleg hadden (of was ik dat vooral?), ik kreeg er in ieder 
geval wel altijd een hoop energie van. Hopelijk gaan we ook in de toekomst nog 
projecten samen doen! 

Saskia, naast dat ik heel blij ben dat je mijn co-promotor bent en je mij super hebt 
begeleid en geholpen, zowel praktisch als theoretisch, ben ik ook blij dat je een vriendin 
van mij bent. De vele interessante werkbesprekingen over de experimenten die ik heb 
uitgevoerd, de plannen voor vervolgonderzoek en de resultaten heb ik als zeer plezierig 
beschouwd – laten we dat vooral ook blijven doen! En natuurlijk bedankt voor alle tijd 
die je daarvoor hebt vrijgemaakt, voor de oprechte interesse in mij als persoon en ook 
steeds weer voor het bieden van een luisterend oor, voor de leuke dingen maar ook 
voor de hobbels (zowel werk gerelateerd als privé). En natuurlijk ook dank voor alle 
gezellige activiteiten na het werk: de spelletjes-, eet- en filmavonden! 

Manoj, ik ben erg blij dat ik jou tot mijn vrienden mag rekenen – je bent een erg fijn 
mens! Dank voor alle praatjes en discussies – soms heel nietszeggend maar ook 
regelmatig met diepgang en emotie, wij voelen elkaar aardig aan. We kunnen ook 
lekker samen ontspannen en spelletjes doen, naar de bioscoop, uit eten, skaten en naar 
de sauna. Dank ook voor de vele keren dat ik bij jullie heb mogen eten en ik ben erg blij 
dat je mijn paranimf wil zijn. 
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Harold, vanaf het begin dat je bij het RIVM kwam werken hadden we een klik – soms 
werden we gezien als kibbelend echtpaar en hadden we blijkbaar ook zo’n gezamenlijke 
mening dat we zelfs fysiek uit elkaar zijn gezet. We hebben veel overeenkomstige 
hobby’s die we ook samen uitvoeren: squash, golf, spelletjes doen – helaas heb je bij 
het spelen van spelletjes/golf wel eens ‘eigen’ regels - die dan beter uitkomen…. Maar 
ondanks dat waardeer ik je erg en laten we ook zeker deze gezamenlijke activiteiten 
blijven doen! Ik ben ook blij dat ik jou tot mijn vrienden mag rekenen, en dank je dat jij 
ook mijn paranimf wil zijn. 

Martijn, je bent een fijne vriend en ex-kamergenoot. Erg bedankt voor je bijdrage aan 
een aantal van de in dit proefschrift beschreven hoofdstukken, ik heb er een hoop van 
geleerd. Ook bedankt voor al je kritische opmerkingen en (gevraagde én ongevraagde) 
adviezen over zowel persoonlijke als werk gerelateerde zaken! Vooral ook natuurlijk 
voor alle leuke en ontspannen momenten: de spelletjes, het samen eten (ik vooral bij 
jullie), onze golflessen en wat ‘serieuzere’ zaken, wanneer we de baan op gaan voor 
onze handicap…. Laten we dat vooral ook veel blijven doen! 

Annemarie, nog een fijne collega waar ik naast het gezellige contact op het werk ook 
graag over de vloer kan komen. Laten we fijn de etentjes (bijvoorbeeld bij de Japanner) 
erin houden! Het is altijd fijn om even bij te kletsen. Ook erg bedankt voor je steun in 
de laatste hectische fase van mijn promotie, het luisterende oor en natuurlijk voor het 
bijvoederen en de vitamientjes! 

Ankje en Johan bedankt voor de gezellige etentjes en gesprekken, al voel ik me wel een 
beetje schuldig dat ik alleen bij jullie aanschuif en jullie niet meer bij mij willen komen 
(of ligt dat aan de poezen?). 

Jack, ik ben ook erg blij dat wij hebben kunnen samenwerken in een aantal van mijn 
hoofdstukken: MS2 en QMRA. Het is fijn dat je rustig de tijd neemt om uit te leggen hoe 
(de vaak ingewikkelde) modelering werkt en hoe de notebooks in Mathematica in 
elkaar zitten en werken. Dank voor je tijd daarvoor – ook als je dan eigenlijk druk was 
met iets anders! Ik vind het nog steeds jammer dat je niet aanwezig kan zijn bij de 
promotie zelf. 

Marjolijn, je hebt het legionella onderzoek van mij overgenomen en ik ben blij dat ik af 
en toe nog samen met jou (en Eri) aan deze lastige bacterie mag werken (en misschien 
nog wat kan toevoegen op het gebied van de moleculaire detectie). Ik vind het in ieder 
geval altijd erg gezellig met je! 

Ciska, een van mijn andere werk gerelateerde uitstapjes was het werken aan de 
parasiet Trichobilharzia – we hebben daar samen een tijd aan mogen werken en vooral 
onze trip naar Praag om meer over deze parasiet te leren was erg leerzaam en natuurlijk 
erg gezellig. 

Mark, je bent een leuke vent en je was een goede stagiaire en hopelijk heb je een hoop 
geleerd. Het onderzoek wat jij tijdens je stage hebt uitgevoerd is ook in dit boekje 
terecht gekomen – dank je voor je inzet en enthousiasme.  
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Ingmar, wij hebben vooral een link met betrekking tot de NGS experimenten. Helaas is 
dit nog niet zo ver gevorderd dat het onderzoek uitgebreid in dit proefschrift kon 
worden beschreven maar hopelijk zal het in de nabije toekomst toch tot iets concretere 
resultaten gaan leiden. Je nuchtere en directe aanpak liggen mij wel en laten we vooral 
deze projecten samen blijven doen.  

Olaf, leuke ex-collega, ik vind onze vrijdagmiddag borrels nog erg gezellig, al zijn ze niet 
heel regelmatig, hopelijk houden we dat nog een tijdje vol.  

De rest van de afdeling milieu ook bedankt voor het meedenken met projecten, vragen 
en opmerkingen bij de afdelingsoverleggen en de diverse presentaties die ik gegeven 
heb. Dus ook Ankie, Arieke, Arnout, Eri, Froukje, Gretta, Hetty, Lianne, Mark, Radi en 
Rozemarijn bedankt voor jullie bijdrage aan mijn onderzoek en natuurlijk voor alle 
gezelligheid.  

Het MO wil ik ook graag bedanken: de meiden van het secretariaat, Hennie, Jeanette, 
Loes en Noël, dank natuurlijk voor bijvoorbeeld alle bijstand in personele zaken, hulp 
bij het boeken van reizen, etc. maar ook zeker voor alle gezelligheid! Loes jij vooral ook 
bedankt dat je Martijn en mij steeds weer op sleeptouw wil nemen bij het golfen – dat 
vind ik erg leuk! Roland bedankt voor de hulp in alle lab-beheers zaken en Yvonne 
bedankt voor de extra ‘brain-cell’ – die heb ik zeker goed kunnen gebruiken ;o) 

De dames bij het AMC, Joanne, Kimberly (nu RIVM) en Katja, ook erg bedankt voor de 
leuke samenwerking en nuttige discussies. Hopelijk kunnen we ook in de toekomst de 
klinische virologie met de omgevingsvirologie in onderzoeksprojecten met elkaar 
blijven/gaan verbinden!  

De andere AIO’s vooral bedankt voor de bijdrage in de PhD journal-club: Ankie, Claudia, 
Ellen, Eri, Frits, Jeroen, Katharina, Seta. Succes verder met het afronden van jullie eigen 
promotie onderzoek. Katharina, omdat wij steeds een beetje in dezelfde fase zaten, 
hebben we ook zeker onze diverse ervaringen samen kunnen delen…. Nu voor ons 
beide de laatste loodjes. Ik vind je een erg fijn persoon – heel veel succes met je verder 
postdoc carrière!  

De rest van Z&O natuurlijk erg bedankt voor alle gezelligheid bij de koffie, de lunch, de 
borrels, labuitjes, sportevenementen, etc. 

Van IDS: Annelies K., Bas, Edin, Erwin D., Gokhan, Harrie v/d A., Harry V., Kimberly, Ron, 
Sabine (CDC), en IDS-beheer, allemaal bedankt voor de leuke samenwerking en hopelijk 
blijven we ook in de toekomst het virologische onderzoek afstemmen en blijven we ook 
kijken naar (mogelijke) gezamenlijke onderzoeksvragen en projecten. 

Ab en Tessa: ondanks dat wij elkaar niet erg regelmatig zien, zijn jullie mij heel veel 
waard, en is het altijd goed als wij elkaar weer zien. Heel veel succes met alle zakelijke 
ondernemingen waar jullie je in hebben gestort en vast nog gaan storten – en als jullie 
weer eens in Nederland zijn moeten jullie wel bellen hoor – kunnen we gezellig 
bijkletsen! 
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Mijn squashteam wil ik verder bedanken voor de erg gezellige tijd en voor de nodige 
inspanning en ontspanning: Christel, Hennie, Jantine, Rianne, Vivian en Yvonne. Chris, 
door de geboorte van jullie dochter heb ik je de laatste tijd wat minder gezien, maar je 
interesse en betrokkenheid bij mij en mijn promotieonderzoek waardeer ik erg; Rian én 
Frank, ondanks dat ik nu wat minder speel zou ik het leuk vinden om onze dubbel 
partijtjes erin te houden – die zijn erg gezellig; Hennie en Caroline, ook jullie bedankt 
voor de trainingspartijtjes en Caroline jij zeker ook bedankt voor de leuke en 
interessante discussies met een kopje thee aan de bar;  en Yvonne we houden onze 
zondag ochtend sessies, en ook de kopjes thee na afloop, er hopelijk nog een tijd in! 

Dan nog mijn twee grote broers: Fijn dat jullie er ‘gewoon’ onvoorwaardelijk voor mij 
zijn! 
Arian je bent een super oudere broer – vroeger hadden we wat minder contact maar 
naarmate we ouder zijn geworden zijn we ook meer naar elkaar toegegroeid. Het is fijn 
om af en toe langs te kunnen waaien en even bij jullie een kopje koffie te komen drinken 
– ook om gewoon even mijn verhaal kwijt te kunnen. Bene je bent een leuke en 
gezellige schoonzus en het is ook altijd gezellig om je bij de AH tegen te komen. Olivier 
en Thomas, ondanks dat jullie af en toe een paar kleine monstertjes kunnen zijn vind ik 
jullie vooral erg lief :o) 
Remco, ook een fijne oudere broer. We hebben heel wat gezamenlijke uitstapjes 
gemaakt: vakanties, relaxen in de sauna, beurzen bezocht, geklust, etc. Ik vind het altijd 
erg gezellig om samen dingen te ondernemen, moeten we vooral blijven doen. Je hebt 
wel wat hobbels overwonnen en je bent er zeker sterker uitgekomen – ik vind het fijn 
dat ik daar ook een (hopelijk vooral een positieve) bijdrage aan heb kunnen leveren.  

Als laatste wil ik mijn vader en moeder bedanken voor de fijne jeugd, waarin ik erg 
verwend ben en ik vooral lekker veel heb kunnen sporten. Pa, communicatie is soms 
wat moeilijk voor je, zeker met betrekking tot emotionele zaken, maar zoals ik al eerder 
heb gezegd zijn we nooit te oud om te leren! Ma, helaas heb je dit moment niet meer 
kunnen meemaken, maar door jouw opvoeding en onvoorwaardelijke liefde ben ik 
geworden tot het mens dat ik nu ben. Er valt heus nog wel wat bij te schaven maar ik 
hoop dat je toch trots op mij bent. Ik wil graag dit proefschrift aan jou opdragen – fijn 
dat jij mijn moeder wilde zijn! 
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Willemijn Johanna Lodder werd op 22 april 1972 geboren te Zeist. Na het behalen van 
haar HAVO diploma aan de R.S.G. Schoonoord in 1990, startte zij met de opleiding 
Hogere Laboratorium Opleiding (HLO) aan de Hogeschool van Utrecht. Na het afronden 
van de propedeutische fase, koos Willemijn voor de richting moleculaire biologie. 
Tijdens haar afstudeerstage bij de VU in Amsterdam deed zij onderzoek naar het 
humaan papillomavirus (HPV), en in het bijzonder naar het ontwikkelen van een 
opwerkingsmethode uit gearchiveerde uitstrijkjes, en de moleculaire detectie en 
typering van deze virussen.  
Na een korte periode bij Organon Technika (AKZO) in Boxtel te hebben gewerkt is 
Willemijn in 1995 bij het Rijksinstituut voor Volksgezondheid en Milieuhygiëne (RIVM) 
in Bilthoven terechtgekomen. Hier ging zij aan de slag als research analist bij het 
Laboratorium voor Water- en Levensmiddelenmicrobiologie (LWL), in de groep water 
microbiologie. Willemijn is begonnen met het opzetten een water concentratie 
methode, de zogenaamde twee-fasen scheiding, om vervolgens SRSVs (‘small round 
structured viruses’; het huidige norovirus (NoV)), met behulp van moleculaire detectie 
methoden in water aan te tonen, in een brugfunctie werkte zij hierbij nauw samen met 
het Laboratorium voor Infectieziekten Onderzoek (LIO). Daarnaast werkte zij mee aan 
de bedrijfstakmetingen, waarvoor monsternames en celkweek bepalingen moesten 
worden gedaan. Daarbij heeft Willemijn het werk een aantal jaar gecombineerd met 
het spelen in het Nederlands elftal, waarbij zij het vele trainen en het spelen van de 
interlands, en zelfs het topsport programma van de KNVB naast het werk heeft gedaan.  
Vervolgens heeft Willemijn ook onderzoek gedaan naar diverse andere micro-
organismen in water, waarbij zij vooral gebruik heeft gemaakt van celkweek en 
moleculair biologische technieken. Zo heeft zij ook andere virussen in water en feces 
monsters bestudeerd, bijvoorbeeld rotavirussen, enterovirussen en hepatitis E 
virussen. Ook heeft zijn een moleculaire detectie methode opgezet voor het aantonen 
van de parasiet trichobilharzia in water, die zwemmersjeuk kan veroorzaken. En voor 
het onderzoek naar legionella bacteriën in water heeft Willemijn een amoebe-
kweekmethode opgezet, en een legionella detectie PCR ontwikkeld. 
In 2009, startte Willemijn haar promotieonderzoek bij het Laboratorium voor Zoönosen 
en Omgevingsmicrobiologie (LZO). Hierbij stond in eerste instantie de relevantie van 
het voorkomen van humane enterovirussen en parechovirussen in oppervlakte water, 
en de mogelijke transmissie van deze virussen naar de mens, centraal. Echter in het 
verloop van het promotie traject is ook onderzoek gedaan naar de rol van andere 
relevante humane picornavirussen, bijvoorbeeld Aichi virussen en hepatitis A virussen. 
De resultaten die het promotieonderzoek hebben opgeleverd staan gepresenteerd in 
dit proefschrift. Na haar promotie zal zij werkzaam blijven als postdoc bij het Centrum 
voor Zoönosen en Omgevingsmicrobiologie (CZO) binnen het Centrum Infectieziekte-
bestrijding (CIb) van het RIVM. 
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