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ABSTRACT 
 

The main aim of this study was to assess the use of human adenoviruses (HAdVs) as 

occurrence indicators of human enteric viruses in the environment and shellfish. The second aim 

was to consider human polyomaviruses (HPyVs) for the same roles. To gain a better 

understanding of the ecology of HAdV, their diversity in the environment was also investigated. 

Method development included validation of an ultrafilter for virus concentration from water 

samples; real-time quantitative PCR (qPCR) assay development; evaluation of culture-qPCR 

using different cell lines; and assessment of guanidine hydrochloride to inhibit enterovirus 

growth in virus quantification assays. The presence, quantity, and where possible, infectivity 

(using HEK-293 cells in a culture-qPCR assay with guanidine hydrochloride) of HAdVs were 

determined in a range of environmental samples and shellfish. The presence and quantity of 

HPyVs, noroviruses and enteroviruses were also determined where appropriate.  

 

 HAdVs, predominantly species F and other HAdV species at lower concentrations, were 

frequently present in high concentrations in wastewater influent, independently of wastewater 

treatment plant size. They were also present in non-disinfected effluent irrespective of treatment 

type. HPyVs were prevalent at concentrations at least as high as HAdVs in wastewaters. In 

biosolids, the occurrence of HAdVs and HPyVs were comparable to enteroviruses and like 

wastewater, were detected more frequently than noroviruses. In urban streams, rivers and 

estuaries, neither HAdVs nor HPyVs were dominant in terms of their occurrence and so should 

be used as part of a multi-tool source tracking system. Shellfish studies showed a low occurrence 

of HAdVs and HPyVs, probably due to poor virus recovery. Further studies are required to 

investigate this.  

 

The results of this study strongly supported the hypothesis that HAdVs and HPyVs are 

suitable indices for viral contamination from faecal sources. Furthermore, due to their continued 

occurrence in the environment and their host specificity, these viruses also have potential for 

microbial source tracking applications. However, one caveat identified was the difficulty in 

recovering HAdVs, and presumably HPyVs, from shellfish. In conclusion, although it is unlikely 

that the detection of a single indicator by one method will be sufficient to identify health risks 

and faecal contamination sources, HAdVs and HPyVs together are a good option for viral 

indicators of faecal contamination and as pathogen indices in the environment. 
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CHAPTER 1. INTRODUCTION 

1.1. Study aims 

The main aim of this research was to determine the usefulness and applicability of 

human adenoviruses (HAdVs) as occurrence indicators of human enteric viruses in the 

environment and shellfish. Following recognition in 1998 that HAdVs were prevalent in human 

wastewater and shellfish, HAdVs were proposed as potential ‘molecular indices’ for the 

assessment of human viral contamination in the environment and shellfish. As pathogens, the use 

of HAdVs as indicators is still a topic of debate with knowledge gaps on HAdV prevalence, 

types and infectivity status in a variety of matrices, and association with health risks, remaining. 

The second aim was to determine the use and applicability of human polyomaviruses (HPyVs) 

as alternative occurrence indicators, and compare their suitability to HAdVs. A focus of the 

study was to determine the extent of correlation between either HAdVs or HPyVs and 

noroviruses (NoVs) - important water and shellfish-borne pathogens.  

1.2. Enteric viruses in the aquatic environment 

 Globally, waterborne transmission of viruses has significant consequences for human 

health (reviewed by Grabow (2007)). A major transmission route involves the discharge of 

inadequately treated human wastewater from wastewater treatment plants (WWTP) and other 

faecal pollution sources to waters used for recreation, drinking water abstractions and shellfish 

cultivation. The major viruses detected in the aquatic environment are shown in Table 1.1. Most 

are enteric viruses excreted in human faeces, often in concentrations exceeding 10
8 

viruses/gram 

from infected individuals. As such, enteric viruses are found in contaminated aquatic 

environments, but with varying frequencies and a wide range of concentrations. HAdVs and 

NoVs are of particular importance because of their persistence in the environment and/or role in 

disease outbreaks. The significance of both HAdVs and NoVs is highlighted by their inclusion 

on the United States Environmental Protection Agency (USEPA) Contaminant Candidate List 3 

(CCL-3) for drinking water (USEPA, 2009). Of the human viruses most commonly detected in 

the aquatic environment, many cause gastroenteritis (e.g. HAdV types 40 and 41 (HAdV-40 and 

41), NoVs, sapoviruses and rotaviruses). Others (e.g. hepatitis A virus, enteroviruses (EVs) and 

most HAdV types) cause a wide range of diseases (Table 1.1). Although these viruses are present 
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in the aquatic environment, the vast majority of infections are not environmental acquired, but 

rather transmitted person to person. Infections with many viruses such as human EVs, hepatitis E 

virus and HPyVs are asymptomatic or subclinical, with some diseases such as progressive 

multifocal leukoencephalopathy (caused by HPyV JC) being extremely uncommon following 

infection.  

 

Table 1.1. Human viruses detected in the aquatic environment  

Virus  Family Genus Genome Associated human disease 

Human 

adenoviruses 

 

Adenoviridae Mastadenovirus dsDNA Ocular and respiratory 

diseases, gastroenteritis. 

Human 

enteroviruses 

 

Picornaviridae Enterovirus ssRNA Asymptomatic and 

subclinical infections 

common. Meningitis, 

encephalitis, myelitis, acute 

flaccid paralysis, respiratory 

illness, conjunctivitis, 

myocarditis, neurological 

complications, neonatal 

sepsis.  

Human 

noroviruses
  

Caliciviridae Norovirus ssRNA Gastroenteritis  

 

Sapoviruses Caliciviridae Sapovirus ssRNA Gastroenteritis 

 

Astroviruses Astroviridae Mamastrovirus ssRNA Gastroenteritis 

 

Rotaviruses Reoviridae Rotavirus dsRNA Gastroenteritis 

 

Human 

polyomaviruses 

(JC and BK)  

Polyomaviridae Polyomavirus dsDNA Mostly asymptomatic.  

Rare: Progressive multifocal 

leukoencephalopathy (JC), 

interstitial nephritis, 

hemorrhagic cystitis (BK).  

Hepatitis A virus 

 

Picornaviridae Hepatovirus ssRNA Hepatitis 

 

Hepatitis E virus Hepeviridae Hepevirus ssRNA Hepatitis 
dsDNA: double-stranded DNA; ssRNA: single-stranded RNA 

 

 Although NoV genogroups I and II (GI and GII) are primarily transmitted person to 

person, these gastroenteritis causing viruses are responsible for disease outbreaks associated with 

contact with faecally contaminated water (Hewitt et al., 2007; Kukkula et al., 1997). Other 

viruses including HAdVs, hepatitis A virus and rotaviruses are also implicated in disease 

outbreaks, albeit less commonly (Sinclair et al., 2009). Shellfish grown in faecally contaminated 

waters can accumulate viral pathogens and outbreaks of NoV and hepatitis A virus, following the 
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consumption of contaminated shellfish, have been reported (Bellou et al., 2013; Lees, 2000; 

Simmons et al., 2007). Due to these factors, there is a need to identify the microbiological 

hazards and evaluate health risks in the environment and shellfish. In the context of resource 

management, water quality monitoring, environmental risk evaluation and control of disease 

outbreaks, data on the presence, and preferably, quantification of human pathogens, including 

viruses, are required. 

1.3. Faecal indicators, indices and surrogates 

Identification of microbiological hazards and evaluation of health risks in the 

environment can be difficult, as numerous pathogens are potentially present in contaminated 

matrices and it is virtually impossible to detect all of them easily. Instead, the concept of using a 

non-pathogenic microorganism to indicate the presence of pathogens and hence increased health 

risk is used to ascertain water quality. 

Indicator, index and surrogate are all common terms used in the context of indirect 

faecal pathogen determination (Ashbolt et al., 2001; Hurst et al., 2002; Medema et al., 2003; 

Payment and Locas, 2011; Yates, 2007). A faecal indicator is an organism that indicates the 

presence of faecal contamination - historically these were always non-pathogenic bacteria 

(Bonde, 1966) that are present only in the intestinal flora of humans and other warm-blooded 

mammals. The criteria of a traditional indicator are shown overleaf. While faecal indicator 

presence or concentration does not necessarily correlate with pathogens, their presence does 

indicate a probability of pathogen presence (or infers the presence of pathogens) and at a certain 

level would indicate a health risk. These ‘faecal indicator bacteria’ include total coliforms, 

thermotolerant coliforms (faecal coliforms) such as Escherichia coli, faecal enterococci and 

anaerobes including Clostridium perfringens and Bacteroides spp. An index organism indicates 

pathogen presence - its presence above a certain level reflecting the presence of a pathogen 

similar in nature. An example of an index organism would be E. coli used for the presence of 

Salmonella spp. A surrogate or model organism specifically describes one used for evaluation 

of process treatment efficiency such as exposure to heat or UV light or in control/prevention 

studies concerning water or food treatments. For example, F-RNA bacteriophages can be used as 

surrogates for human enteric viruses in the evaluation of the effectiveness of water treatment 

processes. Surrogates can be naturally occurring (such as bacteriophages and total coliforms) or 

can be an organism seeded into a matrix and recovered to evaluate treatment effectiveness. There 

are some organisms (e.g. HAdVs, E. coli) that can serve as an indicator, index and surrogate. 
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To minimise human health risks from the exposure to faecally contaminated matrices 

including from drinking water, shellfish and biosolids, guidelines and regulations set allowable 

concentrations of faecal indicator bacteria, and to a lesser extent selected pathogen. Guidelines 

and regulations occasionally include the detection of enteric viruses, most commonly EVs 

(NZMoH, 2008; NZWWA, 2003; USEPA, 1993) but are not used as extensive as traditional 

faecal indicator bacteria.  

A disadvantage of using faecal indicator bacteria, in the context of water and shellfish 

quality, is that they are not necessarily suitable in predicting human health risk from viruses. A 

lack of correlation between concentration of faecal indicator bacteria and human enteric 

pathogens, including viruses is also observed. The reasons for this are briefly discussed here and 

covered in a number of reviews (Ashbolt et al., 2001; Field and Samadpour, 2007; Lin and 

Ganesh, 2013; Payment et al., 2011). Due to the lack of a globally acceptable alternative and 

despite flaws in the use of faecal indicator bacteria, they are still used extensively in predicting 

potential risk because of their broad scale effectiveness, established standard methods, and low 

cost of testing. These factors allow for regular compliance monitoring. The detection of E. coli is 

frequently used for water management and shellfish regulatory purposes but, depending on the 

situation, one indicator may be more suitable than another (Payment et al., 2003; Wade et al., 

2003). When used in isolation, one indicator may not necessarily be the best indicator of water or 

shellfish quality, or predictor of human health risks (Harwood et al., 2005). Because of the 

limitations of faecal indicator bacteria, improved markers are required.  

 

Situations that would benefit from using improved markers of faecal contamination 

include: 

 monitoring recreational water quality  

 monitoring shellfish quality  

 evaluating wastewater and drinking water treatments 

 assessment of biosolids safety  

 transportation of pathogens (soil, groundwater studies) 

 monitoring trends and predicting risks.  
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The criteria of a traditional indicator as an index were originally described by 

Bonde (1966). These criteria were later modified (including by Payment (2003) and 

reported by the National Research Council, Washington, US) to take into account 

possible new indicators and new detection methods.  

General attributes of an ideal indicator for faecal contamination and/or an index 

organism include that it should be: 

 present whenever pathogens are present but absent in uncontaminated samples 

 excreted by hosts that excrete the pathogen (i.e. only warm blooded animals and/or 

humans) and are unable to multiple in the environment  

 as persistent and have a similar or greater survival as the pathogens under  

environmental conditions, including having more resistance than pathogens to 

disinfectants in water environments 

 present at concentrations greater than the pathogen 

 randomly distributed in the sample, or the sample can be processed to give a uniform 

distribution 

 that its presence be correlated to health risk 

 detected by methods that are: 

o simple and rapid to perform 

o able to produce repeatable and reproducible results 

o able to give unambiguous results 

o target specific  

o sensitive 

o robust (perform well under different conditions and with different 

matrixes) 

o precise 

o quantifiable 

o able to determine and quantify infectivity  

o logistical feasible and have a broad applicability. 
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1.4. Role of viruses and bacteriophages as indicators 

The detection of human viruses present in wastewater and transmitted by the faecal-oral 

route should theoretically be more suitable for human health risk evaluation than the detection of 

faecal indicator bacteria. There are a number of reasons why the detection of viruses would be 

more suitable for risk analysis. Enteric viruses tend to survive longer than faecal indicator 

bacteria in the environment and shellfish. So while faecal indicator bacteria may be suitable 

following recent contamination events, the differences in the relative survival and persistence of 

bacteria and enteric viruses in the environment becomes especially important over time (Ashbolt 

et al., 2001; Gerba, 2007). In addition, faecal indicator bacteria do not reflect the survival of 

enteric viruses following wastewater and drinking treatment processes (Locas et al., 2010; 

Ottoson et al., 2006). Other factors for the lack of a relationship between indicators and enteric 

viruses involve their different ecologies, physiochemical properties, frequency of the presence of 

the pathogen in the host and relative concentrations - this becomes especially important when the 

contamination is diluted in aquatic environments. Conversely, enteric viruses may become 

concentrated over time in sediments (through adsorption to particles) and shellfish (through 

bioaccumulation) while bacteria may significantly reduce in concentrations over time. Although 

faecal indicator bacteria may successfully indicate the presence of faecal contamination, their 

presence does not specify the source (i.e. from humans or animals) and so do not necessarily 

predict the presence of human pathogens. For risk management of water and shellfish, and 

subsequent remediation of the water system concerned, distinguishing the source of 

contamination is required. Distinguishing between human and animal sources of faecal 

contamination is known as faecal source tracking (FST). There are many approaches to FST 

including the detection of microbiological (viral and bacterial PCR markers), chemical agents 

(e.g. fluorescent optical brighteners, faecal sterols, caffeine, human pharmaceuticals) and host 

mitochondrial DNA (Roslev and Bukh, 2011). Microbial source tracking (MST) refers to the 

approach when microorganisms are specifically targeted (Roslev et al., 2011; Sinton et al., 

1998). There are numerous MST methods, including library-based methods that compare 

phenotypic and genotypic fingerprints of bacteria, and culture or PCR-based library-independent 

methods (Bofill-Mas et al., 2011; Harwood et al., 2009).  

 Comprehensive pathogen detection, particularly viral, can be costly and time consuming 

so detection of all pathogens is not a valid option for applications relating to water and shellfish 

quality. The question is which of the many viruses should be targeted, or indeed which virus 

would most represent the presence of other enteric viruses. Non-bacterial organisms used as 
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indicators, indices and/or faecal source tracking include the human viruses: EVs, HAdVs, 

HPyVs; and bacteriophages.  

 Enteroviruses have been often used to assess human health risk, particularly prior to the 

advent of PCR use in environmental virology, due to their relative ease of culture compared to 

other enteric viruses. As a pathogen, EVs have been used to represent enteric virus presence in 

water, shellfish and biosolids (Cashdollar et al., 2013a; USEPA, 2010) and extensively as 

markers or indicators of water quality. Due to a number of factors, EVs may not always be the 

most appropriate choice though. Many studies have shown that EVs may be absent (or at least 

not detected) in the presence of other enteric pathogens, are not as resistant to environmental 

stressors (e.g. UV and temperature) as other enteric viruses, and have a tendency to show 

seasonality in the environment (Costan-Longares et al., 2008; Gerba et al., 2002; Irving and 

Smith, 1981; Krikelis et al., 1985). The relative ease of EV culture was due in part to the 

presence of one enterovirus, poliovirus (PV) that grows easily in cell culture. However, as the 

live-attenuated oral PV vaccine is being replaced by the inactivated PV vaccine, the presence of 

PVs will become less common in the environment, including already in New Zealand (Huang et 

al., 2005) and may have implications on the nature and seasonality of circulating EVs throughout 

the year. 

  Bacteriophages, specifically male specific F-RNA, somatic and those infecting 

Bacteroides spp. (e.g. B. fragilis strain HSP40), have physical properties more similar to human 

enteric viruses than faecal indicator bacteria and as such have been proposed as water quality 

indicators. However, their detection by culture is more difficult and time consuming than 

bacterial indicators (Allwood et al., 2003; Dore et al., 2000; Havelaar et al., 1993; Mandilara et 

al., 2006; Mignotte-Cadiergues et al., 2002; Payment and Franco, 1993; Wade et al., 2003). 

Correlations between bacteriophages /faecal indicator bacteria with enteric viruses have been 

reported in certain situations, including in wastewater and faecally contaminated shellfish (Brion 

et al., 2005; Dore et al., 2000; Havelaar et al., 1993; Mandilara et al., 2006; Ogorzaly et al., 

2009), but a lack of correlation is more often reported (Abbaszadegan et al., 2003; Griffin et al., 

1999; Hernroth et al., 2002; Jiang et al., 2001; Jurzik et al., 2010). As with faecal indicator 

bacteria, the relative persistence of bacteriophages (detected by culture) and survival (die-off) 

over time in the environment are reasons for the lack of correlation. 

 Due to their prevalence, concentration and stability in the environment and frequently 

present in wastewater, HAdVs and HPyVs (JC and BK), have been proposed as markers or 

indicators of faecal/urine contamination, and more specifically, as indices for the assessment of 

human viral contamination in the aquatic environment (Bofill-Mas et al., 2006; Bofill-Mas et al., 

2000; Genthe et al., 1995; Griffin et al., 2001; Lipp et al., 2007; Pina et al., 1998; Rafique and 
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Jiang, 2008; Rigotto et al., 2010; Ye et al., 2012) and shellfish (Pina et al., 1998; Rigotto et al., 

2005). As members of the Adenoviridae and Polyomaviridae families respectively, HAdVs and 

HPyVs are also host species-specific and as such have both been considered for MST 

applications. HAdVs and HPyVs are only excreted by humans, mainly in faeces and urine 

respectively, so their detection would assist in human ‘faecal’ contamination risk management in 

the aquatic environment. In addition, direct pathogen detection such as HAdVs negates the need 

to understand the factors that influence the concentrations and relationship between indicators 

and pathogens.  

 Other viral indicator candidates include:  

 Torque teno viruses, reported as ubiquitous in humans and transmitted by the faecal-

oral route (Carducci et al., 2008; Griffin et al., 2008; Haramoto et al., 2005b; Myrmel 

et al., 2006; Vaidya et al., 2002) 

 Pepper mild mottle virus, a virus that infects Capsicum spp., reported to be prevalent 

in human faeces (Hamza et al., 2011a; Zhang et al., 2006) and present at 

concentrations up to 10
10

/L in wastewater (Rosario et al., 2009).  

 More work is required to determine the suitability of these viruses as indicators over 

different geographical locations.  

 The main focus of this study was to determine the usefulness of HAdVs, or alternatively 

HPyVs, as faecal indicators. The next section is a literature review on HAdVs and HPyVs in the 

context as faecal indicators, as index organisms and their role in faecal source tracking. 

1.5. Human adenoviruses 

 HAdVs were first grown in cell culture from explanted cells of adenoids from children in 

1953 (Rowe et al., 1953). Soon after, Hilleman and Werner reported the isolation of HAdVs 

from throat washing taken from military recruits with epidemic febrile respiratory illness 

(Hilleman and Werner, 1954). Early observations showed that HAdVs caused a slow progressive 

cytopathic effect (CPE) in vitro and the group of viruses was designated the ‘adenoid-

degenerating agent’, until being renamed adenovirus after the Greek word for gland (adeno).  

 HAdVs belong to the Adenoviridae family in the Mastadenovirus genus (Harrach et al., 

2011; 2013). All adenoviruses, including HAdVs, are species-specific in their host replication 

(Chen et al., 2011; Wevers et al., 2011). HAdV species designation is officially based on the 

same criteria as for the Adenoviridae family classification, and is based on oncogenicity, 

haemagglutinating properties and DNA homology. Phylogenetic studies and differences in the 
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genetic organisation have been increasingly used for typing of members of the Adenoviridae 

family. Seven HAdV species, formerly subgroups, A to G (with HAdV-B further divided into 

subspecies B1 and B2), have been confirmed with at least 52 HAdV types (or ‘serotypes’ 

following typing based on serological assays) officially recognised (ICTV, 2013; Walsh et al., 

2011) (Table 1.2). 

 

Table 1.2. Human adenovirus species A-G and types 1-52  

HAdV 

species 

HAdV types 

A 12, 18, 31 

B1 3, 7, 16, 21, 50  

B2 11, 14, 34, 35 

C 1, 2, 5, 6 

D 8, 9, 10, 13, 15, 17, 19, 20, 22-30, 32, 33, 36-39, 42-49, 51 

E 4 

F 40, 41 

G 52 

Source ICTV (2013) 

 Although serotyping (serum neutralisation and haemagglutination assays) are still used 

for typing HAdVs, types are now commonly identified by genomics and bioinformatic analyses 

of at least the partial hexon and fibre regions. These molecular techniques have identified novel 

candidate HAdV types and recombinants (Matsushima et al., 2013; Robinson et al., 2011; Walsh 

et al., 2011). As serological assays alone can be misleading in the identification of viruses, there 

are ongoing discussions within the US National Institutes of Health funded Human Adenovirus 

Working Group (http://hadvwg.gmu.edu/) on the most appropriate approach to the identification 

and acceptance of novel adenoviruses, including the naming of HAdV recombinants (Aoki et al., 

2011; Seto et al., 2011). Ongoing discussions on whether new types can be assigned based on 

phylogenomics (partial vs. whole genome), sequence metrics and biological properties are held 

and regular updates of the official taxonomy of adenoviruses are made available (ICTV, 2013). 

1.5.1. Physicochemical properties 

Adenoviruses are non-enveloped viruses, 70 to 90 nm in diameter and have an 

icosahedral capsid with 20 equilateral triangular sides. The viral nucleic acid is linear double-

stranded DNA (ds DNA).  

1.5.1.1. Capsid 

 The capsid structure is composed of 252 capsomeres comprising 240 hexon proteins and 

12 pentons. A protein fibre protrudes from each penton base. Each fibre consists of a rod with a 

http://hadvwg.gmu.edu/
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knob at the distal end. The fibre knob interacts with primary cellular receptors (Horwitz, 2001; 

Wold and Horwitz, 2007). The fibre lengths vary with types/species and its structure is crucial in 

tissue tropism and virus infectivity (Russell, 2009). Viruses belonging to species F have two 

different lengths of fibre present on the same virion (Favier et al., 2002).  

1.5.1.2. Genome 

 The genome varies in size between 30 and 38 Kbp. Viruses of the Adenoviridae family 

contain 22-40 genes, including 16 common conserved genes coding for structural proteins such 

as the hexon and fibre capsid proteins and enzymes such as DNA-dependent DNA polymerase 

and protease (Davison et al., 2003). The size and layout of the genes are genus specific. For the 

Mastadenovirus genus, genes also code for the proteins V, IX and the EIA, EIB, E3 and E4. 

There are significant sequence variations in the hypervariable regions that code the hexon and 

fibre genes. These differences cause the DNA length to vary considerably between types 

(Crawford-Miksza and Schnurr, 1996). The sequence analysis of the hypervariable regions are 

utilised for typing.  

1.5.1.3. Replication in vivo and cell culture 

Human epithelial cells are the only target of HAdVs. For virus replication the intact fibre 

protein of the virus must first attach to one of the multiple surface receptor sites of the host cell 

(Zhang and Bergelson, 2005). The structure and charge of the fibre is crucial in the virus 

binding to susceptible cells and is the main factor influencing the pathogenicity and cell tropism 

observed for the different HAdV species.  

Table 1.3. Cell receptors demonstrated for HAdV-A to F  

Cell receptor Primary HAdV species (types) References 

Coxsackievirus and 

adenovirus receptor (CAR) 

A (12, 31) 

C (2, 5) 

D 

E (4) 

F (41) 

Bergelson et al. (1997) 

Roelvink et al. (1998) 

CD46 B1 and B2 (3, 11, 14, 16, 21, 35, 50) 

D (37) 

Segerman et al. (2003) 

Gaggar et al. (2005) 

CD86 and CD80 B (3, 7) Marttila et al. (2005) 

Sialic acid D (8, 19a, 37) Arnberg et al. (2000) 

Heparin sulphate 

glycosoaminoglycans  

C (2, 5) Dechecchi et al. (2000) 

 

 The coxsackievirus and adenovirus receptor (CAR) on the host cell surface is the most 

important receptor for HAdVs (Bergelson et al., 1997) and is utilised by all but HAdV-B. The 



 

 

12 

main cell receptors recognised for HAdV A-F are shown in Table 1.3. A detailed description of 

HAdV receptors is covered elsewhere (Russell, 2009; Zhang et al., 2005). The virus enters the 

cell following attachment to the host epithelial cell. The penton base is involved in virus 

penetration into the cell via receptor-mediated endocytosis. Briefly, this is followed by virus 

uncoating, mRNA transcription and DNA replication, leading to host DNA synthesis shutdown 

and virus assembly. Translation of an early set of genes mediates viral gene expression and DNA 

replication. The late phase of the cycle begins with the expression of ‘late’ viral genes and 

assembly of new virus. An excess of virion proteins and DNA is produced which is not 

assembled into virions (Russell, 2009). As dsDNA viruses, only one of the DNA strands is 

required as the template for replication, so damage to one DNA strand will not necessarily stop 

virus replication (Eischeid et al., 2009). The presence of excess viral DNA has consequences for 

PCR detection of HAdVs from environmental samples as DNA detected may not necessarily be 

indicative of an infectious or intact virus particle. To counteract this detection of mRNA rather 

than DNA following culture has been used to detect virus replication (Ko et al., 2003; Ko et al., 

2005b; Rodriguez et al., 2013b), but this approach has not been widely adopted, possibly due to 

the extra steps involved and consequent increase in costs. The detection of mRNA also has 

limited use for virus quantitation. Due to potential problems associated with the detection of 

DNA from non-infectious viruses, virus integrity (undamaged particles) can also be determined 

by treatment of the sample with a nuclease (i.e. deoxyribonuclease, DNase, for DNA viruses) 

prior to PCR (Fongaro et al., 2013; Girones et al., 2010).  

No cell lines are available that will isolate HAdVs alone from a mixture of other viruses. 

Many other human viruses can grow in the cell lines that support HAdV replication. As the 

common CAR receptor is also used by human coxsackievirus B, these rapidly growing EVs can 

readily infect the same cell lines used for HAdV culture. This can cause problems with the 

isolation of slower growing HAdVs from environmental samples that contain mixed viruses. The 

use of cell culture to determine HAdV infectivity in environmental samples is described in 

Chapter 2. 

1.5.1.4. Physical properties 

 HAdVs have a number of properties that allow them to have a greater survival than other 

enteric viruses in various environmental conditions. HAdVs, particularly HAdV-F, are more 

resistant to UV than other studied waterborne enteric viruses, particularly RNA viruses such as 

EVs and hepatitis A virus. For example, the UV dose required to cause a 4 log decrease of 

HAdV-2 is 160 mW-sec/cm
2 

(equivalent to 160 J/m
2
) compared to <36 mW-sec/cm

2
 for EVs 
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(Gerba et al., 2002). This is possibly due to HAdV genome structure and size (Eischeid and 

Linden, 2011; Eischeid et al., 2009; Nwachuku et al., 2005; Thurston-Enriquez et al., 2003b; 

Yates et al., 2006). The resistance of HAdVs to UV is an important consideration when 

determining the required UV dose for drinking water and wastewater treatment in the control of 

waterborne pathogens (Thompson et al., 2003). Combining UV and free chlorine treatment has 

been shown to be useful. A UV dose of 10 mW-secs/cm
2
 with 0.17 mg/L free chlorine at pH 8 

can result in a 4 log10 reduction of HAdV-2 in drinking water (Lee and Shin, 2011). Although 

chlorine disinfection is effective in drinking water that contains a low amount of organic 

materials, increased levels may reduce available free chlorine concentrations and so monitoring 

is essential to ensure that the dose is sufficient (Gerba, 2007).  

 HAdVs generally tolerate adverse pH conditions. They are stable at low pH (3-5), but are 

sensitive to pH >10, a parameter that can be used for their inactivation in certain matrices such as 

biosolids (Wei et al., 2009). HAdVs can also withstand freeze-thawing several times without a 

significant decrease in titre (Clarke et al., 1956; Enriquez et al., 1995; Thurston-Enriquez et al., 

2003a). HAdVs are more resistant to humidity than EV (Mahl and Sadler, 1975).  

 As HAdVs are frequently detected by PCR with no measurement of infectivity, the 

stability of the viral DNA becomes relevant, as its presence may not indicate infectious virus. 

HAdV DNA has been shown to be stable in a wide range of circumstances and conditions where 

infectious viruses have not been necessarily demonstrated or at a similar concentration. In one 

study no significant decrease in HAdV-41 DNA was observed in biosolids after 60 days at 4 and 

20
o
C storage, while infectivity decreased by 1-4 log10 (Wei et al., 2009). 

1.5.2. Transmission and disease 

 HAdVs are transmitted person to person by direct contact or aerosols through the mouth, 

nasopharynx or eye or commonly via the faecal-oral route. Transmission of HAdV-F is 

predominantly through the faecal-oral route. All types are excreted in faeces, even though most 

HAdV types are not associated with enteric symptoms. Using HAdV-4 as a model virus, studies 

conducted in the 1960s reported that only a few virus particles were required for infection 

through the aerosol route (i.e. through the intranasal route) (Couch et al., 1969). The Couch dose 

response data is frequently used for risk assessments but is not necessarily ideal when 

considering non-aerosol transmission routes such as the faecal-oral route (Mena and Gerba, 

2009). 

 Virus replication occurs in the epithelial cells of the gastrointestinal tract, respiratory tract 

and/or the eye. Viruses can also replicate in the urinary bladder and liver, and less commonly, 

the myocardium, pancreas and central nervous system. Viruses are often shed for prolonged 
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periods in faeces respiratory tract or urine. Up to 10
11

 particles are excreted per gram of faeces 

(Wadell, 1984; Wadell et al., 1987; Wold et al., 2007). HAdVs can establish a persistent 

asymptomatic (latent) infection in the tonsils, adenoids, urogenital tract and intestines with 

reactivation frequently occurring in immunocompromised patients (Hierholzer, 1992). Most 

HAdV infections in normally healthy individuals are subclinical, or relatively mild and self-

limiting. Infection confers lifelong immunity for the specific HAdV type concerned (Wold et al., 

2007).  

There is a degree of correlation between HAdV species and clinical diseases reflecting 

different tissue tropisms (Russell, 2009). Approximately half of the identified HAdV types are 

associated with human disease. Diseases associated with specific HAdV species/types are 

summarised in Table 1.4. Diseases include pneumonia, hepatitis, conjunctivitis, cystitis and 

gastroenteritis. The extent of clinical presentation can depend on immune status, age and HAdV 

type. HAdV-A to E cause persistent infections of the adenoids/tonsils and lower respiratory tract. 

HAdV-B1, C and E mainly cause respiratory symptoms and are associated with a wide spectrum 

of diseases. HAdV-B2 is associated with renal infections. HAdVs belonging to species B, D and 

E are associated with conjunctivitis. HAdV species D are associated with ulcerative genital 

lesions, cervicitis and urethritis but are rarely isolated in clinical samples. HAdV-F (HAdV-40 

and 41), also known as the ‘enteric AdVs’ (de Jong et al., 1983; Kidd et al., 1982a; Kidd and 

Schoub, 1982b), are associated with gastrointestinal tract infections and are the second most 

important cause, after rotaviruses, of acute gastroenteritis/enteritis in children under 4 years 

(Albert, 1986; Allard et al., 1990; Brandt et al., 1985; Uhnoo et al., 1984). Approximately 50% 

of children aged 6 to 8 years have antibodies to either HAdV-40 or 41 (Kidd et al., 1983). 

HAdV-40 and 41 have also been associated with respiratory symptoms including pneumonia. 

HAdV-31 (belonging to species A) has been associated with gastrointestinal symptoms and has 

been frequently isolated from immunocompromised patients (Hierholzer, 1992). 

Immunocompromised individuals can have persistent infections of the adenoid, tonsil, intestine 

or urinary tract lasting for months or years, particularly viruses belonging to species B and C 

(Echavarria, 2008; Hierholzer, 1992) with subsequent excretion in to the environment.  
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Table 1.4. HAdV A-F associated tropism and symptoms 

 HAdV 

species 

HAdV  

types 

Main cellular tropism (bold) and clinical symptoms  

(associated types documented are shown in parentheses) 

Reference 

 

A 12, 18, 31 Respiratory: Upper respiratory tract infections; Acute respiratory disease; Asymptomatic 

prolonged infection of adenoids; Disseminated disease in immunocompromised children; 

Gastroenteritis symptoms (12, 31) 

Adrian and Wigand (1989) 

Hierholzer (1992) 

Jalal et al. (2005) 

B1 3, 7, 16, 21, 50 Upper respiratory and ocular: Pharyngoconjunctival fever (fever, pharyngitis, and 

conjunctivitis) (3, 7); Lower respiratory/Pneumonia (3, 7, 21); Conjunctivitis (3, 7); 

Meningitis (3); Meningoencephalitis (7); Severe pneumonia/acute respiratory disease (7, 

14, 21); Febrile illness with cardiopulmonary failure (children); Acute lower respiratory 

infection with high lethality (variants 7h and 7i); Haemorrhagic cystitis /cystitis (7); 

Hepatitis (3, 7); Myocarditis (7, 21) 

Carballal et al. (2002) 

D'Angelo et al. (1979) 

Harley et al. (2001) 

Ryan et al. (2002) 

B2 11, 14, 34, 35 Renal (kidney and urinary tract): Haemorrhagic cystitis /cystitis (11, 34, 35); Persistent 

urinary tract infections; Severe disease in immunocompromised; Acute respiratory disease 

(11, 14); Acute haemorrhagic conjunctivitis (11) 

Ambinder et al. (1986) 

Harnett et al. (1982) 

Metzgar et al. (2007) 

Miyamura et al. (1989) 

C 1, 2, 5, 6 Upper respiratory: Left-ventricle heart failure (2); Intestinal intussusception (1, 2, 6); 

Conjunctivitis (1, 2, 5); Hepatitis (1, 2, 5); Disseminated disease (1, 2, 5) 

Pauschinger et al. (1999) 

D 8, 9, 10, 13, 15, 17, 

19, 20, 22-28, 29
a
, 

30, 32, 33, 36-39, 

42-49, 51, 53, 54 

Ocular and other: Conjunctivitis; Epidemic keratoconjunctivitis (corneal inflammation 

‘shipyard eye’) (8, 19, 37, 53, 54); Ulcerative genital lesions, cervicitis and urethritis (19, 

37); Obesity (36) 

Aoki et al. (1982) 

Arnold et al. (2010) 

Dawson et al. (1975) 

de Jong et al. (1981) 

Warren et al. (1989) 

E 4 Lower respiratory 

Acute respiratory disease; Acute conjunctivitis  

Dudding et al. (1973) 

Gaydos and Gaydos (1995) 

F 40, 41 Intestinal 

Gastroenteritis; Pneumonia; Disseminated disease  

Brown et al. (1984) 

de Jong et al. (1983) 

Kidd et al. (1982a) 

Slatter et al. (2005) 

Wadell et al. (1987) 
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1.5.3. Epidemiology 

HAdVs are ubiquitous in the human population with most humans infected by age 

20, as shown by the high prevalence of circulating neutralising antibodies, especially to 

HAdV-1, 2 and 5 (D'Ambrosio et al., 1982; Wadell et al., 1987). Most infections in young 

children result from faecal-oral transmission. HAdV infections are likely to remain 

ubiquitous in all populations, as vaccines are not generally available. Unlike some other 

respiratory viruses, such as human respiratory syncytial virus and influenza A virus, most 

studies have shown that HAdV infections do not have a clear seasonal pattern, with 

infections common all year (Chew et al., 1998; Yun et al., 1995). However outbreaks of 

HAdV-associated respiratory disease can peak from late winter to late spring/early summer 

in temperate climates. A recent Japanese gastroenteritis study of children less than 15 years 

of age described HAdV-41 as the most prevalent type detected by PCR analyses of faeces, 

with HAdV-41 cases peaking in the winter months (Dey et al., 2013). 

In the context of this study and in the determination of the usefulness of HAdVs as 

reliable indicators, understanding the types circulating in the community throughout the year 

was important as the types circulating may not only determine their potential prevalence and 

concentration in the environment, but also determine risks to recreational water users. For 

example, the risk to recreational users (e.g. swimmers) of acquiring an infection via aerosol 

transmission will be different according to the HAdV types present. In addition, an 

understanding of the types present may influence which detection methods are the most 

suitable.  

Prevalence data on HAdVs relating to disease in the New Zealand population are 

however limited. The Institute of Environmental Science and Research (ESR) in New 

Zealand receives data on HAdV cases from clinical virology laboratories in New Zealand 

located in Auckland (two sites), Hamilton, Christchurch and Wellington. These laboratories 

send clinical samples or HAdV isolates to ESR for confirmation and/or typing. Compiled 

HAdV data including the typing data are reported weekly and summarised in publicly 

available yearly reports (https://surv.esr.cri.nz/virology/virology_annual_report.php). The 

data are shown by month for each year but no analyses of the seasonality of HAdVs in the 

New Zealand populations have been done. The predominant HAdV types identified between 

2003 and 2011 are shown in Table 1.5. 

In New Zealand, the most common laboratory isolates from 2003 to 2011 were 

HAdV-1 to 8, 19 and 37, although as may be expected, the types isolated did vary year to 

https://surv.esr.cri.nz/virology/virology_annual_report.php
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year (Table 1.5). As cell culture for HAdV detection was still used commonly from 2003 to 

2011, these data may reflect the relative ease of isolation in cell culture of HAdV-1 to 8, 19, 

37 and the type of clinical investigations undertaken. These investigations would be mainly 

to diagnose the causative agent of respiratory- and ocular-associated infections, rather than 

for gastroenteritis. Of interest was that HAdV types belonging to species A (types 12, 18 or 

31) were not reported and HAdV-40 and 41 were infrequently identified (only 14 isolates of 

HAdV-41 identified from 2003 to 2011). There are probably several reasons for the lack of 

HAdV-40 and 41 identified in these figures. HAdV-40 and 41, known as the ‘fastidious 

adenoviruses’, are more difficult to culture than other HAdV types. HAdV-40 and 41 are 

generally slow growing, grow to low titres and may not show cytopathic effect (CPE) in the 

cells used to detect viruses (refer to Chapter 2, Section 2.2.2 for details). Secondly and 

because of difficulties in culturing these viruses and availability of alternative rapid 

methods, HAdV-40 and 41 are usually detected in New Zealand clinical laboratories by 

either immune-chromatographic (‘dipsticks’) assays or less commonly PCR. However, 

many of these methods do not distinguish between HAdV-40 and HAdV-41, and as such 

will not be included in the typing data as they are technically untyped (personal 

communication, Judy Bocacao, Clinical Virology, ESR). Instead, HAdV-F data are probably 

included in the overall HAdV figures as ‘untyables’. Only early figures were based solely on 

virus isolation using cell culture. Hence, samples from cases of diarrhoea would be unlikely 

reported in these figures due to the testing algorithms used in New Zealand. It is likely that 

HAdV-F presence is further under-reported because HEK-293 cells, needed for optimal 

culture of HAdV-F, are infrequently used in clinical laboratories Furthermore gastroenteritis 

cases are not usually investigated unless associated with an outbreak. Therefore HAdV-F 

prevalence as a causative agent of gastroenteritis, particularly in adults, is not known, nor is 

the prevalence of other HAdV types-especially types that are not easily culturable. Although 

there are no published data available in New Zealand, the frequency of HAdV-F in 

gastroenteritis cases in overseas studies ranges from 3 to 11% (Bon et al., 1999; Gray et al., 

2007; Sriwanna et al., 2013) and it is expected that the frequency would be similar to New 

Zealand. 
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Table 1.5. HAdV typing from clinical samples, New Zealand 2003 to 2011 

HAdV isolates typed 

Species HAdV type 2003
a
 2004

a
 2005

b
 2006

b
 2007

b
 2008

c
 2009

 c
 2010

c
 2011

c
 Totals 

B1 3 66  55  114  32  146  87  65 57 109 731 

 7 6 3 - 5 16  - 2 1 2 35 

B2 11 - 3 1 4 - 1 5 1 2 17 

 14 1 4 2 - 1 - 5 23 9 45 

C 1 26  16  23  10 43 26  19 15 41 219 

 2 27  34 26  32 25 30  29 15 48 266 

 5 4  8  8  10 8 16  9 6 8 77 

 6 1 1 - 1 1 1 1 - 1 7 

D 8 2  11  3  29 264 238 253 78 40 918 

 9 1 1 - - - 1 1 1 1 6 

 10 - 21  - - - - - - - 21 

 15/29 4 9 - 10 5 - 2 1 - 31 

 19 14  11  2  16 4 3 4 16 1 71 

 37 - - 40 5 37 8 4 8 2 104 

E 4 2  9  60  55 16 10  16 39 52 259 

F 41 - 3 5  4  - - 2 - - 14 

 untypables 9  52
d
 6 7  18  11  11 - - 62 

 typed 170 250 303 221 585 419 437 267 316 2968 

 reported 202 278 338 274 654 524 635 510 533 3948 
a 
antisera used 1-31, 41; 

b
antisera used 1-31, 37, 41; 

c
antisera used 1-31, 37, 41 and sequencing used for typing; 

d
47/52 isolated between Jun-Dec 2004. 

Some were later identified as HAdV-37, with the first case reported in May 2003. 

2003: HAdV-13 (1), HAdV-20 (1), HAdV-21 (1), HAdV-22 (4); 2004: HAdV-13 (2), HAdV-17 (3), HAdV-23 (1), HAdV-25 (1), HAdV-26 (2) 

2005: HAdV-13 (2), HAdV-19 (2); 2006: HAdV-16 (1), HAdV-22 (1) 

2007: HAdV-21 (1); 2009: HAdV-17 (1), HAdV-21 (1), HAdV-22 (6), HAdV-31 (2), HAdV-42 (1) 

2010: HAdV-22 (1) 

Source: https://surv.esr.cri.nz/virology/virology_annual_report.php Accessed 12 Nov 2013 

https://surv.esr.cri.nz/virology/virology_annual_report.php
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Consideration of the New Zealand clinical HAdV data and the methods used for their 

detection mean that the data are not necessarily representative of the HAdVs circulating in the 

human population. Environmental surveillance using appropriate methods may be more useful, 

particularly for countries that lack epidemiological data (Kokkinos et al., 2011). This approach 

has previously been described for other viruses such as EVs (Sedmak et al., 2003). In the 2003 

Sedmak study, the most prevalent EV type isolated in wastewater was also the type 

predominately isolated in clinical samples. This was not surprising as, unlike HAdVs, commonly 

circulating EVs (such as PV and human coxsackievirus B) are relatively easy to culture from 

both clinical and environmental samples. Depending on the methods used (PCR vs. culture) and 

concentration of HAdV types, environmental monitoring for HAdVs may have a role in 

understanding HAdV circulation patterns, identification of new virus types or even predicting 

outbreaks. The approach of assessing circulating HAdVs in the human population to examine 

environmental samples does have limitations. For example, PCR assays may only detect the 

most predominant types and cell culture assays still only detect culturable viruses. Next 

generation sequencing has also been used for environmental monitoring purposes (Bibby et al., 

2011). This approach potentially overcomes limitations of culture methods or specific PCR 

assays where even predominant HAdV types may not be detected. However, currently (in 2014) 

next generation sequencing is still too expensive and accompanying data analysis too specialised 

to be used in routine analysis. 

1.5.4. Environmental presence and transmission  

 All HAdV types associated with respiratory, ocular and enteric symptoms can be excreted 

into the aquatic environment, most commonly via faeces, in which they are excreted, to 

municipal wastewater, often at concentrations up to 10
6-8

 viruses/L, with transmission from or 

via the environment (Wold et al., 2007). In the aquatic environment, point and diffuse sources of 

human faecal contamination including leaking sewerage pipes or septic tanks can also occur. As 

HAdVs survives well in water, sediments, soil, food and fomites, these matrices may act as 

effective reservoirs for infectious viruses and as a vehicle for further transmission (Abad et al., 

1994; Formiga-Cruz et al., 2002; Rzezutka and Cook, 2004). 

 Natural and acquired host immunity and physical defences, proximity to others, 

environmental temperature, humidity and extent of air exchange are important factors in HAdVs 

transmissibility (Abad et al., 1994). Outbreaks of respiratory infection and conjunctivitis have 

resulted from the transmission of HAdVs through crowded, susceptible populations such as child 

day-care centres, schools, military camps and hospitals (Chmielewicz et al., 2005; Harley et al., 

2001; Kajon et al., 2007). In addition to direct person-to-person spread via the faecal-oral route, 
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inhalation of aerosols including from faecal droplet inhalation, or by direct eye contact can 

occur. HAdV transmission can also be waterborne. Outbreaks of HAdV febrile illness with 

conjunctivitis have been associated with swimming pools and recreational waters where the 

mode of transmission was likely from water aerosols (D'Angelo et al., 1979; Foy et al., 1968; 

Harley et al., 2001; Martone et al., 1980; Papapetropoulou and Vantarakis, 1998). In this type of 

waterborne outbreak, the attack rates can be greater than 50%, although some cases could be 

attributed to person-to-person spread. Outbreaks of HAdV disease originating from exposure to 

swimming pool water have generally been due to lack of adequate chlorination.  

 A New Zealand study that examined the occurrence of microbial pathogens in freshwater 

samples showed that HAdVs and Campylobacter spp. were most likely to cause human 

waterborne illness in recreational freshwater users (Till et al., 2008). As yet, no reported 

foodborne or waterborne outbreaks (except those associated with aerosolisation or conjunctivitis) 

have been associated with HAdV-F. Based on human dose responses using HAdV-4 data (Couch 

et al., 1969), the estimated risk of HAdV disease from a single exposure to recreational water is 

as high as 1 in 1000 (Crabtree et al., 1997). Shellfish grown in contaminated waters are at risk of 

HAdVs contamination, although no reports of HAdV illness associated with the consumption of 

shellfish have been reported. 

1.5.5. Seasonality in environmental samples 

 In environmental samples, the extent of seasonal distribution of HAdVs is unclear but 

most published data show there is no definitive seasonality. In human wastewater and river 

water, no clear seasonal pattern of HAdV occurrence and/or concentration was observed over 

several studies (Fong et al., 2010; Krikelis et al., 1985; Myrmel et al., 2006; Pina et al., 1998; 

Tani et al., 1995; van Heerden et al., 2003). However, two studies reported that HAdVs were 

more common at certain times of years, albeit based on a limited number of samples (one using 

PCR and one using culture) (Krikelis et al., 1985; Vantarakis and Papapetropoulou, 1999). Both 

showed that HAdV presence in wastewater was more common in spring than the rest of the year.  

 Reports on the seasonality of HAdVs in shellfish show contrasting results. In a 

Norwegian shellfish study, a significant increase of HAdV prevalence in the Northern winter 

(October to March), compared to the summer (April to September) was reported (Myrmel et al., 

2004). This finding contrasted to a Swedish study where an increased prevalence of HAdVs in 

shellfish was observed in the summer (Hernroth et al., 2002). In another shellfish study, no 

seasonal variation in HAdV prevalence from a number of European countries was reported 

(Formiga-Cruz et al., 2002).  
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1.5.6. Key attributes of HAdVs as viral indicators and indices 

 To summarise, HAdVs have certain attributes that meet with many of the well-defined 

requirements of an indicator described earlier in this chapter and so that suggest they have 

potential as the role of faecal indicator and/or pathogen index. These include that they: 

 are excreted in high concentrations in human faeces 

 are often prevalent in high concentrations in municipal wastewater 

 persist well in the environment and are resistant to UV disinfection  

 lack seasonality in their occurrence in the aquatic environment  

 do not multiply in the environment 

 are host species-specific, and so HAdV are potentially useful in faecal source 

tracking 

 are generally able to grow in vitro (cell culture). 

 

The methods used for HAdV recovery and detection are compared and discussed in the 

next chapter and their suitability evaluated. 

1.5.7. Association between HAdVs and traditional indicators 

 As discussed earlier, there is a lack of association between faecal indicator bacteria (and 

bacteriophages) and human viruses. In shellfish, a number of studies have shown that the 

absence of bacterial indicators, such as E. coli, or bacteriophages did not predict the presence of 

HAdV (Hernroth et al., 2002; Muniain-Mujika et al., 2003; Myrmel et al., 2004). Formiga-Cruz 

and co-workers (2003) showed that HAdVs were often present in the absence of F-RNA 

bacteriophages or E. coli, but the same study showed some correlations between somatic 

bacteriophages and HAdV presence (Formiga-Cruz et al., 2003).  

 In coastal waters, Jiang and co-workers (2001) showed that while HAdV presence 

correlated with F-RNA bacteriophages, they did not correlate with somatic coliphage 

concentration or other bacterial indicators such as total coliforms and enterococci in South 

Californian coastal waters (Jiang et al., 2001). In urban river water, no correlations between 

viruses and bacterial or bacteriophage indicators were observed (Jiang and Chu, 2004). In a 

study of 61 storm water samples in California, no correlation was found between viruses 

detected by PCR (HAdVs or EVs) and indicators (total/faecal coliforms and E. coli), although 

only one of the samples was positive for HAdV (types 40 and 41) (Rajal et al., 2007). These 

types of studies indicate that the monitoring of shellfish or recreational waters for bacteriophages 

or E. coli does not necessarily protect the consumer from risk of exposure of enteric viruses. 
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1.5.8. Association between HAdVs and other enteric viruses 

 Some studies show a positive correlation of the presence of HAdVs with other viral 

pathogens such as hepatitis A virus (Formiga-Cruz et al., 2002; Muniain-Mujika et al., 2000), but 

most studies show that the relationship of HAdV with other pathogenic viruses is not clear. In 

New Zealand, a study of freshwater river samples found that the presence of HAdVs by PCR 

was not associated with EVs (i.e. EVs were seldom detected if HAdVs were detected in a 

sample, and vice versa (Till et al., 2008)). A Greek study found no relationship between the 

presence of HAdVs and EVs in wastewater and showed that, unlike EVs, the presence of HAdVs 

were site related (Komninou et al., 2004). In some studies, HAdVs were detected in low numbers 

or not detected where other pathogens have been found. Grabow and co-workers (1996) detected 

HAdVs in low numbers compared to EVs. Schvoerer and co-workers (2000) examined enteric 

viruses in waters and wastewater by PCR, and did not detect HAdVs despite detecting NoVs, 

EVs and hepatitis A virus (Schvoerer et al., 2000). Further to this, some studies have shown that 

EVs have more tendencies for a seasonal distribution in sewage and river water than HAdVs 

(Krikelis et al., 1985; Tani et al., 1995). Differences may be due to factors such as the relative 

stabilities of the viruses in the environment, relative numbers in faeces, sample type and source. 

Factors in the laboratory analysis such as extraction efficiency, concentration method, and 

specificity and sensitivity of the assays used may also account for some differences observed. 

1.6. Human polyomaviruses 

 Human polyomaviruses (HPyVs), specifically members JC and BK, were first discovered 

in 1971 from patients with progressive multifocal leukoencephalopathy and nephropathy, 

respectively. Recently several other HPyV members have been identified including KI, WU, 

HPyV-6, HPyV-7, HPyV-9 and MWPyV. This gives a total of 10 members identified to date 

(Boothpur and Brennan, 2010; Dalianis and Hirsch, 2013; White et al., 2013). HPyVs belong to 

the genus Polyomavirus in the family Polyomaviridae. In 2011, The International Committee on 

Taxonomy of Viruses (ICTV) recommended that the genus be divided into three genera, 

Orthopolyomavirus, Wukipolyomavirus and Avipolyomavirus (Johne et al., 2011). Like 

adenoviruses, polyomaviruses are extremely species-specific in their host replication. 

1.6.1. Physicochemical properties  

HPyVs are non-enveloped viruses with an icosahedral capsid of 40 to 44 nm in diameter. 

The nucleic acid is a circular dsDNA between 4.5 and 5.5 Kbp (Imperiale and Major, 2007). 
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HPyVs can be cultured, albeit with difficulties, but the HPyV JC Mad-4 strain can be cultured 

relatively easily in SVG-A cells. Although not suitable for determination of infectivity from 

environmental samples, this HPyV strain would be suitable for inactivation or persistence work 

(Calgua et al., 2011).  

Data on the stability of HPyVs in the environment are scarce due mainly to the 

difficulties associated with their culture. The few studies performed have used PCR or real-time 

quantitative (qPCR) to gain information on virus survival and persistence, an approach not 

always appropriate as, like other PCR assays, HPyV PCR methods do not necessarily inform on 

infectivity. When measured by qPCR, HPyVs are reported to be more resistant to chlorine than 

HAdV-2 (de Abreu Correa et al., 2012). However, without infectivity data this may be 

misleading (as qPCR can detect inactivated viruses). As part of a PhD study, McQuaig (2009) 

studied the effects of temperature, salinity and UV on HPyVs. Using qPCR, the following effects 

were noted: a 3 log10 reduction observed in HPyV (BK) titre following exposure to UV at 800-

1200 mW-sec/cm
2
; changes in temperature from 4 to25ºC or salinity (from 0-35 ppt) did not 

significantly decrease HPyV concentrations but combined low salinity (0 and 10 ppt) and high 

temperatures (35ºC) resulted in a decrease in PCR titre over 7 days; HPyV DNA titre decreased 

more rapidly when exposed to sunlight (i.e. not detected following 5 days exposure) compared to 

the dark (McQuaig, 2009). Another study examined HPyV stability, as determined by PCR, in 

wastewater. It was shown that the time required to reduce the titre by 1 log10 at 20
o
C was 27 days 

for HPyV JC, and 54 days for HPyV BK, with viruses still being detected after 120 days (Bofill-

Mas et al., 2001).  

1.6.2. Transmission and disease 

 The mode of transmission of HPyVs is not clearly understood but HPyVs are thought to 

only infect humans through the respiratory or oral routes, and by close contact with infected 

individuals (Bofill-Mas et al., 2003). Most HPyV infections are asymptomatic. For BK and JC 

infections, a subclinical, persistent latent infection of kidney epithelium (BK and JC), urothelium 

(BK) and lymphoid organ (JC) (Jiang et al., 2009a) may occur, with possible low level virus 

replication. Symptomatic JC and BK infection with viral replication usually only occurs in 

immunocompromised individuals (Imperiale et al., 2007; Polo et al., 2004). The 

immunocompromised can also have a long standing asymptomatic viruria. Excretion of JC/BK 

can increase in the elderly and in pregnant women. BK and JC concentrations of up to 10
6
 

genome copies/mL are common in the urine of individuals who shed the virus; other HPyV 

members can be excreted in faeces (Bofill-Mas et al., 2001; Boothpur et al., 2010; Dalianis et al., 

2013). The role, including the nature of latency and persistence, of other HPyV members 
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including those isolated more recently from respiratory samples (KI and WU), the skin (HPyV-6 

and 7), serum (HPyV-9), and stools and skin (MWPyV) are not fully understood (Dalianis et al., 

2013; White et al., 2013).  

1.6.3. Epidemiology 

 Most available epidemiological data concerns the members JC and BK. Most primary 

infections, at least with JC and BK, occur in children (Boothpur et al., 2010). In the populations 

studied, at least BK and JC viruses are ubiquitous in the human population, with high 

seroprevalence rates (21 to 99%) reported (Bofill-Mas et al., 2000; Polo et al., 2004). Although 

seroprevalence data of other HPyV are emerging showing that they are also prevalent in some 

regions, information on their global prevalence are largely unknown (Bofill-Mas et al., 2010b; 

White et al., 2013). There are no published studies on HPyV seroprevalence in the New Zealand 

population and no published information on seasonality of infections. 

1.6.4. Environmental presence  

HPyVs are commonly found in wastewater throughout the year, with concentrations 

between 10
4
 and 10

6 
genome copies/L reported in municipal wastewater from different 

geographical areas (Ahmed et al., 2010; Bofill-Mas et al., 2006; Bofill-Mas et al., 2001; Bofill-

Mas et al., 2000; Bofill-Mas et al., 2010b; McQuaig et al., 2009; Rafique et al., 2008).  

Although there are relatively few studies, the presence of HPyVs has also been reported 

in other matrices: sludge and biosolids at concentrations of approximately 10
4
 genome copies/g 

(Bofill-Mas et al., 2006), seawater (Souza et al., 2012), river/surface water (Ahmed et al., 2010; 

Albinana-Gimenez et al., 2006; Albinana-Gimenez et al., 2009b; Bofill-Mas et al., 2010b; 

Hamza et al., 2014; Haramoto et al., 2010; McQuaig et al., 2006; McQuaig et al., 2009), 

stormwater (Sidhu et al., 2012) and shellfish (Bofill-Mas et al., 2001; Souza et al., 2012). In 

some of these studies, the frequency of detection has been low. This topic is discussed in 

subsequent chapters.  

Prior to 2013, there was only one published study describing HPyV prevalence in New 

Zealand environmental samples. Kirs et al. (2011) showed the HPyV presence in 6/6 influent 

wastewater and 5/5 waste stabilisation pond (WSP) samples in one region of New Zealand but 

did not report concentrations (Kirs et al., 2011). No information is available on the seasonality of 

HPyV occurrence in the environment.  
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1.6.5. Key attributes of HPyVs as viral indicators and indices 

 To summarise, some properties of HPyVs JC and BK are similar to that of HAdVs, 

suggesting that they too have potential as indicators and pathogen indices. These include that 

they: 

 are excreted in high concentrations in human urine 

 have been reported as being present in high concentrations in municipal wastewater 

 contain dsDNA and so are potentially more resistant to UV disinfection than many 

enteric viruses containing RNA 

 do not multiple in the environment 

 are potentially consistently present in wastewater and present over a wide 

geographical regions (to be confirmed for New Zealand) 

 are host species-specific so potentially useful in source tracking. 

 

Unlike HAdVs, HPyVs are not readily able to grow in vitro, and so their detection in 

environmental samples is only possible by PCR only. 

1.6.6. Association between HPyVs, traditional indicators and enteric viruses 

Overall, insufficient data are available to comment on the extent of correlation between 

HPyVs and bacterial indicators or enteric viruses. The relationship between HPyVs and bacterial 

indicators in freshwater described by McQuaig and co-workers showed that HPyV presence did 

not correlate with fecal coliforms and enterococcus concentrations, but there was a strong 

correlation between the Enterococcus faecium esp gene marker and HPyV, and moderate 

correlation between human Bacteroides spp. marker and HPyV (McQuaig et al., 2006). The 

authors concluded that HPyVs could be ‘useful predictors of human faecal pollution in 

environmental waters’. As mentioned above few studies, other than for wastewater, include 

HPyVs in the analyses. A river water study in Japan showed that while HAdVs were detected in 

11/18 samples, HPyVs were only detected in 2/18 samples, of which one sample was negative 

for HAdVs (Haramoto et al., 2010). 



 

 

26 

1.7. Key knowledge gaps 

 A review of the literature identified the following gaps in the existing knowledge. 

 Specific New Zealand data on HAdVs and HPyVs (and other enteric viruses) in the 

environment are lacking, but are required to determine the usefulness of HAdVs and 

HPyVs as indicators or indices.  

 HAdV species /types and infectivity status present in environmental samples are 

largely unknown, particularly in non-wastewater samples such as biosolids. 

1.8. Study objectives 

The main objectives of the study were: 

1. to conduct a literature review to critically assess methods used for the recovery and 

detection of HAdVs and HPyVs from environment samples  

2. to develop and/or verify established suitable methods for HAdV detection, and to 

determine their concentration and infectivity from a variety of environmental 

matrices 

3. to verify established PCR methods for the detection and concentration of HPyVs 

from a variety of environmental matrices 

4. to develop and validate the most suitable methods for determining HAdV infectivity 

in a variety of water matrices and biosolids samples 

5. to determine the incidence and concentration of HAdVs and HPyVs, and compare to 

NoVs in: 

a. wastewater (treated and untreated) 

b. biosolids  

c. environmental waters (estuarine, river and urban stream) 

d. bivalve molluscan shellfish (such as oysters and mussels) 

6. to determine the diversity of HAdVs in the environment  

7. to determine the influence of wastewater treatment process and the population size 

on human virus profiles (HAdVs, EVs and NoVs) in wastewater  

8. to evaluate the relationship of HAdVs and HPyVs to NoVs, and so determine the 

potential usefulness as indicators of faecal contamination in the environment. 
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1.9. Overall study strategy 

1.9.1. Methods review, methodological gap identification and development 

Published literature was reviewed to determine the methods used for the recovery and 

detection of HAdVs (presence, concentration and infectivity) and HPyVs (presence and 

quantitation) from water, biosolids and shellfish. Methods were also evaluated, as a desk 

exercise, against the criteria specified for the detection of an ideal indicator (i.e. that methods 

should be easy, rapid, inexpensive and reproducible for example). With these in mind, 

methodological gaps were identified. This was subsequently followed by the development of 

culture and molecular methods (PCR) to determine the detection, quantification and infectivity 

status, where appropriate. The results are reported in Chapter 2.  

1.9.2. Sample and data collection 

The objectives 5 to 8 described in Section 1.8 were achieved through a number of steps 

involving the detection of viruses using culture and/or molecular methods. The diversity of 

HAdVs present in wastewater, biosolids, waters and shellfish (described in Chapters 3, 4 and 5) 

was determined by DNA sequencing and/or using HAdV species-specific PCR assay. Samples 

HAdV positive by qPCR were to be selected for analysis. 

 Access to a wide variety of samples was required to maximise the number of samples that 

could be tested to achieve the objectives of this research study as described on Section 1.8 and 

which could be used to develop new methods and/or to verify established methods. More data 

also allows for better subsequent risk assessments. Hence, for some objectives, environmental 

samples and data collected in various ESR Environmental and Food Virology (EFV) Laboratory 

research studies over several years were selected for further virological analyses. The main 

studies are listed in Section 1.9.3. Other samples received by the ESR EFV Laboratory to 

provide information to clients were also selected for further virological analyses. These studies 

included those on WWTP treatment efficiencies, water quality, outbreak investigations and risk 

assessments.  

1.9.3. Sample sources from specific research studies 

 Key research studies from which samples and data were used are shown below. 

 Safeguarding Environmental Health and Market Access for New Zealand foods: 
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Foundation for Research, Science and Technology (FRST). 2004-2006. The aim of the 

project was to examine the relationship between F-RNA bacteriophages and enteric viruses 

in shellfish and to determine the extent of human enteric virus contamination from sewage 

effluent (Greening and Lewis, 2007). 

 Environmental Microbial Risk Assessment and Management Virus project. New Zealand 

Ministry of Health. 2004-2010. The aim of the project was to generate a quantitative 

microbial risk assessment to provide risk estimates following consumption of drinking 

water from two sources. HAdVs, NoVs, EVs, hepatitis E virus and rotaviruses in two New 

Zealand rivers used as drinking water sources (Williamson et al., 2011). 

 Innovative Systems for Safe New Zealand Seafood in Premium Markets. FRST. 2007-2013. 

The aim of the project was to develop new molecular assays to determine the prevalence 

and track the source of enteric virus and F-RNA bacteriophage contaminants in shellfish 

growing waters (Wolf et al., 2010; Wolf et al., 2008; Wolf et al., 2007). 

 Microbiological Quality of Shellfish in Estuarine Areas. Funding: New Zealand Food 

Safety Authority, Environment Bay of Plenty, Toi Te Ora –Public Health, Tauranga City 

Council, and Western Bay of Plenty District Council. 2007-2008. The aim of the project 

was to gain information on the pathogens in shellfish in two estuarine areas, and on the 

relationship of faecal indicator bacteria and bacteriophages to enteric viruses (Scholes et 

al., 2009). 
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CHAPTER 2. METHODS REVIEW AND 

DEVELOPMENT 

2.1. Objectives and strategy 

1. Methods review. To conduct a review of peer-reviewed literature published up to 

2014 on methods used for the recovery, detection, quantification and infectivity status 

of human enteric viruses in the environment, with a focus on HAdVs. 

2. Methodological gaps identification. To identify areas where modifications or 

improvements to methods could be useful in addressing knowledge gaps identified in 

Chapter 1, Section 1.7 and achieve the study objectives as described in Chapter 1, 

Section 1.8. 

3. Method development. To develop and validate new or improved methods, with a 

focus on virus recovery/concentration and detection methods. These methods could 

then be used to address the study aims and objectives. 

2.2. Methods literature review 

Ideally viruses, whether being analysed as a pathogen or used as an indicator, should 

be recovered efficiently and detected by methods that are robust (i.e. perform well under 

different conditions and with different matrices), repeatable and reproducible. Methods 

should also be be logistically feasible, specific, sensitivities, have broad applicability, give 

unambiguous results and also produce rapid results. Test affordability in terms of consumable 

costs and ‘hands on’ time is also an important consideration.  

However, the use of either molecular methods to determine virus presence and 

quantitation, or culture-based methods to determine virus presence and infectivity, from 

environmental matrices can be a challenging and complex process. The culture of viruses 

from environmental samples can be particularly time consuming and potentially problematic 

compared to clinical samples. This is because environmental samples often contain mixed 

virus types, many of which are difficult to culture and/or that may be present in low 

concentrations. Environmental samples usually require at least a virus concentration step to 
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reduce the volume, with additional steps such as clarification prior to the detection step often 

required.  

There are a wide range of approaches for the concentration, extraction, detection and 

determination of infectivity of enteric viruses, including HAdVs, from the environment. 

Standard methods or technical specifications for the concentration and detection of enteric 

viruses from wastewater, water, biosolids and several food items are available but are few in 

number (ASTM, 2009; Berg et al., 1984; ISO, 2013a; ISO, 2013b; USEPA, 1995).  

Despite some standard methods being used for regulatory use, mainly with EVs, there 

is a frequent use of non-standard methods for both virus recovery and detection. Many 

standard methods for enteric virus detection are focused on the recovery and detection by 

culture of EVs – as these viruses that are easy to grow in vitro compared to other enteric 

viruses. Two of the most recently published standards/technical specifications include the 

detection of enteric viruses by PCR methods. Technical Specifications published by 

International Organization for Standardization (ISO/TS) published in 2013 (i.e. ISO/TS 

15126) describes the recovery and detection of NoVs and hepatitis A virus by reverse 

transcription real-time quantitative PCR (RT-qPCR) in shellfish, foods and bottled water 

(ISO, 2013a; ISO, 2013b). In addition, ‘Method 1615’ published in 2010/revised in January 

2012 and issued by the USEPA, describes not only the detection and determination of 

concentration of EVs by culture, but the detection of EVs and NoVs by RT-qPCR 

(Cashdollar et al., 2013a; USEPA, 2010). Method 1615 was developed from the ‘Information 

Collection Rule (ICR) total culturable virus assay’ (TCVA) used to monitor drinking water 

(USEPA, 1995). If these methods or international accepted published methods are frequently 

used and reported in the literature, then this will aid in future data comparisons. However, 

there are no international standard methods that include the detection of HAdVs and HPyVs 

from environmental samples. 

2.2.1. Virus recovery and concentration  

Several reviews describe the various protocols used for the recovery and 

concentration of enteric viruses from waters and shellfish, including discussions on the pros 

and cons of each approach (Bosch et al., 2008; Bosch et al., 2011; Cashdollar and Wymer, 

2013b; Ikner et al., 2012; Wyn-Jones, 2007). Of the few standard methods available, none 

cover the full range of matrices or pathogen targets. Methods can be time-consuming, 

requiring specialised technical skills, and can be problematic. Because of these factors and 

recognition of the need to continue to develop more efficient methods, including for virus 
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quantitation, there is a multitude of published methods. As such data comparisons are a 

challenge, particularly when there are insufficient data on virus recovery, which itself can be 

highly variable. In addition, there are limited international inter-laboratory ring trials that 

could be used to compare the virus recovery rates using different methods and by different 

laboratories. An annually ring trial is however organised by The Centre for Environment, 

Fisheries and Aquaculture Science (Cefas) in the UK. This proficiency testing involving the 

testing of shellfish and constructed virus lenticules™ for NoV and hepatitis A virus (Cefas, 

2014; Hartnell et al., 2012). The Cefas ring trials, and other studies do highlight that 

differences occur between laboratories, even when similar or even identical methods are 

used. 

 The addition of a virus process control, unlikely to be naturally present in 

environmental samples, to a sample prior to virus recovery can aid in determining recovery 

efficiencies. A non-virulent strain of Mengovirus, vMC0 (a genetically modified organism) 

and murine norovirus (MNV) (a common virus detected in research laboratory mice) have 

been used by a number of researchers. These viruses are particularly useful as they are 

structurally similar to some human enteric viruses and are not detected in the environment. 

Mengovirus and MNV have been used as surrogates for hepatitis A virus and human NoVs 

respectively and are becoming widely used as a process control in environmental virology 

studies - for both water and shellfish (Benabbes et al., 2013; Cashdollar et al., 2013a; 

Hennechart-Collette et al., 2014; Vilarino et al., 2009; VITAL, 2011).  

For all virus concentration methods, it is essential that the resulting viral preparation 

is compatible with the subsequent detection method. For example, if cell culture is to be used 

for virus detection, then the method must be able to recover infectious viruses and should, for 

instance, exclude heat or chemical treatments that would compromise virus infectivity. Virus 

concentration, methods can co-concentrate products such as heavy metals, salts, humic and 

fulvic acids. These products are often inhibitory to PCR assays and may result in false 

negative results. Therefore, the absence or at least the ability to detect PCR inhibitors is 

important. The addition of a process control such as MNV can be used to determine the 

presence of PCR inhibitors (Cashdollar et al., 2013a).  

For virus infectivity assays, cytotoxic agents present in the sample may prevent virus 

infection of the cells, and thus interferes with the assay (Greening et al., 2002; Lewis et al., 

2000). Post-concentration steps may be required to assist with the removal of such 

substances, but these steps are largely matix dependent and vary in their effectiveness. 
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2.2.1.1. Waters 

For a comprehensive review of methods used for the recovery of viruses from aquatic 

environments refer to Wyn-Jones (2007). There are a wide variety of methods used for the 

concentration and recovery of viruses from waters, but methods are generally based on the 

following three approaches. 

 Adsorption-elution using positively or negatively charged membranes or 

cartridges, glass powder or glass wool (Haramoto et al., 2005a; ISO, 2013a; ISO, 

2013b; USEPA, 2010). 

 Entrapment by ultrafiltration, tangential flow and hollow fibre filters (Hill et al., 

2005; Skraber et al., 2009). 

 Ultracentrifugation (Prata et al., 2012). 

 Further concentration methods such as hydroextraction- dialysis using polyethylene 

glycol (PEG) precipitation is often required (Lewis and Metcalf, 1988) following an initial 

concentration procedure such as adsorption-elution or entrapment. Simple flocculation 

following sample acidification has also been described for waters such as seawater (Calgua et 

al., 2008) and may be used following virus capture by filters. All of these water recovery and 

concentration methods can be theoretically used for a variety of water samples including 

wastewater, recreational water (terrestrial and marine), estuarine and drinking water. 

However, there are a number of pros and cons with each method, and a number of variations 

have been developed over time for each approach. These methods are all able, in theory at 

least, to concentrate a range wide of viruses from water, but each have advantages and 

disadvantages that mean that one method may be more suitable than another in different 

circumstances and with different water types. Wyn-Jones and Sellwood (2001) summarise 

these virus recovery approaches with comments on ease of use, water suitability (e.g. extent 

of turbidity), affordability (capital and running costs), water volumes to use and virus 

recovery (Wyn-Jones and Sellwood, 2001). 

Although high recoveries are often reported from potable waters, recoveries from 

non-potable water can be often inefficient (<1-10%) and variable. Recoveries are highly 

dependent on the constituents of the matrix, such as the amount of solid material present, pH, 

turbidity, volume, virus type being recovered, as well as other factors that result in inter- and 

intra- laboratory variability. Due to variables and a lack of reproducibility in recovery rates, 

there will be a degree of uncertainty in the measurement of virus quantities present in the 

sample.  
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2.2.1.2. Sludge and biosolids 

Enteric virus recovery from sewage sludge and biosolids (refer to Chapter 4 for 

definitions) can be challenging due to the strong adsorption of enteric viruses to the matrix 

and the presence of agents such as heavy metals that can be inhibitory to PCR assays and/or 

toxic to cell culture (Hurst and Goyke, 1983; Prado et al., 2013). A number of different 

approaches have been used for the recovery of viruses from these matrices. As virtually all 

enteric viruses are thought to be associated with the solid material (Straub et al., 1993), the 

first step invariably involves the elution of the viruses from this phase. Many published 

methods utilise 3 to 10% (v/w) beef extract solution, sometimes in combination with 

chaotropic agents such as sodium nitrate (NaNO3) and/or sonication. These steps are 

frequently followed by PEG precipitation or acid organic flocculation for virus concentration 

(Chapron et al., 2000b; Gallagher and Margolin, 2007; Hurst and Goyke, 1986; Mignotte et 

al., 1999; Monpoeho et al., 2001; Prado et al., 2013; Schlindwein et al., 2009; USEPA, 2003; 

Wellings et al., 1976; Wong et al., 2010). This is similar to the approach used to recover 

viruses from sediments and the solid material present in environmental waters (Ikner et al., 

2012; Wait and Sobsey, 1983). The New Zealand Water and Wastes Association (NZWWA) 

‘Guidelines for the Safe Application of Biosolids to Land in New Zealand’ also specifies the 

use of beef extract solution for virus elution, followed by sonication and is based on 

previously described methods (Mignotte et al., 1999; Monpoeho et al., 2001). However, a 

concentration step has been omitted from the New Zealand described method. In the 

NZWWA method (2003), the volume recovered following virus elution from the solids 

would be most probably >200 mL and thus unsuitable for subsequent and direct viral 

analyses. Hence, a method modification to include a suitable virus concentration step was 

deemed necessary.  

While most methods have been developed with the recovery and detection of EVs in 

mind (USEPA, 2003), the NZWWA guidelines differ in that they specify that HAdVs are 

recovered and detected (NZWWA, 2003). Overall, data on recovery and presence/infectivity, 

where applicable, of HAdVs, HPyVs and NoVs from raw sludges and biosolids are limited. 

This is covered further in Chapter 4.  

2.2.1.3. Shellfish 

Prior to the detection from shellfish, viruses need to be recovered from the tissue. This 

is normally done from the digestive diverticulum rather than from the whole shellfish as 
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viruses tend to bioaccumulate mainly in that tissue (Lees, 2000). In addition, other tissues 

such as the adductor muscle, may be inhibitory to molecular assays and so are best avoided. 

As for water and biosolids, early methods focused on the recovery of EVs from shellfish. 

However, as NoVs and hepatitis A virus are pathogens most commonly associated with the 

consumption of shellfish, this has been the focus for a decade or more; hence most recovery 

data are available for these viruses using certain methods. There are however data lacking on 

the recovery of other enteric viruses such as HAdVs, with no recovery data on HPyVs 

available.  

Many approaches have been described to recover human enteric viruses from 

shellfish. For HAdV recovery, alkaline glycine buffer (pH 9-10) or a pH neutral solution such 

as PBS have been often used, followed by a PEG precipitation concentration step and/or 

ultracentrifugation (Hansman et al., 2008; Karamoko et al., 2005; Muniain-Mujika et al., 

2003; Pina et al., 1998; Rigotto et al., 2010; Serracca et al., 2010). Other less frequently used 

methods used for HAdV recovery are the ‘acid adsorption-elution’ protocol (Choo and Kim, 

2006; Greening et al., 2007), the USFDA method utilising sodium acetate (Umesha et al., 

2008) and use of tryptone (Rigotto et al., 2005). All these methods are followed by extraction 

of viral nucleic acid either using in-house methods or commercial viral nucleic acid kits. To 

decrease inhibition in PCR assays and to decrease false negatives, additional treatments for 

shellfish extracts have been used either as part of the initial virus recovery step(s) These 

include the addition of the cationic detergent, CTAB (cetyltrimethylammonium bromide), 

chloroform-butanol, granular cellulose or agents such as Freon TF and Vertrel (Atmar et al., 

1995). The nucleic acid extraction procedure can also aid in decreasing PCR inhibition (e.g. 

some commercial virus nucleic acid extraction kits contain washing solutions designed to 

reduce PCR inhibition in subsequent assays).  

Although many methods are relatively straightforward to perform multiple steps are 

often involved, so can be time consuming and result in variable recoveries. A simple, 

relatively rapid and sensitive method utilising protease (proteinase K) digestion has also been 

described (Greening and Hewitt, 2008; Jothikumar et al., 2005b). This approach lacks a virus 

concentration step which would invariably lead to virus loss and is quick and easy to perform. 

Through extensive international validation trials, the method has been also been shown to be 

efficient for the recovery of NoV and hepatitis A virus from bivalve molluscan shellfish 

(Lees, 2010) and is included in the published ISO/TS (specifically 15216-1:2013 (E) and 

15216-1:2013 (E)) (ISO, 2013a; ISO, 2013b). This approach is the basis of the method used 

in New Zealand (IANZ accredited to the ISO17025 quality standard at ESR).  
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In contrast to NoVs and to a lesser extent HAdVs, there are only two reports of HPyV 

detection from shellfish. These have been recovered using methods as used for HAdVs 

above. These are as described by 1: Pina et al. (1998) and Muniain-Mujika et al. (2003), and 

2: Lewis and Metcalf (1988) with minor modifications as described by Rigotto et al. (2010). 

2.2.2. Virus detection and quantification 

While methods used primarily for human clinical samples can be used for 

environmental samples, the detection of viruses in the environment by culture or molecular 

methods are often more complicated than from clinical samples. Clinical samples generally 

contain just one pathogen and a concentration step is not normally required due sufficient 

levels of target in the sample (e.g. faecal). Molecular methods, mainly PCR/qPCR are used 

more extensively for virus detection than by using cell culture. Both PCR and cell culture 

methods require specialised technical skills and equipment. Other methods such as latex 

agglutination, enzyme immunoassay assays and electron microscopy used for clinical 

samples are not suitable for the detection of viruses in environmental samples as they are 

generally too insensitive (Dahling et al., 1993). The main challenges for the detection and 

quantification of viruses in environmental samples are the low concentrations often present 

(sometimes even after concentration). In addition, many enteric viruses do not grow in cell 

culture - the method generally used for determination of virus infectivity. Table 2.1 shows the 

pros and cons of commonly used methods for the detection of enteric viruses in 

environmental and food virology. 

2.2.2.1. Virus detection by molecular methods 

Virus detection by molecular assays should be specific, sensitive, rapid and accurate 

regardless of the platform. Conventional endpoint PCR assays have been commonly used for 

the detection of enteric viruses, including HAdVs, in environmental and shellfish samples 

since the early 1990s (Girones et al., 1993; Puig et al., 1994). In the early 2000s, the 

availability of qPCR allowed more rapid virus detection and quantitation. HAdV qPCR 

assays used for clinical samples (Heim et al., 2003) were quickly utilised for environmental 

and food virology applications (Haramoto et al., 2005a; van Heerden et al., 2005a), with 

other researchers developing alternative assays for use with environmental samples (He and 

Jiang, 2005; Jothikumar et al., 2005a). qPCR assays have been used to quantitate HAdVs in 

wastewater (Dong et al., 2010; He et al., 2005), shellfish (Hernroth et al., 2002; Rodriguez-

Manzano et al., 2014), river water (van Heerden et al., 2005a) and recreational lakes 
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(Xagoraraki et al., 2007). HPyV PCR/qPCR assays (McQuaig et al., 2009) have also been 

utilised for a similar range of samples although the number of studies are less in number (see 

Section 1.6.4).  

For HAdVs, molecular assays can detect multiple virus types simultaneously or can 

select for certain types or species e.g. HAdV-40 (Jiang et al., 2005; Noble et al., 2003) or 

HAdV-F (Jothikumar et al., 2005a). The use of HAdV specific species or type assays have 

been mainly utilised for clinical applications but could have applications in determining virus 

diversity in environmental samples.  

As for clinical samples, most HAdV assays used for environmental samples target the 

conserved HAdV hexon region and so is optimal for the detection of multiple types (Allard et 

al., 1992; Allard et al., 2001; Allard et al., 1990; Castignolles et al., 1998; Hernroth et al., 

2002; Xu et al., 2000). The hypervariable hexon loop-1 and 2 (L1 and L2) or fibre knot 

domains are used mainly for typing HAdV or species-specific assays (Madisch et al., 2005; 

Xu et al., 2000). 

The majority of published papers describing environmental virology including HAdV 

detection describe the use of the PCR primers originally designed by Allard et al. (1990, 

1992) and/or qPCR primers described by Heim et al. (2003) and Hernroth et al. (2002) 

(Appendix D). 

While conventional PCR only gives qualitative presence/absence (±) data, semi-

quantitation is possible using an approach where the results from multiple reactions or 

dilutions are considered, i.e. most probable number (MPN)-PCR (multiple amplification 

reactions) (Jiang et al., 2001) or endpoint titration. As PCR assays are capable of detecting 

both infectious and non-infectious viruses, culture and PCR results do not correlate well 

(Greening et al., 2002; Sobsey et al., 1998). PCR inhibition and limitations of the 

susceptibility of the cell line used can also account for the lack of correlation (Cho et al., 

2000; Jiang et al., 2005). Hence, molecular techniques need to be reconciled with infectivity 

data to be of use in risk assessments (Loge et al., 2002; Sobsey et al., 1998).  

Looking forward, digital PCR reported to be as sensitive as qPCR and having an 

increased tolerance of PCR inhibitors, allows for precise nucleic acid quantitation. This 

method has massive potential in environmental and food virology applications (Huggett et al., 

2013) but does not offer any advantages over other molecular methods in terms of providing 

information on virus infectivity. 
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Table 2.1 Pros and cons of enteric virus detection methods used in environmental virology  

Method Pros Cons 

Conventional/ 

endpoint PCR and 

qPCR 

 Rapid (few hr) with qPCR being more rapid than 

conventional (as a gel is not required for detection)  

 Increased sensitivity compared to culture 

 Increased specificity compared to cell culture 

 Multiplexing capability (qPCR)  

 Quantitative (qPCR only) 

 Typing assays generate PCR products for sequencing and 

typing  

 PCR inhibitors can cause false negatives so needs to be monitored 

 Presence does not necessarily correlate with infectious viruses 

 Mixed PCR products 

 qPCR products are not usually suitable for sequencing (too 

short /conversed regions) 

 Standard curves are generally required for quantification with 

qPCR  

Cell culture  Can determine infectivity  

 Provides quantitative data 

 Isolates can be used for typing (but can be mixed unless 

picked from a plaque assay) 

 

 Labour intensive 

 Some viruses do not show cytopathic effect (CPE), grow poorly 

or not all (e.g. NoV, hepatitis E virus) 

 Limited sensitivity 

 Long incubation period required (days to a month) 

 Relatively more expensive than PCR 

 Bacterial contamination can occur 

 Toxic samples require diluting that reduces sensitivity 

 No one cell line is suitable for detection of all viruses 

 Cell lines are not specific to any one virus 

 May require confirmation of CPE 

 Skilled staff in CPE recognition required 

Culture-PCR/ 

Culture-qPCR 
 More rapid than cell culture alone (1-7 days) 

 Infectivity assay 

 Does not depend on the appearance of CPE 

 PCR products can be used for sequencing and typing 

 

 Toxic samples require diluting that reduces sensitivity 

 Requires both cell culture and PCR expertise/equipment 

 Viruses still need to be culturable 

 Detection of ‘carry over’ DNA from the inoculum is possible 

leading to false positives 
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2.2.2.2. Virus detection by cell culture 

Virus detection by cell culture remains the only reliable method that enables the 

determination of potentially infectious human viruses (Fong and Lipp, 2005b). Early studies 

in environmental and food virology focused on EVs - many of which are relatively easy to 

culture (Cliver, 2010) but there are many reports of successfully growing HAdVs from 

environmental samples. Some enteric viruses, such as rotaviruses and hepatitis A virus, can 

also grow in cell culture, albeit sometimes with difficulty (Metcalf et al., 1995). Other viruses 

such as human NoVs and HPyVs have either not been successfully cultured or do not grow 

well in cell culture (Duizer et al., 2004; Papafragkou et al., 2013; White et al., 2013).  

As pathogens and potential faecal indicators, indices or surrogates, methods for the 

reliable detection of infectious HAdVs are often required. Most HAdV infectivity studies on 

environmental samples have focused on water matrices (e.g. wastewater, river water etc.). 

There are limited HAdV culture studies on shellfish and what information there is have been 

using a few samples (Choo et al., 2006; Greening et al., 2002; Rodriguez-Manzano et al., 

2014). Continuous human epithelial cells are most effective for the growth of HAdVs. 

Traditionally, the appearance of CPE in these cell lines indicates that infectious viruses are 

present. HAdV CPE is often distinctive, usually consisting of cell rounding and aggregation 

with ‘grape-like’ clustering of the swollen infected cells that can be seen by light microscopy 

(Figure 2.1).  

 

Figure 2.1. HAdV cytopathic effect in A549 cells 

Uninfected A549 cells HAdV-2 in A549 cells 

  

Photographs by Joanne Hewitt, ESR Ltd. 

 

HAdV CPE can develop between 3 and 30 days depending on the virus type and 

concentration, or may not develop at all despite virus replication. Rather than relying on CPE 
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development, molecular or other methods can be used in conjunction with cell culture to 

indicate virus replication (see details on Culture-PCR/Culture-qPCR below). There are no cell 

lines specific for the isolation of HAdVs for samples containing mixed virus types, the 

challenge is to isolate and recognise the growth HAdVs effectively in the presence of faster 

growing viruses (see limitations of cell culture below). This would include EVs and some 

HAdV types that show rapid CPE development. Viruses that are present in a lower 

concentration may also be outgrown by viruses present in greater numbers. Hence, 

interpretation of CPE should be done with caution. Suspected HAdV CPE (or at least a 

percentage of probable HAdV CPE) should be either positively identified by an experienced 

person and ideally additional methods (e.g. PCR of virus plaques/CPE or 

immunofluorescence) used for definitive identification.  

To aid with the isolation of HAdVs in samples, guanidine hydrochloride, a viral 

protein synthesis inhibitor was described for use in environmental virology studies in the late 

1980s/early 1990s (Girones et al., 1993; Hurst et al., 1988a; Puig et al., 1994) but its use has 

reported much since. The chemical suppresses the replication of many EVs (PV, several 

human coxsackieviruses and echoviruses) through the inhibition of ATPase 2C function 

required for negative-strand RNA synthesis. However, guanidine hydrochloride can 

potentially decrease the time that cells remain viable and enhance cytotoxic effects of 

compounds in the sample and so caution should be taken with its use. 

2.2.2.3. Cell lines for HAdV detection 

 Cells most frequently used for the growth of HAdVs from environmental samples 

include HEK-293, A549, PLC/PRF/5, CaCo-2, HeLa, HEp-2 and MA104 cells (Grabow et 

al., 1992; Jiang et al., 2009b; Lee et al., 2004a; Rodriguez et al., 2008). The degree of cell 

susceptibility to HAdV types varies with cell line. The choice of cell line depends on factors 

including cell availability, ease of culture, length of time that cells remain infectious and cell 

tolerance to toxic agents. There has been particular interest in cells that are able to 

demonstrate successful propagation of the difficult to culture HAdV-40 and 41 (HAdV 

species F).  

HEK-293 cells. The HEK-293 (human embryonic kidney) cells are commonly used 

for the isolation of HAdVs, particularly from clinical samples (Brown and Petric, 1986). 

While HEK-293 cells do have different sensitivities for various strains of HAdV-F, the cell 

line is one of the most sensitive for the detection of HAdV-40 and 41, with the virus 
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undergoing multiple complete replication cycles and release from the infected cells (Brown et 

al., 1992). The modified HEK-293-Ras cell line, that overexpresses the Ras protein, supports 

an increase in HAdV replication compared to HEK-293 cells (Si et al., 2014). This shows 

promise for use in environmental virology studies as it has the potential to increase virus 

sensitivity. As with other cells, many HAdVs and EVs types can grow in HEK-293 cells, so 

CPE is not necessarily indicative of HAdV-F presence. HEK-293 cells can be difficult to 

work with, having a tendency to easily detach when at room temperature and don’t remain 

viable as a monolayer for extended periods.  

A549 cells. A549 (human epithelial lung carcinoma) cells are frequently used for the 

isolation of HAdVs from clinical and environmental samples. As for other cells, A549 cells 

will readily support the growth of EVs. HAdV-1 to 8, commonly isolated from clinical 

samples, all show rapid CPE in A549 cells and so are generally relatively easy to isolate when 

present in sufficient numbers. Consequently most human infection and outbreak data are 

associated with these types, particularly prior to the use of molecular methods. (Refer to New 

Zealand clinical virology data presented in Chapter 1, Section 1.5.3 and Table 1.5). A549 

cells will only support the partial replication of HAdV-40 and 41, although strains have been 

shown to produce plaques in A549 cells, albeit less efficiently than HAdV-2 and 5 

(Hashimoto, 1991). A549 cells have been used in a quantitative plaque assay for laboratory-

adapted strains of HAdV-40 and 41 (Cromeans et al., 2008) but as plaques are visible after 

only nine days, this method would not be suitable for many wild-type HAdV strains. The 

method is more suitable for HAdV-40 and 41 persistence and survival studies and evaluation 

of virus recovery methods.  

BGM cells. BGM (Buffalo Green Monkey kidney) cells, originally used for the 

detection of EVs from clinical samples, are frequently used for their detection from 

environmental samples (Dahling and Wright, 1986). Several studies have also used BGM 

cells them for the specific detection of HAdVs despite not necessarily showing CPE (Chapron 

et al., 2000a). The USEPA ‘Information Collection Requirements Rule’ (ICR) method 

devised primarily to detect primarily culturable EVs in drinking water, uses BGM cells in a 

MPN assay to calculate a TCVA-MPN titre (USEPA, 1995). BGM cells are described in 

Method 1615 for the detection of EVs in water (USEPA, 2010). BGM cells are currently 

recommended for the detection of HAdVs from biosolids in the NZWWA Guidelines for the 

Safe Application of Biosolids to Land in New Zealand (NZWWA, 2003). This specification 
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should be reviewed as although robust for environmental samples, other cell lines may be 

more suitable for the detection of HAdVs. 

CaCo-2 cells have been used where the simultaneous detection of mixed enteric 

viruses has been important (HAdVs, EVs, rotaviruses and astroviruses) rather than the 

selective isolation of HAdVs in the presence of other viruses (Chapron et al., 2000a; van 

Heerden et al., 2003). CaCo-2 cells have also been used successfully for the propagation of 

HAdV-40 and 41 (Pintó et al., 1994). However, they can be difficult to grow and maintain, 

including preferring to grow in 15-20% foetal calf serum until well established. PLC/PRF/5 

cells (human liver hepatoma) have also been used, since they have good susceptibility to 

HAdV-40 and 41. They have been reported as being superior to HEK-293 cells for the 

detection of HAdVs (Grabow et al., 1992; van Heerden et al., 2003). PLC/PRF/5 cells have 

also been shown to be more successful than BGM cells for the detection of HAdVs and EVs 

in treated wastewater (Rodriguez et al., 2008). However, many laboratories refrain from using 

these cells because of the risk of contaminating other cells with latent mycoplasma present in 

early American Type Culture Collection (ATCC) stocks. HEp-2 cells have been used in 

environmental studies (Greening et al., 2002) but as other cells, will readily support the 

growth of many EVs including many human coxsackievirus B and PV (authors own 

observations). 

2.2.2.4. Conventional cell culture assays 

Conventional culture can be qualitative or quantitative. Qualitative cell culture 

involves the inoculation of a sample to a susceptible cell line, resulting in the appearance of 

CPE. To determine the amount of infectious virus in a sample, commonly used methods are 

the plaque assay and quantal endpoint assay. Both methods generally relay on the appearance 

of CPE, although replication can also be detected using immunofluorescence (Hurst et al., 

1988b). Until the advent of molecular methods, these approaches have been frequently used 

for the detection of viruses in environmental samples (Cliver, 2010; Grabow et al., 1992; 

Greening et al., 2002).  

In the plaque assay, samples are inoculated on to a cell monolayer and after a period 

of incubation (1-2 hr) to allow for virus infection of the cells, a layer of agar is added over the 

cells so that viruses will only infect neighbouring cells. Therefore (theoretically) each plaque 

forming unit (PFU) results from a single infectious virus particle. Ideally, cells should remain 

in a stable viable monolayer for as long as possible (preferably at least 10 days), since 
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passaging viruses in to ‘new’ cells is not possible. If cells only remain viable for 1 week, an 

underestimation of virus concentration is likely as many HAdVs require longer incubation 

periods for CPE to develop. The agar cell suspension assay (ACS) used for EV is not suitable 

for HAdV culture as the cells do not remain viable for long enough (Greening et al., 2002). In 

the quantal assay, samples are inoculated into multiple wells or flasks and allowed to 

replicate until CPE is observed. Wells or flasks showing virus CPE are counted and because 

positive result per inoculum can result from more than one infectious particle, the results are 

calculated using probability statistics. The most commonly used statistical methods are: 1. 

MPN /MPN infectious units (MPNIU) (Chang et al., 1958); 2. 50% tissue culture infective 

dose (TCID50) where the titre is often calculated using the Spearman-Karber or Reed and 

Münch method. The quantal endpoint titration is relatively simple, economical and accurate 

for most applications, and in general the cells remain viable for at least as long as the plaque 

assay. The quantal assay is reported to be generally more sensitive than the monolayer plaque 

assay (Precious and Russell, 1985). Some HAdV types may be passaged successfully without 

any CPE development. ‘Blind passaging’, that involves cells being passaged without showing 

CPE, can be performed, as viruses can replicate and adapt to cell lines and so may enhance 

isolation rates. The increase in sensitivity needs to be weighed up against the time as it is 

relatively labour intensive. 

Other methods that determine the virus concentration by culture methods, but that do 

not rely on the appearance of CPE in the cell line, include the fluorescent focus (foci) assay 

(units given as focus-forming units) (Williams Jr and Hurst, 1988). Fluorescence-activated 

cell-sorting, where specific virus antibodies bind to viral capsid proteins, has also been used to 

rapidly detect and quantify HAdVs (Li et al., 2010).  

2.2.2.5. Culture-PCR assays 

Culture-PCR/-qPCR (alternatively known as integrated cell culture PCR) incorporates 

a PCR step for the detection of viral nucleic acid following a cell culture step in a susceptible 

cell line. Using this method, there is no reliance on CPE visualisation, and so is particularly 

useful for viruses that do not produce an obvious CPE or are slow growing. C-PCR can only 

be used for the detection of viruses that will replicate in cell culture and is not suitable for 

non-culturable viruses such as NoVs. C-PCR has been successfully used for the detection of 

culturable enteric viruses including HAdVs, EVs, rotaviruses, reoviruses and/or hepatitis A 

virus in wastewater, recreational water, potable water, sludge, biosolids and shellfish 
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(Chapron et al., 2000a; Choo et al., 2006; Dong et al., 2010; Fongaro et al., 2013; Gallagher et 

al., 2007; Greening et al., 2002; Lee et al., 2004a; Lee and Jeong, 2004b; Lee et al., 2005; 

Ming et al., 2011; Rigotto et al., 2010; Rodriguez et al., 2009; Schlindwein et al., 2010; van 

Heerden et al., 2003; Xagoraraki et al., 2007).  

C-PCR does have the potential problem that the detection of viral DNA could result 

from the presence of non-infectious viruses that have either bound to cell receptors and/or are 

present from the original inoculum. Procedures can be taken to minimise or detect this, such 

as extensive washing of the inoculum (Greening et al., 2002) and/or testing cells at ‘time zero’ 

to determine that no detectable viruses have attached to the cells after the removal of the 

inoculum (Rutjes et al., 2009). For DNA viruses, the detection of viral messenger RNA 

(mRNA), rather than viral DNA, following the culture have been also utilised (Fongaro et al., 

2013; Ko et al., 2003; Ko et al., 2005b). Here, the principle is that the detection of specific 

viral mRNA must have been transcribed from viral DNA during virus replication, and so will 

only be detected in the presence of infectious viruses. For RNA viruses, infectivity can be 

demonstrated by the detection of negative-strand RNA following replication in cell culture.  

C-PCR is usually considered to be non-quantitative but can be adapted as a semi- 

quantitative assay. Cell culture flasks or wells can be inoculated with multiple dilutions, and 

MPN calculation used to estimate the concentration of infectious viruses from the relative 

number of positive and negative cultures (Rutjes et al., 2009). The concentration of infectious 

HAdVs in tap water was estimated using this approach, with MPN statistics available on the 

EPA website used for the quantification (Lee and Kim, 2002).  

Until recently, conventional PCR (primary or nested PCR) was the most commonly 

reported detection method used with the C-PCR method. However, the combination of culture 

followed by qPCR as the detection step does offer a more rapid, specific and sensitive method 

for the detection of culturable viruses. This method will be referred to as C-qPCR. To date, 

only a few reports describe the use of qPCR as the detection method following HAdV culture. 

2.3. Key considerations 

To achieve the research study objectives, virus recovery methods used in this study 

needed to be ‘fit for purpose’. This included using methods that gave good virus recoveries, 

and produced virus concentrates that were compatible with subsequent detection methods in 

terms of the volume and infectivity status for example. For virus detection by molecular 
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methods, the PCR assay(s) needed to demonstrate specificity and sensitivity, and to produce 

reliable and quantifiable results. For virus detection by cell culture, a number of factors were 

considered. These included that the environmental samples to be analysed were likely to 

contain EVs or other viruses that may suppress or interfere with HAdV culture. It was also 

important to understand how the choice of cell line determined the selection and growth of 

HAdV types (e.g. to evaluate if non-HAdV-F outgrew the slower-growing HAdV-F), and how 

the cell choice for HAdV culture may differ with the method used (i.e. conventional cell 

culture assays vs. C-PCR assays). 

2.4. Methodological areas for development 

In the absence of suitable validated standard methods for the concentration and 

detection of HAdVs and other enteric viruses in a range of environmental samples, methods 

were identified which required developing, validating and/or verifying prior to use in this 

study. Specifically these were: 

 to verify HAdV qPCR assays already described in the literature  

 to develop and validate HAdV species-specific qPCR assays 

 to implement HPyV and NoV qPCR assays 

 to critically assess the use of guanidine hydrochloride to suppress EV replication 

in HAdV culture assays using A549 and HEK-293 cells 

 to assess qPCR as the virus detection method in the C-PCR assay  

 to implement or develop effective and reproducible methods for virus 

concentration and/or recovery from waters, biosolids and shellfish. 

2.5. Method development strategy  

 PCR assays. Of the published PCR assays for the detection and typing of HAdVs, 

only a few had been validated for use with a range of environmental samples. The 

conventional PCR assays developed by Allard et al. (1990, 1922 and 2001) had already been 

used in many other studies (Appendix D) and so, following verification, these assays were 

chosen for use in this study. For the detection and quantification of HAdVs by qPCR, two 

assays (1. Heim et al., 2003 and 2. Hernroth et al., 2002 were selected and verified (Chapter 2, 

Section 2.6.3). In addition, HAdV species-specific (i.e. A, B, C, D and F) qPCR assays were 
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developed and validated (Chapter 2, Section 2.6.4). Published qPCR assays for HPyVs, EVs 

and NoVs used were: 

 HPyV assay (McQuaig et al., 2006, 2009) 

 EV RT-qPCR assay (Donaldson et al., 2002) 

 NoV GI RT-qPCR assays (1. Kageyama et al., 2003; 2. Wolf et al., 2010
1
) 

 NoV GII RT-qPCR assay (Kageyama et al., 2003). 

 DNA plasmids were prepared for use with each assay. The plasmids were used for 

assay sensitivity testing by analysing series dilutions of plasmids (1-10
7 

copies per reaction) 

and calculating at least the sensitivity and dynamic range of the PCR. Plasmids were also used 

as external positive DNA controls and for quantification purposes in the qPCR assays. For the 

conventional HAdV PCR assays, the sensitivity and dynamic range of each assay to a 

respective strain of each HAdV species was evaluated using serial dilutions of DNA. Viral 

nucleic acid was extracted from samples prior to PCR using the High Pure Viral Nucleic acid 

Kit (Roche Molecular Biochemicals Ltd, Mannheim, Germany) as per manufacturers’ 

instructions.  

 Virus detection by cell culture. The use of guanidine hydrochloride, to suppress EV 

growth and to allow for HAdVs to proliferate, was evaluated in the both the quantal and C-

PCR/C-qPCR assays. To do this, wastewater water samples were inoculated on to HEK-293 

and A549 cells in the HAdV quantal assay, with and without the addition of guanidine 

hydrochloride. This is reported in Section 2.7 of this chapter. The method was evaluated for 

biosolids and to a lesser extent, composts using both the CPE-based cell culture assay and the 

C-PCR method. This is reported in Chapter 4.  

 Method for virus recovery from water, biosolids and shellfish. Studies were carried 

out to determine the feasibility of virus concentration/recovery from samples of waters 

(volumes between 2 and 100 L) using disposable ultrafilters combined with PEG 

precipitation. This was done by carrying out virus seeding and recovery experiments using 

HAdVs, EVs and NoVs. The methods and results are reported in Section 2.8 of this chapter.  

 To establish reliable methods for the recovery and detection of HAdVs from biosolids, 

a review of the enteric virus methods as described in the NZWWA Guidelines for the Safe 

Application of Biosolids to Land in New Zealand (NZWWA, 2003) was first performed. This 

included examining both the virus concentration method and the HAdV detection by cell 

                                                 
1
The NoV GI assay (designed by Dr Sandro Wolf) was validated during the course of this study. The results 

were subsequently published (Wolf et al., 2010) and used in all sample analyses from 2008. 
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culture. The methods were then modified accordingly and evaluated with biosolids samples to 

determine the presence and quantity of HAdV and other viruses present. The methods and 

results are reported in Chapter 4.  

 Finally, the verification and determination of HAdV recovery from shellfish using the 

protease (proteinase K) digestion method was carried out using seeding and recovery 

experiments using HAdV and NoV on a selection of shellfish species. The methods and 

results are reported in reported in Chapter 6. 

2.6. PCR development  

2.6.1. DNA plasmid preparation 

DNA plasmids prepared for the PCR assays are shown in Table 2.2. Briefly, specific 

PCR products generated from primers used in either qPCR or conventional PCR’s using Taq 

polymerase were purified and cloned into TOPO
® 

vectors (Invitrogen) with transformation 

into One Shot
® 

TOP10 chemically competent cells. Recombinant plasmids were purified, 

linearised and quantified following manufacturer’s instructions. The method is described in 

full in Appendix I. The generation of a DNA plasmid for HAdV-D using HAdV-37 was not 

successful despite multiple attempts, so quantification of HAdV-D from samples was not 

possible. 

 

Table 2.2 Origins of plasmid DNA used in PCR assays 

PCR target Insert origin type /strain Insert size 

(bp) 

Primer reference 

HAdV type 2, VR-846 326 Allard et al. (1990) 

 type 41, VR-930, strain Tak 326 Allard et al. (1990) 

HAdV-A Clinical sample 156 This study 

HAdV-C type 2, VR-846 101 Wolf et al. (2010) 

HAdV-F  type 41, VR-930, strain Tak 137 Wolf et al. (2010) 

HPyV  Wastewater sample 176 (BK)  

173 (JC) 

McQuaig et al. (2010) 

NoV GI
a
 GI.3 84 Wolf et al. (2010) 

NoV GII
a
 

 

GII.3 

 

97 

 

Wolf et al. (2010) 

Kageyama et al. (2003) 

EV Sabin PV2 LSc ab 192 Donaldson et al. (2002) 

3956-bp pCR4-TOPO Vector (Invitrogen) used for all HAdVs and NoVs. 

3900-bp pCR 2.1-TOPO Vector (Invitrogen) used for EV (PV2) and HPyV. 
a
NoV GI and II plasmids were prepared by Dr Sandro Wolf.  
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2.6.2. HAdV conventional endpoint PCR 

Two conventional endpoint HAdV assays (method #1 and method #2) were used 

during this study. The primers as shown in Appendix D. 

1. Method #1. Primers hexAA1885 and hexAA1913, with nested primers 

hexAA1893 and hexAA1905 (Allard et al., 1992; Allard et al., 1990). 

2. Method #2: Primers hex1deg and hex2deg, with nested primers nehex3deg and 

nehex4deg (Allard et al., 2001). 

Qiagen TaqPCR Master Mix Kit (containing TaqDNA Polymerase, Qiagen PCR 

Buffer, MgCl2 and dNTPs) was used for the PCR conventional endpoint assays. Following 

amplification, PCR products were analysed by gel electrophoresis with 2% (w/v) agarose, 

stained with ethidium bromide (Invitrogen) or GelRed™ (Biotium, Hayward, CA, US) and 

visualised by UV light. A 100-bp DNA ladder (Invitrogen) was included as a size marker. The 

PCR conditions and cycling protocols for the specific assays are shown below. 

 

HAdV conventional endpoint PCR assay method #1 - Primary PCR  

Each 25 μL reaction contained 2.5 μL DNA, 12.5 μL of Qiagen TaqPCR Master Mix 

solution, 2 mM MgCl2 and 0.2 μM of each primer, hexAA1885 and hexAA1913 (Allard et al., 

1990). The PCR consisted of an initial denaturation step for 3 min at 94ºC, followed by 40 

cycles of denaturation at 94ºC for 20 sec with annealing step of 55ºC for 15 sec and extension 

step at 72ºC for 1 min, with a final extension at 72ºC for 5 min.  

HAdV conventional endpoint PCR assay method #1 - Nested PCR  

For the nested PCR, primary PCR product (from method #1) was amplified with 

primers hexAA1893 and hexAA1905 (Allard et al., 1992). Each 25 μL reaction contained 1 

μL PCR product, 12.5 μL of Qiagen TaqPCR Master Mix solution, 2 mM MgCl2 and 0.2 μM 

of each primer. The PCR consisted of an initial denaturation step for 2 min at 94ºC, followed 

by 30 cycles of denaturation at 94ºC for 20 sec with annealing step of 55ºC for 15 sec and 

extension step at 72ºC for 1 min, with a final extension at 72ºC for 5 min. 

HAdV conventional endpoint PCR assay method #2 - Primary PCR  

Each 25 μL reaction contained 2.5 μL DNA, 12.5 μL of Qiagen TaqPCR Master Mix 

solution, 2 mM MgCl2 and 0.2 μM of each primer, hex1deg and hex2deg (Allard et al., 2001). 

The PCR consisted of an initial denaturation step for 3 min at 94ºC, followed by 40 cycles of 

denaturation at 94ºC for 30 sec with annealing step of 55ºC for 30 sec and extension step at 

72ºC for 1 min, with a final extension at 72ºC for 5 min. 



 

 

49 

HAdV conventional endpoint PCR assay method #2 - Nested PCR  

For the nested PCR, primary PCR product (from method #2) was amplified with 

primers nehex3deg and nehex4deg (Allard et al., 2001). Each 25 μL reaction contained 1 μL 

PCR product, 12.5 μL of Qiagen TaqPCR Master Mix solution, 2 mM MgCl2 and 0.2 μM of 

each primer. The PCR consisted of an initial denaturation step for 3 min at 94ºC, followed by 

30 cycles of denaturation at 94ºC for 30 sec with annealing step of 55ºC for 30 sec and 

extension step at 72ºC for 1 min, with a final extension at 72ºC for 5 min. 

 

These assays were verified for direct use with DNA extracted from environmental 

samples and following cell culture. The sensitivity and dynamic range of each PCR to a 

respective strain of each HAdV species was evaluated using serial dilutions of HAdV-2 

(species C), HAdV-3 (species B), HAdV-4 (species E), HAdV-37 (species D) and HAdV-41 

(species F) and compared to a qPCR assay (Heim et al., 2003). Both primer sets (methods #1 

and #2) were tested against HAdV-1, 2-11, 13-15, 17, 19, 21, 22, 25, 29, 37 and 41. The 

primers were also tested extensively for the detection of HAdV in clinical and environmental 

samples. The specificity testing of PCR assays is described in Section 2.6.6. 

The conventional endpoint HAdV PCR described by Allard et al. (1990, 1992) failed 

to detect HAdV-3 using the primary PCR. This was found to be due to mismatches in species 

B as discussed in a later paper by Allard et al. (2001). For this reason, the alternative assay 

using highly degenerate primers as described by Allard et al. (2001) were used from 2007 

(once established and verified in the ESR EFV Laboratory). The sensitivity of the primary 

PCR assays compared well to the corresponding nested varied with the HAdV type tested. 

Generally, the nested PCR was as sensitive as the primary PCR, but while HAdV-41 was 

detected at a dilution of only 10
-3

, it was detected at the 10
-6

 dilution using the corresponding 

nested PCR (primers hexAA1893/ hexAA1905). 

2.6.3. HAdV qPCR 

Two HAdV qPCR assays (qPCR method #1 and qPCR method #2) were used during 

this study. The primers and probes are shown in Appendix D. The PCR cycling conditions for 

HAdV qPCR method #1 were slightly modified from the original paper (Heim et al., 2003). 

Both assays were performed on the Rotor-Gene™ 3000 real-time thermocycler (Corbett Life 

Science, Sydney, Australia). Platinum® Quantitative PCR SuperMix-UDG (Invitrogen, Life 

Technologies) containing a 2x times concentration of reagents [40 mM Tris-HCl (pH 8.4), 



 

 

50 

100 mM KCl, 6 mM MgCl2, 40 units/mL uracil DNA glycosylase (UDG), 60 units/mL 

Platinum® Taq DNA Polymerase, dNTPs and stabilisers] was used for amplification of DNA. 

The PCR conditions and cycling protocols are shown below. 

HAdV qPCR assay method #1 (modified from Heim et al., 2003) 

 HAdV detection was performed using primers (AQ1, AQ2) and probe (AQprobe) 

(Heim et al., 2003). The probe was labelled with FAM. Each 25 μL reaction contained 2.5 μL 

of DNA, 12.5 μL of Platinum® Quantitative PCR SuperMix-UDG, 0.6 μM primers and 0.25 

μM probe. The PCR consisted of an initial denaturation step for 3 min at 94ºC, followed by 45 

cycles of 95ºC for 15 sec, and 55ºC for 1 min. 

HAdV qPCR assay method #2 (modified from Hernroth et al., 2002) 

HAdV detection was performed using primers (HAdVfor, HAdVrev) and probes (Ad-

ACDEFprobe, Ad-B probe) (Hernroth et al., 2002). Both probes were labelled with FAM. 

Each 25 μL reaction contained 2.5 μL of DNA, 12.5 μL of Platinum® Quantitative PCR 

SuperMix-UDG, 0.4 μM primers and 0.2 μM probe. The PCR consisted of an initial 

denaturation step for 5 min at 95ºC, followed by 45 cycles of 95ºC for 15 sec, and 60ºC for 1 

min.  

Dilutions of HAdV-2 or HAdV-41 plasmid stock preparations were used to evaluate 

the sensitivity of HAdV qPCR assay methods #1 and #2. In addition, serial dilutions of DNA 

extracted from HAdV-2 (species C), HAdV-3 (species B), HAdV-4 (species E), HAdV-37 

(species D) and HAdV-41 (species F) were tested using HAdV qPCR assay 1. The results 

were compared to the conventional HAdV assays. 

The sensitivity of the qPCR assays were compared to the conventional nested PCR 

varied with the adenovirus type tested. The HAdV qPCR assay methods #1 and #2 were at 

least or more sensitive (up to a factor of 100) for the detection of HAdV-2 (HAdV-C), type 4 

(HAdV-E) and HAdV-41 (HAdV-F), but HAdV qPCR assay method #1 was less sensitive 

(by a factor of 100) than the method #1 nested PCR (Allard et al., 1992) for the detection of 

HAdV-37 (HAdV-D). The plasmid standard curves generated from plasmid dilutions ranging 

from 10 to 10
7 

copies per reaction for HAdV-2 and HAdV-41 using HAdV qPCR assay 

method #1 (efficiencies of the HAdV-2 and HAdV-41 PCR were 0.95 and 0.96 respectively) 

are shown in Figures 2.2 and 2.3 respectively. Additional dilutions were also analysed to 

establish the variation at lower concentrations (1, 5, 10, 20 copies of plasmid DNA) and to 

generate the standard curve. The HAdV qPCR assays were shown to reproducibly detect at 

least 10 DNA plasmid copies per reaction. Dynamic detection ranges over 6 logs and linear 
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relationships over at least 5 log10 were observed for HAdV qPCR assay method #1 and #2 

(data not shown for qPCR method #2). The specificity testing is described in Section 2.6.6. 

 

Figure 2.2. HAdV-2 plasmid standard curve using HAdVqPCR assay method #1 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. HAdV-41 plasmid standard curve using HAdVqPCR assay method #1 

 

 

 

 

 

 

 

 

 

 

 

2.6.4. HAdV-A, B, C, D and F qPCR  

 For the development of HAdV species-specific qPCR assays, sequences from several 

adenovirus types from the Mastadenovirus and Atadenovirus genera, including HAdVs, 

bovine, porcine, ovine, goat and deer adenoviruses were retrieved from GenBank, aligned 

using ClustalW, version 1.83 and implemented in Geneious, version, 4.5.4 (Biomatters Ltd., 

Auckland, New Zealand). Alignments were then imported into GeneDoc, version 2.6.002. 

Primers and probes were designed with the assistance of Dr Sandro Wolf using criteria as 

described in Wolf et al. (2010). For primer and probe design, considerations were made to 

ensure that animal adenoviruses were not detected. This was an important if the assays were 

Cycle number

106 105 104

Plasmid copies per reaction

107 106 105 104 103 102 101

Cycle number

107 106 105 104 103 102 101

Plasmid copies per reaction
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to be used for MST purposes. HAdV-A, C, D and F specific primers and probes were targeted 

to the hexon region of the virus, while HAdV-B primers and probe were targeted to the fibre 

region. Primer and probe sequences are listed in Table 2.3. The base mismatches to non-target 

adenoviruses are shown in Table 2.4.  

Probes were labelled with at the 5’ end with either Cal Fluor Red 610 (HAdV-A), 

FAM (HAdV-C, HAdV-D), or Quasar 705 (HAdV-F) probe label and a BHQ quencher at the 

3’ end (Biosearch Technologies Inc., US) for use on the Rotor-Gene
TM

 6000 real-time 

thermocycler (Corbett Life Science). Annealing temperatures from 56 to 62
o
C were evaluated. 

To optimise each assay, dilutions of plasmid stock preparations were used including to 

determine the sensitivity of each final assay. A HAdV-B specific assay was designed but due 

to time constraints, the assay was not validated. It was however deduced from the primers 

sequences that a suitable annealing temperature would probably be around 60°C.  

The final reactions were as follows: Each 25 μL reaction contained 2.5 μL of DNA, 

12.5 μL of Platinum® Quantitative PCR SuperMix-UDG, 0.2 μM primers and 0.2 μM probe. 

The PCR consisted of an initial denaturation step for 3 min at 95ºC, followed by 45 cycles of 

95ºC for 15 sec, and 58ºC for 1 min.  

 The qPCR assays for HAdV-A, HAdV-C and HAdV-F reproducibly detected at least 

10 DNA plasmid copies per reaction. Dynamic detection ranges over 5 logs and linear 

relationships over at least 5 log10 were observed for the qPCR assays. As the generation of a 

DNA plasmid for HAdV-D was not successful, the sensitivity of the HAdV-D assay could not 

be determined. The development of the specific HAdV-C and HAdV-F qPCR assays were 

published in 2010 (Wolf et al, 2010).  

These assays were used mainly as single qPCR assays, but were designed to be 

duplexed or multiplexed with each other. For example due to the probe labels the following 

duplex/ multiplex assays could be performed: 

 HAdV-A and HAdV-C or D 

 HAdV-A, HAdV-C or D, and HAdV-F 

 HAdV-A and HAdV-F 

 HAdV-C or D, and HAdV-F. 
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Table 2.3. HAdV species-specific qPCR assays  

Virus 

target 

Primers and probes Sequence Sense Genome 

target 

Melting 

temp 
o
C 

Reference 

HAdV-A HAdVAf GGACACCTACTTCACCCTG
 

+ Hexon 60 This study 

HAdVAr AGCYAGCGTAAARCGAGCCTT
 

- 
 

60  

HAdVAprobe
a 

GCGTAAARCGAGCCTTGTAWGA
 

- 
 

71-72  

 

HAdV-B
b
 

 

HAdVBfa 

HAdVBfb 

 

CCAAGAGAGTCCGGCTCAG 

CCAARCGAGCTCGGCTAAG 

 

+ 

+ 

 

Fibre 

 

60 

60 

 

This study 

HAdVBr CAACACCCMTTTATAAAYCCYGG - 
 

60
 

 

HAdVBprobe MGB
 

Bprobe MGB 

TACCCYTATGAAGAYGAAAGCA 

CCCYTATGAAGAYGAAAGC
 

+ 

+ 

 
71-74 

67-70
 

 

 

HAdV-C 

 

HAdVCf 

 

GAGACGTACTTCAGCCTGAAT
 

 

+ 

 

Hexon 

 

60 

 

Wolf et al., 2010 

HAdVCr GGATGAACCGCAGCGTCAAA
 

-  60  

HAdVCprobe
c 

CCTACGCACGACGTGACCACAGA
 

+  71-72  

 

HAdV-D 

 

HAdVDf 

 

CAGGCCAACCTGTGGAAGA
 

 

+ 

 

Hexon 

 

60 
 

This study 

HAdVDr AGGCGTCCACCAGCGAG
 

-  60  

HAdVDprobe
c 

AGMGTGACGTTGGCCGGCGTGTACT
 

-  71-72  

 

HAdV-F 

 

HAdVFf 

 

GCCTGGGGAACAAGTTCAGA
 

 

+ 

 

Hexon 

 

60 

 

Wolf et al., 2010 

HAdVFr GCGTAAAGCGCACTTTGTAAG
 

-  60  

HAdVFprobe
d
 CAGTCGCTGYGACCTGTCTGTGGTT

 
-  69-71  

Probes labelled with 
a
Red 610-BHQ1, 

c
FAM-BHQ1, 

d
Quasar 705 (Crimson)-BHQ2. 

b
Proposed assays with 2 alternative probes (not validated).  

Minor Groove Binding (MGB™) probe has a higher melting temperature than a non-MGB™ probe which increases specificity and sensitivity 

(Kutyavin et al., 2000) 
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Table 2.4. HAdV-A, C, D and F species primers and probe mismatches to other adenoviruses 

Name Mismatches (mims)* 

HAdV-A for 3 mims to other HAdV
 

HAdV-A rev 4 mims to HAdV-2/5/6; 4 mims to OvAdV-6; 6 mims to other animal AdV 

HAdV-A probe 4 mims to HAdV-6; 5 mims to HAdV-2/5; 6 mims to other HAdV; 8 mims to animal AdV 
 

HAdV-C for 4 mims to other HAdV; 4 mims to PoAdV-3; 5 mims to OvAdV-6; 6 mims to BoAdV-1 

HAdV-C rev 4 mims to other HAdV; 6 mims to animal AdV 
 

HAdV-C probe 3 mims to HAdV-4; 4 mims to other HAdV; 1 to OvAdV-1/ Ca AdV-2; 2 mims to OvAdV-2 to 5/Bo2; 4 mims to BoAdV -1;  

5 mims to all others
 

HAdV-D for 6 mims to animal AdV; 6 mims to HAdV-41; 7 mims to HAdV-40
 

HAdV-D rev 5 mims to animal AdV; 8 mims to HAdV-40 and 41
 

HAdV-D probe 5 mims to animal AdV; 8 mims to HAdV-41; 9 mims to HAdV-40 
 

HAdV-F for 2 mims to 8/19; 3 mims to other HAdV; 4 mims to BoAdV-1/3/10 

HAdV-F rev 6 mims to OvAdV-6; 7 mims to OvAdV-1/CaAdV-2/BoAdV-3; 3 mims to HAdV-3/4/7/16/31; 4 mims to HAdV-16/34/35;  

5 mims to other HAdV 

HAdV-F probe 6 mims to any animal AdV; 5 mims to other HAdV
 

*Analyses done in conjunction with Dr Sandro Wolf 

OvAdV, ovine adenovirus; BoAdV bovine adenovirus; PoAdV porcine adenovirus 
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No signal cross-over between the detection channels was observed when the assays 

were duplexed or multiplexed. The assays were useful for a number of applications including 

for the identification of HAdV-A, HAdV-C, HAdV-D and HAdV-F in a range of 

environmental samples (including wastewater and biosolids) by both direct PCR and 

following culture (i.e. following conventional culture where CPE had been identified as well 

as in C-PCR assays). Results using these assays for each matrix are given in subsequent 

chapters. The assays were found to be reliable, in terms of giving reproducible PCR Cq values 

based on specificity testing (described in Section 2.6.6). The PCR assays were also extremely 

HAdV species-specific. 

2.6.5. HPyV qPCR  

A published qPCR HPyV assay (McQuaig et al., 2006; McQuaig et al., 2009) was 

used during this study. The primers (SM2, P6) and probe (KGJ3) as shown in Appendix D. 

The assay was performed on the Rotor-Gene™ 3000 real-time thermocycler (Corbett Life 

Science, Sydney, Australia). Each 25 μL reaction contained 2.5 μL of DNA, 12.5 μL of 

Platinum® Quantitative PCR SuperMix-UDG, 0.4 μM primers and 0.2 μM probe (labelled 

with VIC). The PCR consisted of an initial denaturation step for 3 min at 95ºC, followed by 

45 cycles of 95ºC for 15 sec, and 60ºC for 1 min. HPyV DNA plasmids were used to evaluate 

the sensitivity of the assay. The HPyV qPCR reproducibly detected at least 10 DNA plasmid 

copies per reaction. A dynamic detection range of up to 6 logs and a linear relationship over at 

least 5 log10 was observed (Figure 2.4). The specificity testing is described in Section 2.6.6. 

The assays were used for the detection of HPyVs in a range of environmental samples 

including wastewater and biosolids. (See Chapters 3 and 4). 

 

Figure 2.4. HPyV DNA plasmid standard curve and PCR amplification curve 
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   DNA copies per reaction shown 

2.6.6. Specificity of PCR assays 

Each HAdV and the HPyV PCR assay was tested for target specificity. This was done 

by testing each assay with nucleic acid extracted from both the target virus and a wide range 

of non-target viruses and bacteria that may be present in the environment. In addition, nucleic 

acid extracted from viruses used for process and other controls, such as MNV, were tested. 

Unless otherwise stated, viruses were sourced either from ATCC or isolated from samples 

submitted to ESR Ltd for clinical or environmental investigations. Bacterial isolates were 

submitted to ESR Ltd for typing purposes, and were isolated from human sources, except 

Salmonella menston, where the source was beef.  

Target viruses: HAdV 1-11, 13-15, 17, 19, 21, 22, 25, 29, 37 and 41. EV (PV2, human 

echovirus 9, human coxsackievirus A16, human coxsackievirus B5), NoV GI (at least GI.1, 

GI.2, GI.3, GI.4, GI.5), NoV GII (at least GII.2, GII.3, GII.4, GII.5).  

Non-target bacteria: At least, Vibrio alginolyticus, Vibrio cholerae, E. coli O113:H6, E. coli 

O157, E. coli O26, Shigella flexneri serotype 1b and serotype 2a, Salmonella infantis, 

Salmonella menston, Yersinia enterocolitica biotype 3, Yersinia enterocolitica biotype 1A, 

Legionella spp., Pseudomonas spp., Campylobacter coli, Campylobacter jejuni, Helicobacter 

pylori.  

Non-target viruses: F-RNA bacteriophages GI to GIV (kindly provided by D. Love/ Prof M. 

Sobsey, University of North Carolina, Chapel Hill), hepatitis A virus strain HM-175 (kindly 

provided by Prof M. Sobsey), human astrovirus, human sapovirus, human rotavirus (type 

Wa), NoV GIII, hepatitis E virus (source from a pig), bovine adenovirus (Ministry for 
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Primary Industries (MPI), Upper Hutt, New Zealand), equine adenovirus (MPI), bovine 

rotavirus SA11, wild-type feline calicivirus (MPI) and MNV strain 1 (kindly provided by Prof 

Virgin/Dr Wobus, Washington University School of Medicine, MO, US).  

Animal faecal samples: New Zealand domestic livestock (bovine (n=31), ovine (n=29), 

porcine (n=29)), and birds (black swans, Cygnus atratus (n=31); Canada geese, Branta 

Canadensis (n=21); ducks (Anas platyrhynchos (n=16)) commonly found in New Zealand 

were collected between 2007 and 2009. Animal and bird faecal samples were processed as 

previously described (Wolf et al., 2010). 

For most PCR/qPCR assays, no cross reactivity was seen with any non-target 

organisms tested, and all non-target bacteria and non-target viruses producing a negative 

result. The exception was the hexAA1885/hexAA1913 primers (conventional endpoint assay, 

Allard et al. (1990)) that detected bovine adenovirus DNA. However, the corresponding 

nested PCR (Allard et al., 1992) was negative when the product was amplified using the 

primers hexAA1885/hexAA1913. This result was presumably due to an increased specificity 

of the nested PCR primers to HAdV. As the vast majority of samples were detected by the 

nested assay rather than the primary assay, this was not considered a problem but all positive 

samples were sequenced to ensure that they were detecting HAdV and not bovine 

adenoviruses. 

2.7. HAdV cell culture development using guanidine 

hydrochloride 

As the culture of faster-growing EVs can have a detrimental effect on the recovery of 

HAdVs, the use of guanidine hydrochloride was evaluated in two assays: the quantal cell 

culture assay and a C-PCR/C-qPCR assay. There are few studies describing the use of 

guanidine hydrochloride for this application and none that describe its use for HAdV 

quantification assays (Girones et al., 1993; Hurst et al., 1988a; Hurst et al., 1988b; Puig et al., 

1994).  

In preliminary experiments, it was observed that guanidine hydrochloride (100 g/mL) 

did not suppress EV that had been passaged through cell culture, so it was not possible to 

perform seeding experiments using laboratory prepared EV stocks. This had been previously 

reported (Hurst et al., 1988a) where it was noted that the effect of guanidine hydrochloride 

was less pronounced on viruses passaged through cell culture. Therefore, ‘naturally’ 
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contaminated samples were used to evaluate the use of guanidine hydrochloride in cell culture 

assays. Virus concentrates prepared from influent wastewater samples using beef extract 

elution and PEG precipitation (as described in Appendix E.2 (Hewitt et al., 2011)) were used 

for the evaluation. 

 

2.7.1. A549 quantal assay  

 Eight influent wastewater samples and three biosolids samples were selected for 

evaluation of the A549 quantal assay using guanidine hydrochloride. For the wastewater, 1L 

samples were concentrated to 10 mL (i.e. 1 mL of sample concentrate was the equivalent of 

100 mL original wastewater). For biosolids, the weight concentrated varied (refer to Chapter 

4, Section 4.4). The concentration of EVs in the wastewater and biosolids samples was 

determined by the ACS assay (Appendix G.2.3) and was up to 2770 PFU/L and 1090 PFU/g 

respectively. The method used for wastewater and biosolids were the same with only the 

difference being the volume of sample used per well. 

Following trypsinisation of A549 cells, they were plated at a concentration of 10
4
 cells 

per well (in a 96-well plate) in 2% (v/v) FCS in 199 Medium in a 100 μL volume (Appendix 

C.2). This was followed immediately by the addition of sample diluted in the same media 

(100 μL) so that the total volume of diluted sample and cell suspension was 200 μL per well. 

For all samples, 48 wells were inoculated with 1 μL, 10 μL and 20 μL concentrate per well for 

the wastewater samples and with 0.5 μL and 5 μL for biosolids. Prior to the addition to the 

well, guanidine hydrochloride was added to the cells and samples at a final concentration of 

100 µg/mL. For controls, this process was repeated but excluded the addition of guanidine 

hydrochloride. Control A549 cells (with no sample added) were also plated with and without 

guanidine hydrochloride added to compare the effect of guanidine hydrochloride on the cells 

over time.  

Plates were incubated for up to 28 days at 37ºC in a humidified 5% CO2 atmosphere. 

Wells were examined regularly for CPE characteristic of HAdV and EV CPE. Results were 

expressed as IU/mL (or per g) (with 95% confidence interval (CI) range) and then converted 

to per L (or per g) original sample as applicable. To confirm that CPE was virus specific, 

supernatant and/or cells were collected from wells. Typically, PCR was used to confirm the 

presence of HAdV in at least 3 wells or 10% of wells exhibiting CPE (whichever was the 

greatest). Selected wells showing typical HAdV CPE were subjected to a freeze-thaw cycle 

and viral nucleic acid extracted from 200 µL amounts using the High Pure Viral Nucleic Acid 
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Kit (Roche Molecular Biochemicals Ltd). Extracted viral nucleic acid was then analysed for 

the presence of HAdV using qPCR (Chapter 2, Section 2.6.2). Alternatively, 

immunofluorescent-labelled virus specific antibodies were also utilised for some samples for 

the confirmation that CPE was due to HAdV replication. Briefly, cells were fixed onto a slide 

and antibody added to visualise the presence of virus.  

For wastewater samples, the addition of sample concentrate of 10 µL or less per well 

was found to be optimal (data not shown). The addition of 20 µL sample concentrate per well 

was frequently toxic to the cells. The addition of 10 µL per well often meant that every well 

was CPE-positive and so results from the addition of 1 µL per well were required. Both 1 µL 

and 10 µL (x 48 wells) were used to reduce the need for repeats. The HAdV and EV CPE 

observed in A549 cells with and without the addition of guanidine hydrochloride at days 14 

and 28 post inoculation are shown in Table 2.5. In this experiment, guanidine hydrochloride 

had no effect on the cell viability over 28 days, and no effects of increased toxicity from the 

sample was noted. 

 

Table 2.5. HAdV and EV CPE observed in A549 cells inoculated with influent 

wastewater sample concentrates #1-8  

Sample 

number 

EV 

 quantity
a
 

Day 

read
b
 

Sample only Sample plus guanidine 

hydrochloride 

HAdV 

 CPE 

EV 

 CPE 

HAdV 

CPE 

EV 

CPE 

Number of wells showing CPE/total number of wells 

1 2770 PFU/L 14 4/48 9/48 7/48 0/48 

 28 5/48 9/48 10/48 1/48 

2 50 PFU/L 14 6/48 0/48 14/48 0/48 

 28 14/48 0/48 26/48 0/48 

3 135 PFU/L 14 0/48 26/48 13/48 0/48 

  28 0/48 26/48 24/48 0/48 

4 1030 PFU/L 14 0/48 31/48 18/48 1/48 

 28 0/48 31/48 36/48 1/48 

5 5 PFU/L 14 0/48 1/48 0/48 0/48 

  28 0/48 1/48 2/48 0/48 

6 125 PFU/L 14 0/48 4/48 0/48 1/48 

  28 3/48 4/48 4/48 1/48 

7 25 PFU/L 14 0/48 0/48 0/48 0/48 

  28 0/48 0/48 0/48 0/48 

8 <5 PFU/L 14 8/48 3/48 5/48 0/48 

  28 12/48 3/48 23/58 0/48 
a
As determined by agar cell suspension assay using BGM cells. 

b
Number of days following inoculation of sample into cells. 
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The presence of EVs clearly had a detrimental effect on the recovery of HAdVs. Using 

Student’s t-test (Microsoft Excel), the number of wells exhibiting HAdV CPE in wastewater 

samples was shown to be significantly greater for samples using guanidine hydrochloride 

compared to when the reagent was not used (p=0.039). This showed that guanidine 

hydrochloride successfully inhibited EVs growth in contaminated environmental samples. For 

the eight influent wastewater samples tested, a total of 74 wells exhibited EV CPE when no 

guanidine hydrochloride was used compared to only three wells showing EV CPE when it 

was used (Table 2.5). Although the number of wells positive for EVs were not significantly 

less when using guanidine hydrochloride (p=0.077), the positive effect of guanidine 

hydrochloride on HAdV culture was clearly seen with sample numbers 3 and 4 (Table 2.5). In 

these two samples, HAdV CPE was not observed when EV growth was not inhibited, but 

HAdV CPE was observed when guanidine hydrochloride was added to the sample. The higher 

concentration of EVs, the more problematic the isolation of HAdVs is without the presence of 

guanidine hydrochloride. 

 
Table 2.6 shows HAdV and EV CPE observed between day 3 and 28 for sample #1 (as 

in Table 2.5), with and without guanidine hydrochloride added prior to cell culture. EV CPE 

was observed on day 3 onwards for samples with no guanidine hydrochloride added. HAdV 

CPE was much later to develop, being first observed between days 9 and 14 for samples with 

and without guanidine hydrochloride respectively. There were significantly fewer wells 

positive for EV when using guanidine hydrochloride compared when it wasn’t used 

(p<0.001).  

 

Table 2.6. HAdV and EV CPE observed in A549 cells inoculated with influent 

wastewater sample concentrate number 1  

Day  

read
a
 

Sample only Sample plus  

guanidine hydrochloride 

HAdV 

 CPE 

EV 

 CPE 

HAdV 

CPE 

EV 

CPE 

Number of wells showing CPE/total number of wells 

3 0/48 4/48 0/48 0/48 

6 0/48 8/48 0/48 0/48 

9 1/48 9/48 0/48 0/48 

14 4/48 9/48 7/48 0/48 

16 5/48 9/48 8/48 1/48 

28 5/48 9/48 10/48 1/48 
a
 number of days following inoculation of sample into cells 
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For biosolids, there was also no evidence of EV-like CPE in A549 cells with added 

guanidine hydrochloride. As for the wastewater samples, EVs grew rapidly in cells that were 

not treated with guanidine hydrochloride and as a consequence, fewer wells exhibited HAdV 

CPE. For example, for one sample containing 100 PFU/g EV (sample #B1e - refer to Chapter 

4, Table 4.3) approximately one-third of the 96 wells inoculated with 1 µL concentrate 

showed EV CPE (18/96 and 32/96 EV CPE positive wells after 4 and 8 days incubation 

respectively) when no guanidine hydrochloride was added. This was in contrast to wells with 

added guanidine hydrochloride. In these wells, no EV CPE was evident after 28 days and 

instead, 46/96 wells showed HAdV CPE by day 28. Guanidine hydrochloride resulted in no 

increased cell toxicity or reduced cell sensitivity to viruses. 

2.7.2. HEK-293 quantal assay  

 HEK-293 and A549 cells are often used for the detection of HAdVs, but the choice of 

cell line to use is not always clear. As HEK-293 cells support the growth of HAdV-F in 

addition to other HAdV species, the hypothesis was that these cells would give a better 

indication of HAdV concentration. In this evaluation, 12 influent wastewater samples were 

selected from seven WWTP to compare A549 cells to HEK-293 cells in the quantal assay, and 

using guanidine hydrochloride to inhibit EVs. The method was as described in Section 2.7.1 

but using HEK-293 cells and appropriate cell culture media (Appendix C, Table C.1). 

Guanidine hydrochloride was added to give a final concentration of 100 g/mL. Control 

HEK-293 cells (no sample added) with and without guanidine hydrochloride was added to 

compare the effect of guanidine hydrochloride on the cells over time. Cells were incubated 

until natural cell degeneration was observed in the majority of the HAdV-negative wells (and 

control cells). Wells showing CPE were confirmed as HAdV by confirmatory assay, including 

DNA sequence-based typing to identity the HAdV type.  

 When uninfected, HEK-293 and A549 cells remained viable for at least 10 days and 

28 days respectively. Ten of the twelve (83.3%) wastewater samples contained culturable 

HAdV using A549 cells, compared to 6/12 (50%) using HEK-293 cells (i.e. four samples (#3, 

#5, #9 and #11) were positive using A549 cells but negative using HEK-293 cells. Two 

samples (#6 and #8) were HAdV-negative in both HEK-293 and A549 cells. For samples that 

were HAdV positive using both HEK-293 and A549 cells, the infectivity titre was 

consistently (and significantly p<0.05) lower for HEK-293 than for A549 cells (Figure 2.5). 

Therefore, as far as sensitivity and quantification was concerned, A549 cells seemed were 
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more appropriate for use in a HAdV quantal assay using the conventional MPN assay based 

on the appearance of CPE alone. 

 

Figure 2.5. Comparison of HEK-293 and A549 cells for determining HAdV infectivity 

titre (by CPE) 

 
 The differing time period that HEK-293 and A549 cells remain viable has a 

consequence on the viral titre. The appearance of CPE required for quantification using the 

conventional quantal MPN assay can be prolonged. In this experiment, viral CPE in A549 

cells were still being first observed after 3 weeks of incubation. Therefore, HEK-293 may be 

less likely to support the slower-growing or low titre HAdVs (those where CPE takes more 

than 10 days to be observed). Therefore, even though HEK-293 cells are considered more 

appropriate than A549 cells for the replication of HAdV-F and can also support the replication 

of other HAdV species, this factor did not result in a higher titre being determined. In the 

conventional quantal MPN assay, the use of either HEK-293 or A549 cells will be suboptimal 

so the choice of cell line to use is difficult. Subsequent studies were performed on these 

isolates, and others, to determine the diversity of HAdV detected by these two cell lines, so a 

more informed decision could be made. The decision on which cell line to use may be 

dependent on the HAdV types that are to be identified. Isolates from A549 and HEK-293 cells 

used in quantal assays with wastewater samples were further analysed to determine the HAdV 

types present. The methods and results are described in Chapter 3, Sections 3.5.2 and 3.5.4. A 

similar comparison of A549 and HEK-293 cells, as well as BGM cells was performed on 

biosolids and is described in Chapter 4, Section 4.4.5. As A549 and HEK-293 cells were both 
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found to be useful, both lines were further tested in the C-PCR assays. The methods and 

results are described in Chapter 3, Sections 3.5. 

2.7.3. C-PCR/C-qPCR assay  

 To develop further the application of guanidine hydrochloride to inhibit EV growth, it 

was applied to the HAdV C-PCR/C-qPCR assay using a modification of a method previously 

described (Greening et al., 2002). For this evaluation, wastewater sample concentrates were 

used with the following protocol. Growth media from 25 cm
2 

flasks or 6-well plates of 

confluent cells was removed and replaced with warmed PBS (pH 7.3). Following light 

agitation (by swirling), the PBS was removed. Each sample diluted with either maintenance 

media or VTM solution (Appendix C). Guanidine hydrochloride (100 g/mL) was added to 

the inoculum. A total volume of 1-2 mL sample (diluted) inoculum was then inoculated into 

flasks/wells and incubated for 2 hr with regular mixing at 37
o
C in 5% CO2. The sample 

inoculum was then removed, cells washed twice with PBS as above and appropriate 

maintenance media (containing 2% (v/v) FCS) added with guanidine hydrochloride added to a 

final concentration of 100 g/mL. Cells were then incubated at 37
o
C in 5% CO2 for 5-7 days 

(incubation times of 2 and 4 days also tested for limited samples). At least one uninoculated 

flask/well of cells was included as a negative control. The amount of sample added per 

flask/well was dependent on the sample type. The volume was determined by adding 

increasing amounts of material and observing for toxicity and virus growth inhibition. Cells 

compared in this assay included HEK-293, A549 and BGM cells. Two approaches were used 

for recovery of infected cells. For the initial evaluation of guanidine hydrochloride, HAdV C-

PCR method #1 was used. HAdV C-PCR method #1: Following incubation, freeze-thaw 

lysis (x3) was used to release virus from the infected cells and lysed cells centrifuged for 10 

min at 4,000 x g. The resulting cell culture supernatant from the cells was collected and the 

total viral nucleic acid extracted from 200 µL viral lysate using the High Pure Viral Nucleic 

Acid Kit (Roche Molecular Biochemicals Ltd.) as per manufacturers’ instructions. HAdV C-

PCR method #2 included a modification to increase sensitivity. Following incubation, the 

media was removed and the cells washed twice in PBS. The cells were recovered using 

trypinisation and the cells centrifuged for 10 min at 4,000 x g. The cell culture media/ trypsin 

solution was removed, the cell pellet resuspended in 0.5 mL PBS and then frozen at -80
o
C. 

Following freeze-thaw lysis (x3) to release virus from the infected cells, the lysed cells were 
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centrifuged for 10 min at 4,000 x g. Total viral nucleic acid was extracted from 200 µL as 

above.  

HAdV presence was determined using either: 

 Conventional PCR (with gel-based detection) 

 qPCR (using a HAdV generic or HAdV species-specific assay).
2
 

As with the quantal assays, the addition of guanidine hydrochloride to naturally 

contaminated environmental samples was found useful in the suppression of EV, and 

detection of HAdV using either conventional or qPCR detection. The addition of 200-250 µL 

of neat wastewater sample concentrate (equivalent to the addition of 20-25 mL wastewater) 

and 100 µL of biosolids sample concentrate was found to be non-toxic to cells (in the 

presence of 100 g/mL guanidine hydrochloride) and as with the quantal assays, guanidine 

hydrochloride did not enhance the toxicity of the samples. An incubation time of 5-7 days was 

shown to be suitable for the detection of HAdV. The C-qPCR was chosen to analyse water 

and biosolids samples and the results are shown in Chapters 3 and 4. Although used here as a 

presence/absence assay, C-qPCR could be easily adapted to a quantitative assay by using 

multiple wells and applying the MPN approach to estimate virus concentrations with the 

recognition that this approach is more costly. Another adaptation would be to detect HAdV 

mRNA, rather than viral DNA, following culture as described recently for wastewater 

samples by Rodriguez et al. (2013). 

2.7.4. Summary 

Overall, guanidine hydrochloride (100 g/mL) was successfully applied to inhibit EV 

growth in naturally contaminated environmental samples using quantitative culture and in C-

PCR/C-qPCR assays. No other known studies where guanidine hydrochloride has been used 

in HAdV quantal assays of environmental samples were identified. No detrimental effects on 

the cells, neither regarding toxicity nor length of time that the cells remain healthy, were 

observed in this work. For example, A549 cells remained healthy for up to 28 days when 

inoculated with wastewater concentrates with no HAdV CPE evident and it was possible to 

isolate and quantify the amount of HAdV in the presence of large amounts of EVs from 

wastewater samples.  

                                                 
2qPCR offers a potentially quicker and sensitive assay without the post amplification work (i.e. gel 

electrophoresis) 
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2.8. Development of a virus recovery method from water 

2.8.1. Introduction 

Following the literature review on methods and based on experience, the recovery 

method chosen to be evaluated was the hollow-fibre ultrafiltration (a molecular filtration 

method), as previously described (Hill et al., 2005). The method had the potential to capture a 

range of viruses (including F-RNA bacteriophages) and be useful for a variety of water 

samples. Ultrafilters have a certain molecular weight cut off in which particles larger than this 

size will be retained while water passes through the filter (pores). The method as described by 

Hill et al. (2005) uses negatively-charged sodium polyphosphate (NaPO3) as a chemical 

dispersant to increase the surface charge repulsion between the viruses and filters. This 

reduces adhesion of the viruses to the surface of the filter and so aids in virus recovery. As 

filtering proceeds, the ‘retentate’ (that can contain solid materials) becomes more 

‘concentrated’ as water only is removed from the sample. When filtering was complete, 

viruses attached to the filter are ‘backflushed’ with a Tween/NaPO3 solution.  

For this study, the Hemoflow® HF80S dialysis ultrafilters (Fresenius Medical Care, 

Bad Homberg, Germany) were trialled. Following preliminary work with a range of samples 

(wastewater, river water) using these ultrafilters and based on other experience, some 

potential problems were identified. These were that:  

 samples containing large amounts of solids could potentially block the filter  

 samples containing solids may be more commonly associated with PCR inhibition 

in subsequent analysis  

 viruses were sometimes not detected in the retentate following the concentration 

by the filter only (say a 10-fold concentration such as 10 to 1 L). 

Therefore, modifications of the method developed by Hill, et al. (2005) were trialed. These 

were to: 

 pretreat the sample to reduce the chance of filter blockage 

 elute viruses from solids present in the retentate  

 include a PEG concentration step to further concentrate viruses. 

The final method is described in Appendix E.3 and was evaluated for: 

 virus recovery 

 time and cost required for filtration 

 suitability for water from different sources (river, potable). 
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2.8.2. Methods 

2.8.2.1. Samples 

Samples used for the evaluation were river water (taken at the abstraction point at a 

drinking water treatment plant), drinking water and stream water (including one known to be 

polluted from industry sources/run off). To aid in the elution of viruses from the solids (if 

present) and retained by the hollow-fibre ultrafilter, two alternative additional steps following 

the filter backflushing step were compared.  

These were: 

 method a: Addition of 5 parts 3% (w/v) beef extract solution and 3 parts 

chloroform (v/v) 

 method b: Addition of 3% (w/v) beef extract and 0.05 M glycine solution (5 parts 

buffer added to 1 part solids). 

 To determine the recovery, samples were seeded with HAdV-2, PV2, NoV GI and 

NoV GII and concentrated using the method described in Appendix E.3  

2.8.2.2. Viral nucleic acid extraction and qPCR 

Viral nucleic acid was extracted from 200 µL and 500 µL samples using the High Pure 

Viral Nucleic Acid kit (Roche Molecular Biochemicals Ltd.). For one experiment, the PCR 

cycle threshold (Cq) values were compared when 200 µL and 500 µL were extracted. 

Extracted viral nucleic acid was analysed using the following qPCR assays (where 

applicable): 

 HAdV qPCR assay #1 (Section 2.6.3) 

 Norovirus GI RT-qPCR assay (Kageyama et al., 2003) (Appendix F.1) 

 Norovirus GII RT-qPCR assay #2 (Kageyama et al., 2003) (Appendix F.2). 

Recoveries using qPCR data were calculated as described in Appendix J. 

2.8.2.3. Culture 

For EV culture, BGM cells were used in a quantal assay and in an ACS plaque assay 

using methods as described in Appendix G. MS2 bacteriophages were recovered by a standard 

F-RNA bacteriophage plaque assay using the host bacterium Salmonella typhimurium WG49 

(Havelaar and Hogeboom, 1984). Recovery using culture data was calculated as described in 

Appendix J. 
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2.8.3. Results 

2.8.3.1. Assessment of recovery efficiency 

For 100 L volumes of drinking tap water concentrated to 5 mL, virus recoveries, 

without the beef extract elution step, were a mean of 11%, 20%, 30% for NoV GI, NoV GII 

and HAdV respectively using qPCR, and 33% for EV by culture. The percentage recovery of 

MS2 bacteriophages was 29%. Similar results were obtained for smaller volumes (data not 

shown). For stream water impacted by industrial waste, recoveries without the beef extract 

elution step were lower than drinking water. The recoveries were 3%, 11%, 3% for NoV GI, 

NoV GII and HAdV respectively using qPCR, and 7% for EV by culture. It was shown that 

PEG precipitation was vital for further concentration, as without it, the limit of detection 

would be too low to detect viruses at a low concentration. However, the PEG precipitation 

step did lead to a reduction in virus recovery, with reductions up to a factor of 5 observed (e.g. 

25% reduced to 5%). For river water samples that has no PCR inhibition demonstrated, 

recoveries varied between 7%-28% for HAdV, 11%-59% for NoV GI, 22%-59% for NoV 

GII, and 5%-50% for PV (n=4).  

2.8.3.2. Recovery of viruses from solid phase following ultrafiltration 

The addition of 3% (w/v) beef extract and 0.05 M glycine to elute the viruses from the 

solid material resulted in higher virus recoveries than using five parts 3% beef extract, three 

parts chloroform. With the additional elution step followed by PEG precipitation, no 

inhibition was seen when 200 µL volumes were extracted from 10 mL concentrates obtained 

from 20 L samples (data not shown). 

2.8.3.3. Evaluation of volume for nucleic acid extraction 

By comparing the PCR Cq values obtained for 200 µL and 500 µL extraction volumes, 

a degree of PCR inhibition (up to a four Cq value difference observed) using 500 µL volumes 

was observed. Similar results were observed with the water samples associated with a NoV 

outbreak (Hewitt et al., 2007). Hence, 200 µL extraction volumes were used in all further 

work. 
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2.8.4. Discussion 

Due to problems with negatively-charged HA filters or positively-charged MDS 

Virosorb filters when using large volumes and/or turbid samples prior to 2006, an alternative 

approach was sought. Following on from this study, the Hemoflow® HF80S dialysis 

ultrafilters (Fresenius Medical Care, Bad Homberg, Germany) were subsequently used from 

2006 until 2011. In 2012, due to their unavailability, the Hemoflow® HF80S filters were 

replaced by the FX80 dialysis filters. The FX80 filters were evaluated by processing the same 

effluent wastewater samples using both filters and comparing the results for the detection of 

NoV GI, NoV GI and HAdV (data not shown). The results were comparable, showing no 

significant differences between the concentrations of viruses recovered. The hollow-fibre 

ultrafilters were simple to use requiring only standard laboratory equipment such as peristaltic 

pump and centrifuges and were suitable for potable and non-potable waters (≤ 100 L). 

Although recoveries could be improved, they were at least comparable with other studies, 

including those using other methods (Lambertini et al., 2008; Wyn-Jones et al., 2011). 

Recoveries between 10 and 50% are commonly reported (Refer to Ikner et al. (2012). In one 

study, seeding and recovery experiments of river water (10 L and 50 L) showed that although 

ultrafiltration was the most efficient method trialled, resulting in HAdV and HPyV recoveries 

ranging between 3-33%, NoV was not successfully recovered (<1% recovery) (Albinana-

Gimenez et al., 2009a).  

The hollow-fibre ultrafilters were particularly useful for samples where the presence of 

significant solids was expected. For wastewater, stream and river waters, the method was 

easily adapted for better ease of processing (e.g. by allowing the solids to sediment prior to 

filtration but retaining the solids for subsequent virus elution). The filtration of 20 L of non-

potable and at least up to 100 L of potable water was shown to be feasible using the 

ultrafilters. The hollow-fibre ultrafilter method was found to be rapid (<2-3 hr) and 

economical with the disposable cartridges being low cost (<NZ$30 in 2014).  

The modifications (settling of solids, beef extract elution and PEG precipitation) to the 

original method (as described by Hill et al., 2005) allowed for the method to be used for non-

potable water, although this required extra processing time. It was recommended that the beef 

extract elution be included where solids are present, but can be omitted for the majority of 

drinking water samples and samples with low turbidity. Although PEG precipitation was vital 

for further (secondary) concentration of the sample following the initial concentration by the 

filter, this step led to unavoidable reduction in recovery. 
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Hemoflow® HF80S dialysis filters were first used by the ESR EFV Laboratory during 

the investigation of a gastroenteritis outbreak at a New Zealand ski resort in 2006. In the 

investigation, 20 L drinking water and 20 L of stream source water were processed using this 

method and analysed for NoV GI and GII. Both samples were found to contain NoV GI at 

concentrations of approximately 1000 genome copies/L. This was the first time that 

ultrafilters, with subsequent concentration using PEG precipitation, had been reported as 

being used in an ongoing gastroenteritis outbreak investigation and the rapid results greatly 

assisted with the outbreak management. Further, the successful detection of NoV GI.5 in both 

the water and associated cases (faecal samples) was a critical part of the outbreak 

investigation. The investigation was reported in Hewitt et al. (2007). Following this 

evaluation, the method was used in a large study examining river water samples over a 2-year 

period for the presence of human enteric viruses (Williamson et al., 2011). Due to their ease 

of use and flexibility, the Hemoflow® dialysis filters were thus chosen for use in 

concentrating viruses from a range of samples (river water, estuarine water, urban stream 

water). The results of which are reported in Chapter 5.  
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CHAPTER 3. ENTERIC VIRUS PROFILES AND 

ADENOVIRUS DIVERSITY IN MUNICIPAL 

WASTEWATER 

3.1. Background 

Untreated municipal wastewater can contain high concentrations of potentially 

infectious pathogens. These include viruses shed in the faeces and/or urine of infected 

persons (Farthing, 1989). Unless adequately treated, effluent wastewater can present a 

potential risk to human health. The risk is dependent on a number of factors including, most 

significantly, its destination (e.g. marine and river) and subsequent use of the receiving 

waters (e.g. recreational use, shellfish growing area, drinking water source). The 

contamination of recreational waters by inadequately treated wastewater containing 

pathogens such as NoVs, HAdVs and EVs can be significant health risks to bathers and other 

recreational users (Sinclair et al., 2009). Wastewater discharged into shellfish growing areas 

can have a huge impact on the safety of shellfish for human consumption, particularly when 

the wastewater contains infectious NoVs (Greening and McCoubrey, 2010).  

There is much information on the presence of enteric viruses in wastewater, 

particularly for EVs and HAdVs that are almost always present. Concentrations of viruses 

present in influent can vary, and in some instances their presence can have seasonal 

tendencies (Costan-Longares et al., 2008; Krikelis et al., 1985; Sellwood et al., 1981; 

Vantarakis et al., 1999). Enteric viruses have been shown to persist through many wastewater 

treatment processes but the efficiency of wastewater treatment in reducing the virus 

concentration and infectivity varies. Effluent wastewater is likely to contain infectious viruses 

if the disinfection procedures are inefficient, or when the WWTP is operating sub-optimally 

such as during wastewater overflows or high flow rates (Rodríguez et al., 2012). Other 

factors such as the viral load and extent of virus aggregation will also impact on removal or 

inactivation efficiency. With little or no inactivation, viruses can not only persist in effluent 

wastewater but be present in high concentrations. 

Due to the differing susceptibility of viruses to wastewater treatment processes, 

gaining information on the types, extent of diversity and concentration of enteric viruses in 
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influent wastewater is important. Such information can be used to determine what treatments 

are likely to be effective for pathogen removal or inactivation. Data on maximum 

concentration expected in influent wastewater would also potentially reduce unnecessary 

wastewater processing treatment costs.  

To understand and hence minimise exposure risks associated with contact with 

infectious enteric viruses from inadequately treated wastewater, it is important that data on 

virus occurrence, infectivity and concentration are available and covers a range of 

circumstances. Data on WWTP using different treatment processes and that serve different 

sized populations will inform on appropriate improvements regarding treatment, and/or 

adequate measures that should be put in place. Due to potential differences in the relative 

survival of different HAdV types during wastewater treatment, knowledge of the diversity 

and relative concentrations (i.e. enteric HAdV-F vs. non-enteric HAdV types) present in 

wastewater is important in:  

 managing risk 

 understanding the limitations of risk assessments concerning the treated effluent 

product (or in receiving waters)  

 informing on key areas to focus future research. 

3.2. Knowledge gaps 

Following a literature review, the following knowledge gaps were identified.  

 Data on the concentration of HAdVs relative to other pathogens such as NoVs in 

wastewater are limited. Virus information concerning wastewater from WWTP 

serving different sized populations and covering different treatment types is 

required, particularly for New Zealand. 

 Data on the diversity and concentration of HAdV types in wastewater are limited. 

3.3. Objectives and strategy 

The objectives and strategy of this chapter were: 

 to determine the presence and quantity of the human enteric viruses, HAdV 

(including specifically HAdV-F, types 40 and 41), EV, NoV GI and NoV GII in 
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influent and effluent wastewater from ten New Zealand WWTP. The WWTP studied 

represented those serving different sized communities and geographical locations 

 to obtain information on the persistence of enteric viruses through the treatment 

process and determine the influence of treatment type on viruses present in the 

effluent. A range WWTP utilising different wastewater treatment processes were 

selected for sample collection. 

Samples were collected in 2003 and 2004 (prior to the commencement of this study). 

Viruses were concentrated at the time of collection and CPE-based culture assays carried out 

for HAdVs and EVs. The concentrates were then placed at -80
o
C for long-term storage. For 

completeness, data from these culture assays have been included in this report (Table 3.2, 

Figures 3.1a and 3.1b). During this study, nucleic acid was extracted from these stored 

samples, and tested for HAdVs, EVS and NoVs using RT-qPCR/qPCR. Data from the initial 

CPE-based culture assays were also reanalysed and results compared to the qPCR data. In 

addition, culture and qPCR data were combined for each sample to create a characteristic and 

unique descriptor of the individual viral composition and was termed the ‘virus profile’. Each 

virus profile included the occurrence and concentration for each virus type tested and for each 

method used for the analysis of that virus. Virus profiles were compared and similarities 

visualised between samples using non-metric multi-dimensional scaling (MDS) and analysis 

of similarity (ANOSIM). 

The final objective of this chapter was to: 

 to determine the diversity and concentration of enteric and non-enteric/respiratory 

HAdV types present in wastewater. 

For this objective, isolates from cell culture assays (from CPE-based culture assays 

and C-PCR) were typed and results compared to data obtained from using HAdV species-

specific qPCR assays.  

Note: Data on occurrence and quantification of the HPyVs in wastewater is presented 

in Chapter 5. Chapter 5 includes information on the frequency of contamination and 

concentration of HAdVs, HPyVs and NoVs in mainly non-wastewater samples.  

 

This chapter is divided into two sections.  

Section A describes the influence of wastewater treatment process and the population 

size on the presence and concentration of enteric viruses in wastewater.  

Section B describes the diversity of HAdV types in wastewater, and the influence of 

methodology used on the detection and typing. 
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3.4. Section A: Influence of wastewater treatment process and the 

population size on human virus profiles in wastewater 

3.4.1. Publication details 

This section is based on the published manuscript: Hewitt J, M. Leonard, G. E. 

Greening
 
and G. D. Lewis.

 
2011. Influence of wastewater treatment process and the 

population size on human virus profiles in wastewater. Water Res. 45:6267-6276.  

 

This paper is as published, except for the following modifications: 

 abstract and acknowledgements were removed with references merged 

 introduction was shortened to avoid repetition 

 abbreviations were modified to be consistent with the rest of the thesis 

 the amount of details on the method has been reduced to avoid repetition 

 numbers of tables and figures were modified to fit the formatting of the thesis 

 the reference to the methods described elsewhere in the document have been added. 

3.4.2. Introduction 

Enteric viruses, transmitted by the faecal-oral route and excreted by infected people in 

high concentrations in faeces, are potentially present in large numbers in domestic 

wastewater (Farthing, 1989; Wadell, 1984). Effective treatment of such wastewater to reduce 

the infectious virus load is important to minimise public health risks in receiving water 

(Hafliger et al., 2000; Hewitt et al., 2007; Le Guyader et al., 2006). The potential risk to 

human health depends on the types of viruses present, the types of viruses that survive 

treatment, their infectivity, concentration and the use of the receiving water, such as for 

drinking water abstraction, recreational activity or other use.  

HAdVs, EVs and NoVs commonly found in influent and effluent wastewater (da 

Silva et al., 2007; Haramoto et al., 2007; Irving et al., 1981; Krikelis et al., 1985; Laverick et 

al., 2004; Metcalf et al., 1995; Nordgren et al., 2009) are important etiological agents of 

many human illnesses (Green, 2007; Pallansch and Roos, 2007; Wold et al., 2007). HAdV 

and EV outbreaks have occurred because of recreational water becoming contaminated with 

human faecal waste (Sinclair et al., 2009). NoV outbreaks have been frequently associated 

with contact with either contaminated water or shellfish (Hewitt et al., 2007; Le Guyader et 

al., 2006; Lees, 2000; Simmons et al., 2007; Sinclair et al., 2009).  



 

76 

Most data on virus occurrence and concentration in wastewater and removal 

efficiency are sourced from WWTP that generally serve cities or large communities with 

populations greater than 100,000 inhabitants. Little published data on the removal of enteric 

viruses by WSP that serve small populations (da Silva et al., 2007; Lewis et al., 1986; 

Nordgren et al., 2009) is available mainly due to the expense and availability of virus 

monitoring data in wastewater or treated effluentsTherefore, the aim of the study was to 

obtain an understanding of virus prevalence in the influent of WWTP serving various 

population sizes, the persistence of enteric viruses through treatment and the influence of 

treatment type on the virus profiles of the effluent. 

3.4.3. Methods 

3.4.3.1. WWTP and samples 

Primary screened influent and treated effluent wastewater samples (1 L) were 

collected from ten community WWTP (A-J). Table 3.1 shows the WWTP treatment process, 

wastewater source and the population size served by each plant. 

 

Table 3.1. Treatment process, predominate wastewater source and population size for 

WWTP A-J 

WWTP Treatment process
a
 Wastewater source Approximate 

population size
b
 

A Moving bed biofilm reactor  Domestic and significant 

industrial 

Large 

B Trickling filter, activated sludge, 

waste stabilisation pond 

Domestic and significant 

industrial 

Large 

C Activated sludge, nitrogen removal  Domestic and significant 

industrial 

Large 

D Activated sludge, nitrogen removal Mainly domestic Medium 

E Activated sludge  Domestic and significant 

industrial 

Medium 

F Moving bed biofilm reactor  Mainly domestic Medium 

G Waste stabilisation pond, aerator Domestic and significant 

industrial 

Medium 

H Waste stabilisation pond Mainly domestic Small 

I Waste stabilisation pond Mainly domestic Small 

J Waste stabilisation pond, wetland Mainly domestic Small 
a
WWTP A, C, E and F also include UV as part of the treatment. Samples for this study were 

taken prior to UV disinfection. 
b
Population range served by the wastewater treatment plants; 

large 130,000- 1,000,000; medium 10,000-64,000; small <1,100-4,000 people.  
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The selected WWTP served large (130,000-1,000,000), medium (10,000-64,000) and 

small (< 1,100-4,000) communities (L-WWTP, M-WWTP, S-WWTP respectively) and were 

located across New Zealand. The wastewater treatment processes included moving bed 

biofilm reactor (MBBR) and activated sludge (AS) plants that served large populations, to 

WSP that served small populations. WWTP plants D, F, H, I and J processed mainly 

domestic wastewater while WWTP A, B, C, E and G processed domestic wastewater and 

significant amounts of industrial influent, including animal abattoir wastes. Three samples 

were taken from each WWTP, one on each of three sampling windows during the New 

Zealand summer (24 Nov to 12 Dec 2003, 19 Jan to 14 Feb 2004, and 8 Mar 04 to 2 Apr 

2004). The timing of sampling was defined by criteria for a wider study investigating a range 

of analytes in wastewater.  

Influent and effluent wastewater samples were temporally separate, even when 

collected on the same day, owing to the time the wastewater took to move through the 

WWTP. Effluent samples were collected prior to any mechanical or chemical disinfection 

processes.  

3.4.3.2. Virus controls 

HAdV-2, HAdV-41, and Sabin PV2 LSc ab (monovalent Pfizer vaccine strain) were 

used as positive controls (Appendix A) for the HAdV qPCR and EV RT-qPCR assays 

respectively. PV2 was also used for seeding experiments and as a positive control for the EV 

culture assay. For NoV GI and GII RT-qPCR positive controls, samples were prepared as 

described in Appendix A.  

3.4.3.3. Sample processing  

Within 24 h of collection, viruses from 1 L wastewater samples were concentrated to 

10 mL (modified from (Green and Lewis, 1995; Greening et al., 2002; Lewis et al., 1988; 

Wait et al., 1983)). Samples (1 L) were first centrifuged at 2,400 x g for 20 min at 4
o
C and 

the supernatant held at 4
o
C for later use. Sodium nitrate (2 M) in 3% (v/w) beef extract (pH 

5.5) (Oxoid Ltd., Hampshire, England) was added to the resulting pellet and pH adjusted to 

5.5. Viruses were eluted for 1 h at 4
o
C with continuous mixing on a horizontal shaker at 180 

rpm, and centrifuged at 10,000 x g for 20 min. The resulting supernatant was added to the 

first supernatant and pH adjusted to 7-7.2. Viruses were then concentrated by adding 

polyethylene glycol (PEG) 6000 and NaCl to give final concentrations of 10% (w/v) and 2% 

(w/v) respectively. Samples were mixed at room temperature to dissolve the components, 
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then placed on a horizontal shaker (120 rpm) for a minimum of 2 h at 4
o
C and then 

centrifuged at 10,000 x g for 25 min at 4
o
C. The supernatant was discarded and the pellet 

resuspended in 10 mL PBS (pH 7.4), so that 1 mL concentrate was equivalent to 100 mL 

wastewater. The pH was adjusted to 8.0, sonicated in an Ultrasonic Cleaner (Model FX10, 

Unisonics Pty Ltd., Sydney, Australia) for 2 min and viruses left to elute from the pellet for 1 

h at room temperature with occasional vortexing. Samples were sonicated for another 2 min 

and centrifuged at 10,000 x g for 20 min. Chloroform (10 mL) was added, tubes inverted 

every 5 min for 15 min and then centrifuged at 1,200 x g for 5 min. The chloroform phase 

was discarded and 10 mL chloroform added to the aqueous and interfacial phases, mixed and 

then centrifuged at 1,200 x g for 5 min. P/S (Gibco) and amphotericin B (Gibco) were added. 

Samples were stored at -80
o
C, if not analysed within 24 h. Viral nucleic acid was extracted 

from the concentrates (200 L) using the High Pure Viral Nucleic Acid Kit (Roche 

Molecular Biochemicals Ltd.) as per manufacturer’s instructions and eluted in 50 µL elution 

buffer. Poliovirus-negative wastewater was seeded with 2.0, 3.0 and 4.0 log10 PFU/L PV2 in 

triplicate and recovered using L20B cells that are specific for PV growth. 

3.4.3.4. Virus culture assays 

Cells were propagated in medium 199 (Gibco) (A549 and BGM) or Dulbecco’s 

Modified Eagle Medium High Glucose (DMEM) (293) (Gibco) supplemented with 10% (v/v) 

FCS, and P/S (Gibco). HAdV-2, HAdV-41 and PV2 stocks were prepared from infected 

A549, HEK-293 and BGM cell monolayers respectively by freeze-thaw lysis followed by 

sonication for 3 min in an Ultrasonic Cleaner (Unisonics Pty Ltd). Lysates were extracted by 

the addition of an equal volume of chloroform and clarified by centrifugation at 400 x g for 5 

min. Preparations were aliquoted and stored at -80°C. Nucleic acid extracts from each virus 

stock were used to generate DNA plasmids.  

Culturable HAdV concentrations were determined by observing CPE in A549 cells 

following sample inoculation. A maximum of 2 mL concentrate (equivalent to 0.2 L sample) 

was inoculated by adding 10 µL per well in 96 well plates and applying the MPN method 

after 28 day incubation. Guanidine hydrochloride (100 µg/mL) was used to suppress EV 

growth in the HAdV assay as described in Chapter 2, Section 2.7 (Hurst et al., 1988a). 

Confirmation and species typing of HAdVs were determined by extracting DNA from the 

selected cell lysates of each sample, followed by a conventional HAdV PCR (Allard et al., 

2001) and DNA sequencing. HAdV-2 was used as both extraction and PCR-positive control. 

Culturable EV concentrations were determined by the ACS assay using BGM cells (as 
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described in Appendix G and in Greening et al. (2002)) with a maximum of 2 mL 

concentrate, equivalent to 0.2 L wastewater, inoculated (0.2 mL x 10 plates). PV2 (10 PFU) 

was used as a positive control in the EV culture assay. Titres were expressed as log10 MPN 

infectious units (IU)/L for HAdVs and log10 PFU/L for EVs. The theoretical limit of detection 

per sample based on sample amount tested was therefore 0.7 log10 IU/L for both culturable 

HAdVs and culturable EVs. 

3.4.3.5. RT-qPCR and qPCR 

HAdV and HAdV-F specific qPCR assays were performed as described in Chapter 2, 

Sections 2.6.3 and 2.6.4 (Heim et al., 2003; Wolf et al., 2010). A one-step EV RT-qPCR 

(Donaldson et al., 2002) was used for the detection of EVs, as described in Appendix F.4. For 

the detection of NoV GI and GII, qPCR assays (Wolf et al., 2010) were used as described in 

Appendix F.1 ad F.2. Armored RNA® (Norwalk Virus GI) was used (Appendix F.1) to 

monitor potential RT-qPCR inhibition, as previously described (Hewitt et al., 2007). Where 

(RT)-qPCR inhibition was suspected, the nucleic acid was diluted 1/5 and the sample 

retested. All qPCR assays were carried out using either a Rotor-Gene
TM

 3000 (generic 

HAdV, EV) or 6000 (NoV GI and GII, human HAdV-F) real-time rotary analyzer (Corbett 

Life Science). All samples were analysed at least in duplicate. Quantification of viruses 

(genome copies) was determined by comparing the Cq value against the appropriate standard 

curve generated from a dilution series ranging between 10
7
 and 10 genome copies per 

reaction of the appropriate DNA plasmid prepared from PCR products as previously 

described (Wolf et al., 2010). Titres were expressed as log10 genome copies/L wastewater. 

Using the standard curve, the lowest concentration detected was 1.5 log10 genome copies/L in 

the PCR assays. In each (RT)-qPCR, virus positive extraction controls, DNA plasmid 

controls, and nuclease-free water controls were used.  

3.4.3.6. Data analysis 

Virus quantities as determined by culture and (RT)-qPCR were log10 transformed 

prior to statistical analysis. For S-WWTP, M-WWTP and L-WWTP, box plots were used to 

show the median concentrations (log10/L) with the 25th-75th percentile values. The whiskers 

extended to the most extreme data point no more than 1.5 times the interquartile (25th-75th) 

range from the box. For representation on the box plots, samples with log10/L values greater 

than 1.5 times the interquartile range from the box were shown as individual points (stars). 

For data sets where all samples were positive, in addition to the median, mean concentrations 
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with a standard deviation were also calculated. To analyse the multivariate data and 

summarise (ordinate) patterns of virus presence and concentration between samples, MDS 

and ANOSIM were used to assess similarities and dissimilarities according to WWTP size, 

wastewater type (influent or effluent) and treatment process. MDS was chosen as it creates a 

spatial representation of multivariate sample data, which does not assume linear relationships 

between variables (concentrations) and hence is robust and suitable for comparison of data 

descriptions comprised of multiple components of variable magnitude. Log10 transformed 

culture and PCR concentration data for each sample were placed in an Excel spreadsheet 

(Microsoft, Redmond, WA) to give a matrix consisting of one row per dataset (HAdV PCR, 

HAdV culture, EV PCR, EV culture, NoV GI and GII) with one column per sample (n=60). 

Data were then exported into PRIMER v6 software (Primer-E Ltd., Plymouth, United 

Kingdom) and the Manhattan distance between samples calculated for each dataset. MDS 

plots were created from each resemblance matrix, and were presented as two-dimensional 

figures to display distances between different virus profiles. Plots were generated to represent 

the relationship between influent and effluent wastewater samples, population size and 

between the three categorised groups of WWTP treatment types - MBBR, AS and WSP 

(Table 3.1).  

One way ANOSIM (Clarke and Gorley, 2006) was performed on the resemblance 

data to determine the statistical significances. Using PRIMER, a test statistic R was generated 

that ranged from -1 to +1 depending on the similarity between samples within a group 

compared to the similarity between samples from a different group. The relationship between 

HAdV and HAdV-F concentrations determined by PCR was also determined for 30 influent 

samples using Microsoft Excel and the correlation coefficient (r) calculated to determine the 

degree of correlation. 

3.4.4. Results 

3.4.4.1. Culturable viruses 

Prevalence (% samples positive) and concentration (log10/L) of HAdVs and EVs 

detected by cell culture are summarised in Table 3.2 and Figure 3.1 respectively. Seeding and 

recovery experiments showed at least 2 log10/L could be recovered by culture following the 

virus concentration method, which equated to a recovery efficiency of at least 10%. 

Most influent samples (26/30, 87%) contained either culturable HAdVs and/or EVs 

with concentrations ranging from 1.00-4.08 log10 IU/L and 0.70-3.52 log10 PFU/L 
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respectively. M-WWTP G and S-WWTP H and I were negative for both culturable HAdV 

and/or EVs. The highest median (Figure 3.4a, 3.4b), and mean culturable HAdV and EV 

concentrations in influent were observed in the three L-WWTP (HAdV, mean 2.61 ± 0.45 

log10 IU/L; EV, mean 2.06 ± 1.05 log10 PFU/L). However, virus concentrations for individual 

WWTP were not necessarily dependent on the population size that the WWTP served. 

Culturable HAdV and EV concentrations in influent from S-WWTP and M-WWTP could be 

as high as in L-WWTP influent, but with a lower detection frequency (Table 3.2, Figure 3.4). 

For example, the highest concentration of culturable HAdVs and EVs detected in a single 

influent sample occurred in S-WWTP J (3.92 log10 PFU/L) and M-WWTP D (3.52 log10 

PFU/L) respectively.  

 

Table 3.2. Prevalence of culturable HAdV and EV in WWTP A-J  

Virus Wastewater 

type 

No. positive/total samples, % positive samples 

WWTP 

A, B, C 

(Large) 

WWTP 

D, E, F, G 

(Medium) 

WWTP 

H, I, J 

(Small) 

Totals 

HAdV Influent  9/9, 100% 10/12, 83% 5/9, 55% 24/30, 80% 

Effluent 3/9, 33% 6/12, 50% 3/9, 33% 12/30, 40% 

EV Influent 8/9, 89% 7/12, 58% 3/9, 33% 18/30, 60% 

Effluent 7/9, 78% 4/12, 33% 1/9, 11% 12/30, 40% 

 

In effluent, culturable HAdVs and/or EVs were detected in 19/30 (63%) samples with 

the highest concentrations from M-WWTP F (HAdV, 3.26 log10 IU/L; EV, 2.15 log10 

PFU/L). The median concentration, as grouped by population size, in effluent samples was 

consistently lower (HAdV range 0.70-3.26 log10 IU/L; EV range 0.70-2.15 log10 PFU/L) than 

in the influent samples, with the L-WWTP showing a larger median decrease than the smaller 

WWTP (Figure 3.4a and 3.4b). The 11 effluent samples negative for both HAdVs and EVs 

were collected from M-WWTP D, E and G and S-WWTP H, I and J, but only two WWTP 

(M-WWTP G and S-WWTP H) were negative on all three sampling occasions. Further 

studies showed that culturable HAdVs detected using A549 cells in both influent and effluent 

were mainly from human HAdV species A-E (data shown Section B of this Chapter).  
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Figure 3.1. Box plots showing quantitation (log10/L) of (a) HAdV by culture, (b) EV by 

culture, (c) HAdV by PCR, (d) EV by PCR, (e) NoV GI by PCR, and (f) NoV GII by 

PCR, in influent (Inf) and effluent (Eff) samples from WWTP serving small, medium 

and large populations (n=30).  

Box plots show median concentrations (log10/L) with the 25th -75th percentile values. The 

whiskers extended to the most extreme data point no more than 1.5 times the interquartile 

(25th -75th) range from the box. 

 

Figure 3.1a 

 

 
Figure 3.1b 
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Figure 3.1c

 
Figure 3.1d
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Figure 3.1e 

 
 

Figure 3.1f 

 
 

3.4.4.2. Virus detection and quantitation by PCR  

Prevalence (% samples positive) and concentration (log10 genome copies/L) of 

HAdVs, EVs, NoV GI and NoV GII detected by qPCR are summarised in Table 3.3 and 

Figure 3.1 respectively.  
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Table 3.3. Prevalence of HAdVs, EVs, and NoVs, as determined by qPCR for WWTP 

serving large, medium and small populations (n=30) 

Virus Wastewater 

type 

No. positive/total samples, % positive samples 

WWTP 

A, B, C 

(Large) 

WWTP 

D, E, F, G 

(Medium) 

WWTP 

H, I, J 

(Small) 

Totals 

HAdV
a
 Influent 9/9, 100% 10/12, 83% 8/9, 89%  27/30, 90% 

Effluent 9/9, 100% 11/12
a
, 92%  7/9

a
, 89%  27/30, 90%  

EV Influent 9/9, 100% 12/12, 100%  9/9, 100%  30/30, 100%  

Effluent 7/9, 78%  7/12, 58%  5/9, 55%  19/30, 63% 

NoV GI Influent 5/9, 56%  7/12, 58%  3/9, 33%  15/30, 50% 

Effluent 6/9, 67%  5/12, 42%  6/9, 67%  17/30, 57% 

NoV GII Influent 6/9, 67%  5/12, 42%  2/9, 22%  13/30, 43%  

Effluent 6/9, 67%  6/12, 50% 5/9, 55%  17/30, 57% 
a
Three samples negative by generic HAdV qPCR assay (Heim et al., 2003) were positive by 

the HAdV-F qPCR assay (Wolf et al., 2010). 

 

In influent, most samples contained HAdVs and EVs, with HAdVs present in higher 

concentrations (range 3.25-8.62, mean 6.28 ± 0.34 log10 genome copies/L) than EVs (range 

2.84-6.67, mean 5.30 ± 0.60 log10 genome copies/L) (Figure 3.1c and 3.1d). PCR 

quantification showed that total HAdV and HAdV-F concentrations was similar, indicating 

that most HAdVs identified were HAdV-F. Figure 3.2 shows the HAdV and HAdV-F 

concentrations (log10 genome copies/L) and correlation between them (R
2
=0.900) in influent 

samples.  

While the highest HAdV concentration (8.62 log10 genome copies/L) in influent 

detected by PCR was in S-WWTP H, the mean HAdV concentration by PCR in positive 

influent samples was significantly higher in L-WWTP than in M-WWTP and S-WWTP 

(p<0.05). The lowest variation in HAdV and EV concentrations as determined by comparison 

of the range of PCR concentrations was observed in L-WWTP (Figure 3.1a and 3.1b). The 

frequency of NoV GI and GII in influent was less, particularly in the S-WWTP, than HAdVs 

and EVs, with generally lower concentrations (NoV GI and GII range 2.11-4.64 and 2.19-

5.46 log10 genome copies/L respectively (Figure 3.1e and 3.1f). The highest median NoV 

concentrations in influent were from samples collected from L-WWTP. In influent, 10/30 

(33%) samples were positive for both NoV GI and GII, with 4/30 (13%) samples positive for 

NoV GI only and 5/30 (17%) samples positive for NoV GII only. Eleven influent samples 

(37%) were negative for both NoV GI and GII.  
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Figure 3.2. Concentration (log10 genome copies/L) and correlation of HAdV and HAdV-

F in influent wastewater samples (n=30) 

 
In effluent, median HAdV and EV concentrations (2.97-6.95 and 1.54-5.28 log10 

genome copies/L respectively) of each sized WWTP were lower than the influent samples 

(Figure 3.1c and 3.1d). For all WWTP sizes, median HAdV concentrations in effluent were 

greater than EVs. High HAdV concentrations (up to 6.95 log10 genome copies/L) were 

frequently detected including from S-WWTP. In effluent, HAdVs were more commonly 

detected than EVs and NoVs. Effluents from all WWTP were positive by either the generic 

HAdV or human HAdV-F PCR assay (data shown in Section B of this Chapter). In contrast 

to HAdV and EV, the prevalence and median NoV GI and GII concentrations in PCR-

positive effluent samples (range 2.18-5.06 and 2.88-5.46 log10 genome copies/L respectively), 

were higher than in influent samples (Table 3.3, Figure 3.4e and 3.4f). Effluent from M-

WWTP E was negative for both NoV GI and GII on all three sampling occasions. More 

samples were positive for both NoV GI and GII in effluent (16/30) than in influent (10/30) 

with fewer effluent samples positive for GI only (1/30) and GII only (1/30) than the influent. 

Twelve effluent samples (40%) were negative for both NoV GI and GII.  

As expected, overall virus prevalence and concentrations detected by PCR were 

greater than by culture. The mean (± SD) HAdV concentration by PCR was 3.6 ± 1.2 log10 

and 3.9 ± 0.9 log10 greater than culture for influent and effluent samples respectively. For 

EVs, the values were 3.0 ± 0.9 log10 and 1.4 ± 1.4 log10. It should be noted that some RT-PCR 
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inhibition was observed in the one-step EV RT-qPCR assay and so RNA from all EV PCR 

negative samples was diluted (1/5) to reduce inhibition effects. An additional six samples 

were identified as EV positive using diluted RNA; four from effluent and two from influent 

samples. For HAdVs and EVs, there were three influent and two effluent samples 

respectively that were positive by culture, but repeatedly negative by PCR despite diluting the 

sample.  

3.4.4.3. Virus profiles 

Figures 3.3 to 3.5 show MDS plots of virus profiles generated from all PCR and 

culture quantitative data from the influent and effluent wastewater samples. Virus profiles 

with the highest similarity are shown by ordinate points plotted nearest to each other, while 

those far apart represent virus profiles that are less similar. Statistical analysis (ANOSIM) of 

influent and effluent sample groups showed that virus profiles of influent samples were more 

similar to each other (i.e. within the group) than to the effluent samples (i.e. between the 

groups) (ANOSIM R=0.238, where 0 is highly similar (no difference) and ±1 is highly 

dissimilar).  

 

Figure 3.3. Non-metric MDS plot showing virus profile comparison of influent (solid 

symbols) and effluent (non-solid symbols) wastewater samples from each wastewater 

treatment plant on three occasions 

Samples grouping closer together show a more similar virus profile than those that are further 

apart. 

 



 

88 

The similarities between the virus profiles of influent and effluent are also observed in 

Figure 3.3 as two clusters showing a degree of separation. This dissimilarity between the 

influent and effluent sample groups is most likely due to the overall reductions in median 

HAdV and EV concentrations from all WWTP (Figure 3.3). 

MDS analysis showed no strong differentiation within influent or effluent virus 

profiles of the different-sized WWTP, with virus profiles of influent samples appearing 

independent of the population size that the WWTP served (Figure 3.4). However, virus 

profiles of L-WWTP influent samples showed greater similarity to each other, as shown by a 

clustering in the centre of the plot, than the virus profiles of M-WWTP and S-WWTP that are 

further apart (Figure 3.4). This is a possible reflection of the smaller variation between HAdV 

and EV concentrations in the samples taken from the L-WWTP. MDS analysis of the virus 

profiles of the effluent showed no strong differentiation between the three groups of 

treatment processes (MMBR, AS and WSP) as shown by the dispersal of virus profiles of 

effluent samples (albeit distributed in two main groups with no identified commonality) 

(Figure 3.5).  

 

Figure 3.4. Non-metric MDS plot showing virus profile comparison of influent samples 

from wastewater treatment plants serving large (▲), medium (+) and small (□) 

populations 

Samples grouping closer together (▲) show a more similar virus profile than those that are 

further apart. 
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Figure 3.5. Non-metric MDS plot showing virus profile of effluent samples collected 

from moving bed biofilm reactor (MBBR Δ), activated sludge (AS ) and waste 

stabilisation pond (WSP ●) wastewater treatment plants 

Virus profiles show no clear similarity to each other. 

 

3.4.5. Discussion  

An important function of wastewater treatment is to remove pathogens efficiently 

from wastewater before discharge or disposal to minimise public health risks associated with 

contact of infectious pathogens via contaminated water, shellfish or aerosols.  

In this study, it was shown that HAdVs, EVs and NoVs were present in wastewater 

from large (> 100,000), medium (10,000 - 64,000), and small (< 4,000) populations in New 

Zealand. It was demonstrated that although wastewater treatment processes removed EVs and 

HAdVs, prevalence of NoVs was similar in both influent and effluent.  

Culturable HAdVs and EVs were often found in wastewater effluents at 

concentrations similar to those reported elsewhere (Haramoto et al., 2007; Krikelis et al., 

1985; Lodder and de Roda Husman, 2005). The range of HAdV and EV concentrations by 

PCR in influent (3.25 - 8.62 and 2.84 - 6.67 log10 genome copies/L respectively) was also 

similar to other studies (Bofill-Mas et al., 2006; Schvoerer et al., 2001); Katayama et al., 

2008). The high incidence and concentration of HAdVs by PCR in effluent samples 

demonstrated in this and other studies (Haramoto et al., 2007; Pina et al., 1998) may be due 

either to the high stability of the dominant HAdV species F (types 40 and 41) through the 
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various WWTP processes, or the environmental resistance of HAdVs (Nwachuku et al., 

2005).  

Occasionally, samples were positive by culture but negative by PCR. This 

discrepancy is probably due to a much smaller quantity of material tested in the PCR than in 

the culture assays. In the culture assay, the equivalent of 200 mL sample was assayed per 

virus compared with an equivalent of 1 mL per PCR. Following a 1/5 dilution, even less 

sample was tested resulting in a potential further reduction in sensitivity. Undetected (RT)-

qPCR inhibition may also cause false negative results. 

Demonstration of NoV infectivity is not yet possible because of NoV culture 

limitations (Duizer et al., 2004). From this study, assuming that NoVs have similar survival 

properties and abundance as HAdVs and EVs, it was deduced that a proportion of NoV 

detected in effluents could be infectious due to the concurrent presence of culturable enteric 

viruses, and the ratio between culturable enteric viruses and PCR concentrations (1.4-3.9 

log10 difference). Overall occurrence of NoV GI and GII was sporadic in both influent and 

effluent samples from all WWTP. In effluent, although variable, NoV concentrations were in 

the same range as previous reports (Laverick et al., 2004; Sima et al., 2011) but 

concentrations in influent were generally lower than the 6-8 log10 genome copies/L reported 

in overseas studies (Laverick et al., 2004; Lodder and de Roda Husman, 2005; Nordgren et 

al., 2009; Pusch et al., 2005; Sima et al., 2011; van den Berg et al., 2005). One possible 

reason why NoV concentrations were frequently low and sporadic in influent wastewater may 

be due to lower NoV prevalence in the community than HAdVs and EVs during the study 

period. Generally NoV infections are associated with winter peaks (Mounts et al., 2000), but 

there is no clear seasonality for NoV infections in New Zealand. A similar number of 

outbreaks are often reported by the Norovirus Reference Laboratory in the summer months as 

during other seasons of the year (ESR, 2010). Therefore, we would not expect that the timing 

of the study would result in a low NoV prevalence. While the NoV surveillance data system 

does not capture all outbreaks and cases in the community, during January-March 2004 only 

12 NoV outbreaks were recorded by the New Zealand Public Health Services, which was the 

same number of outbreaks as reported in the previous quarter. Most outbreaks were caused 

by NoV GII (ESR, 2004a; ESR, 2004b). Similar to our finding for NoV, da Silva et al. (2007) 

reported that NoV (GI) occurrence in four WWTP studied was ‘erratic’. It was found that 

NoV GI and GII prevalence were similar whereas most studies report that either NoV GII are 

more prevalent than NoV GI (da Silva et al., 2007; Katayama et al., 2008; Lodder et al., 

2005) or vice versa (Nordgren et al., 2009). Data from other studies conducted in our 
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laboratory showed no clear seasonality in the prevalence or quantitation of EVs or HAdVs in 

influent wastewater (unpublished data). As the overall incidence and concentration of NoV in 

influent and effluent were similar, it may also suggest that NoV was more stable than HAdV 

and EV through the various WWTP processes. As reported elsewhere (Sima et al., 2011), the 

NoV concentration in effluent was seemingly often unrelated to the influent, and so the 

efficiency of removal could not be determined or compared directly to HAdVs or EVs. 

The influent virus profiles were generally independent of the WWTP size, indicating 

a similar epidemiological distribution of viruses in New Zealand. The virus profiles in 

effluent samples were independent of the treatment process. One study by da Silva et al. 

(2007) found NoV concentrations were similar in the WWTP serving different sized 

populations. In contrast, our data showed less variance in virus prevalence and concentrations 

in large WWTP due to the population size. Large communities are more likely to have virus 

infections occurring almost continuously in the community, whereas in small communities, 

infections are likely to be sporadic and may affect a larger proportion of the community. The 

virus prevalence in large communities may also be more consistent due to comparative 

homogeneity of the wastewater from extended infrastructure, and better comparative mixing 

as wastewater travels long distances into the WWTP. The individual virus concentrations 

were unrelated to the size of population contributing to the treatment plant. For example, an 

extremely high HAdV concentration was observed on one occasion in the influent of a small 

WWTP (8.6 log10 genome copies/L, WWTP H). This may be due to the occurrence of a 

possible family/ small community outbreak prior to sampling, resulting in up to 10
11 

HAdV/gram faeces being excreted in the wastewater (Wadell, 1984). Such an unpredictable 

increase in virus concentrations would be highly significant in a small WWTP.  

HAdV species A-E, mainly responsible for non-enteric illnesses, were predominately 

isolated using A549 cells that are not optimal for growing human HAdV-F strains (data 

showing HAdV detection using A549 and CPE appearance are presented in Section B of this 

Chapter). However, PCR data indicated that HAdV-F was the predominant HAdV species 

present in influent and effluent samples, and present at concentrations up to 8.6 log10 genome 

copies/L. The prevalence of HAdV-F (a common cause of gastroenteritis in children) (Uhnoo 

et al., 1986) in water has been previously observed (Dong et al., 2010; Haramoto et al., 

2007). Further work using HEK-293 cells showed that culturable HAdV-F was present in 

several influent and effluent samples (Section B of this Chapter). It is likely that culturable 

HAdV concentrations were underestimated in this study, due to the use of A549 cells, which 

would influence the accuracy of gastro-enteric health risk assessments. If HAdV-F survives 
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the WWTP process, then infectious viruses are likely to persist in fresh and seawaters 

(Enriquez et al., 1995) with the potential for transmission by the waterborne route. 

The estimated log10 reduction of viruses through WWTP can be theoretically 

determined by comparing overall virus presence in pre- and post-treated wastewater. For 

accuracy, sampling should ensure that samples are as representative as possible and also 

account for the time required for wastewater to pass through the plant. These issues can be 

problematic, as it is difficult to determine the actual time wastewater spends in a WWTP 

especially in a WSP treatment plant (Berg, 1973). Although wastewater is theoretically 

retained for weeks under normal circumstances, this may be only days if short circuiting 

occurs where flow bypasses most of the pond. Use of tracer dyes is the only practical method 

to determine the hydraulic retention time but this was outside the scope of the project. For 

these reasons, in this study, the median influent concentration for each population category 

was calculated and compared with the median effluent concentration for each population size. 

Although we demonstrated that the median HAdV and EV concentrations were reduced 

through the treatment processes independent of treatment types, median NoV GI and GII 

concentrations (0-4 log10/L) in the effluent were often greater than those in influent (0-3 

log10/L). Other studies have reported NoV reductions ranging from 0.0-3.6 log10 (Kuo et al., 

2010; Lodder et al., 2005; Nordgren et al., 2009; Ottoson et al., 2006; Pusch et al., 2005; van 

den Berg et al., 2005). One probable reason for the lack of reduction observed for NoVs may 

be due to their sporadic occurrence. Even over a 24 h period, this could result in variable 

NoV concentrations entering a WWTP, as has been previously described for other enteric 

viruses (Berg, 1973).  

In summary, this study presents virus profiles for different WWTP serving a range of 

populations and using different treatment processes. While culturable HAdVs and EVs were 

detected frequently in effluent samples from several WWTP, the concentrations were 

generally lower than the influent samples. Typical influent concentrations of culturable 

viruses were approximately 2-3 log10/L compared to 1-2 log10 /L in the effluent. The frequent 

presence of NoVs in the effluent along with that of culturable enteric viruses is of particular 

concern because of the low infectious dose needed to cause NoV disease, although it is not 

possible to determine the infectivity of NoVs. Over the three-month study period, it was 

shown that virus presence and concentration were generally independent of the size of 

population served by the WWTP and for effluent, the type of WWTP process. However, a 

narrower range of HAdV and EV concentrations in both influent and effluent samples was 

observed in the larger plants compared with the smaller plants. Smaller plants were 
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characterised by generally variable virus concentrations with sporadic spikes in both the 

influent and effluent. These spikes in virus concentration need to be taken into account when 

assessing the treatment requirements for small communities. The potential health effects of 

these discharges on small receiving waterways used for recreation and food gathering could 

be significant.  

Effective management of wastewater treatment plants requires recognition that human 

virus concentrations in both influent and effluent wastewater are generally independent of the 

WWTP size and treatment process, and that virus concentrations in influent will vary 

particularly in small and medium treatment plants. Irrespective of treatment type, human 

viruses are likely to be present in non-disinfected effluent, with associated human health risks 

from virus-contaminated water. The extent of the risk may be dependent on infectivity, 

concentration, and the potential virus transmission routes of the receiving water usage. 
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3.5. Section B: Diversity of HAdV in influent and effluent 

wastewater 

3.5.1. Introduction 

Consideration of the ecology of enteric viruses with respect to their survival through 

the wastewater treatment process, persistence in the environment and subsequent 

transmission route(s) are important in the assessment of human health risks associated with 

exposure to wastewater receiving waters. Information on the diversity of enteric virus types, 

especially HAdVs present in influent and effluent wastewater is particularly useful as HAdV 

types have differing properties and ecologies. For example, as HAdV types have different 

susceptibilities to chlorine and UV treatment, so will their response to wastewater treatment 

processes and disinfection treatments (Mena et al., 2009; Thurston-Enriquez et al., 2003a; 

Thurston-Enriquez et al., 2003b). Other factors, including aggregation and survival properties 

can be virus type dependent (Gerba, 1984). Due to their differing transmission routes and 

infectious doses, enteric and non-enteric HAdV viruses may also behave differently to each 

other (as well as to other enteric viruses) in terms of the human health risk from exposure to 

infectious viruses. These factors are all important when considering the public health 

implications of exposure to the receiving waters from a WWTP. 

3.5.2. Preliminary work 

Prior to the commencement of this research study, preliminary work to investigate the 

diversity of HAdVs in influent and effluent wastewater was carried out. This work was 

presented as a poster (Hewitt et al., 2005). The work involved the analyses by culture, C-PCR 

and PCR methods of 15 influent and 15 effluent wastewater samples collected from nine New 

Zealand WWTP (WWTP A-H, J, Table 3.1). The samples were as described in Section A of 

this Chapter. 

Analyses of samples collected between 2003 and 2004 were performed using three 

methods. Firstly, HAdV concentrations were determined using a CPE-based MPN assay with 

A549 cells (data included in Section A of this Chapter) and with HEK-293 cells. Secondly, 

culturable HAdVs were also detected by C-PCR assays using HEK-293, A549 and BGM 

cells (refer to Chapter 2, Section 2.7.3). From randomly selected HAdV-positive isolates 

following the cell culture and C-PCR assays, the culturable HAdV types were identified 
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using sequence-based typing of the hexon gene. The PCR assays were as described in 

Chapter 2, Section 2.6.2 using method #1 (Allard et al., 1990 and 1992). Thirdly, nucleic acid 

extracted directly from 20 samples (12 influent and 8 effluent) were analysed by HAdV PCR 

(Chapter 2, Section 2.6.2). These viruses were also identified using sequence-based typing of 

the hexon gene. For this study all sequence data were checked (and corrected where 

necessary) prior to generating new consensus sequences using Bionumerics™ software 

version 5.1 (Applied Maths, Kortrijk, Belgium). The assembled consensus sequences were 

used to generate a new phylogenetic trees for inclusion in this study using methods as 

described in Appendix H.  

Overall, 87 isolates from either conventional cell culture or C-PCR were successfully 

sequenced with the HAdV species identified. Of interest was that a range of HAdV species, 

except E (i.e. HAdV-4), were identified. HAdV-F was the most common species detected. Of 

the 87 isolates, 45 (51.7%) were identified as HAdV-F, of which 36 were from influent and 

nine from effluent samples.  

While HAdV-F were identified from HEK-293 cells in a conventional culture assay 

(Figure 3.6), C-PCR was the most effective assay for the isolation of infectious HAdV-F 

viruses. However, HAdV-F types were also occasionally isolated using A549 and BGM cells 

(Figures 3.6 and 3.7). Interestingly, HAdV-A, B, C and D were mainly isolated with A549 

cells (Figure 3.6), and occasionally with HEK-293 (Figure 3.6) or BGM cells (Figure 3.7). 

HAdV-F was the only species detected by direct PCR in both influent and effluent samples, 

with type 41 being the predominant type (Figure 3.8).  

The results illustrate a number of key points in relation to HAdV diversity. Firstly, a 

diversity of HAdV types was detected in untreated (influent) and treated (effluent) samples. 

Secondly, culturable (hence potentially infectious) HAdV-F and other HAdV species were 

isolated from effluent samples. Thirdly, the HAdV types/species and extent of diversity 

observed were largely dependent on the method used. For example, direct PCR invariably 

only detected HAdV-F (predominately HAdV-41), while other HAdV species were mainly 

detected by CPE-based culture assays using A549 and BGM cells. HEK-293 cells detected 

mainly HAdV-F in CPE-based either MPN or C-PCR assays. HAdVs other than species F 

were less frequently detected in HEK-293 cells than A549 cells.
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Figure 3.6. Phylogenetic tree showing the genetic relationship of HAdV from 

wastewater influent (, n=49) and effluent (, n=8) following conventional culture, and 

as determined by analysis of the hexon gene (254 bp region)  

GenBank accession numbers are shown for reference sequences. 
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Figure 3.7. Phylogenetic tree showing the genetic relationship of HAdV detected in 

wastewater influent (, n=22) and effluent (, n=8) following C-PCR and as 

determined by analysis of hexon gene (254 bp region).  

GenBank accession numbers are shown for reference sequences. 
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Figure 3.8. Phylogenetic trees showing the genetic relationship of HAdV detected in 

wastewater influent (, n=12) and effluent (, n=8) as determined by analysis of the 

hexon gene (254 bp region).  

GenBank accession numbers are shown for reference sequences. 
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A19 WWTP B

A18 WWTP D

A53 WWTP A

A62 WWTP F

A22 WWTP F

A66 WWTP C

HAdV-41 X51783 Tak

HAdV-40 X51782 Dugan

A21 WWTP A

HAdV-8 AF161561

HAdV-37 AF161567

HAdV-9 AF161562

HAdV-44 AF161568

HAdV-10 AF161563

HAdV-13 AF161564

HAdV-6 AF161560

HAdV-5  X02997

HAdV-1 AF161559

HAdV-31 AF161576

HAdV-12 X73487

HAdV-18 AF161575

HAdV-34 AF161573

HAdV-21 AF161572

HAdV-3 X76549

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

Direct PCR

 Species F 
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1998; Puig et al., 1994; Pusch et al., 2005; Sedmak et al., 2005; Vantarakis et al., 1999), 

limited published studies on the HAdV diversity in wastewater were available. An early UK 

wastewater study by Sellwood et al. (1981) showed the presence of several culturable HAdVs 

- most commonly types 1, 2 and 5, when HEp-2, vero and MK cells were used. It was noted 

that HAdV were detected less frequently than EVs and reoviruses, with the authors 

suggesting this may be due to the overgrowth of EVs in cell culture. Krikelis et al. (1985) 

described the presence of culturable HAdV types 1, 2, 5, 7 and 15 (using HEp-2 cells) in 

Greek wastewater - a similar range to Sellwood et al. (1981) but noted that HAdV-7 was 

most prevalent (45% isolates). Girones et al. (1993) identified HAdV-2 and 31 in wastewater 

(Spain), again using HEp-2 cells. Up to the end of 2005, no other studies described the HAdV 

types identified in wastewater samples.  

On completion of this study, a further literature review was carried out. A summary of 

key results from those studies reported from 2007-2013 are shown in Table 3.4. Of those 

studies published, most include relatively few samples with little, if any, comparison of 

results using different methods. Despite the increased use of PCR methods, data on the 

diversity of culturable HAdV types in environmental samples continues to be limited as work 

was initially focused on increased sensitivity of detection using PCR and later on quantitative 

data. Since the beginning of the 2000s, most reported data on the types of HAdV in 

wastewater were sourced from PCR assays although a few studies utilised C-PCR assays 

(Table 3.4). 
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Table 3.4. HAdV diversity reported in wastewater studies published from 2007 to 2013 

Location Target for 

detection 

Method Analyses and results Key result Reference 

US All types C-mRNA qPCR followed by 

sequence-based typing (Xu et 

al., 2000) 

 

Four sewage samples 

3/4 HAdV-F, 1/4 HAdV-A, E, F 

HAdV-F most frequent by culture Rodriguez et al. 

(2013b) 

France All types HEK-293A C-qPCR followed 

by sequence-based typing 

(Allard et al., 2001) 

 

HAdV-F (70.6%), HAdV-C, (17.6%), 

HAdV-31 (11.8%). 34 PCR products 

analysed but data includes river water as 

well as influent and effluent wastewater. 

 

HAdV-F most frequent by culture 

 

Ogorzaly et al. 

(2013) 

Egypt All types Sequence-based typing  

(no culture) (Allard et al., 1990) 

Raw sewage 

HAdV-41 (n=6), HAdV-2 (n=2) 

 

HAdV-F most frequent by PCR El-Senousy et al. 

(2013) 

US All types Sequence-based typing  

(no culture) (Allard et al., 2001) 

 

HAdV-41 identified in all 30 treated 

wastewater samples tested  

All HAdV-F by PCR Liu et al. (2013) 

Germany  HAdV 1, 

2, 4, 5, 11, 

22, 31, 41 

PCR product melting point 

analysis 

HAdV-F most frequent but other HAdV 

types detected too 

 

HAdV-F most frequent by PCR 

 

Hartmann et al. 

(2013) 

Japan HAdV-F HAdV-F specific qPCR (Ko et 

al., 2005a) 

Of 10 samples tested, HAdV-F was the 

most common virus detected in influent 

and effluent compared to other enteric 

viruses  

 

HAdV-F frequently detected by PCR Hata et al. (2013) 

Morocco All types C-PCR (RD and HEp-2 cells) 

followed by sequence-based 

typing (Casas et al., 2005) 

 

10 samples sequenced  

 

HAdV-B (type 3) in 1 raw sample 

HAdV-D (type not determined) in 9 

samples (5 x raw and 4 x effluent) 

HAdV-F not isolated by culture Amdiouni et al. 

(2012) 
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Location Target for 

detection 

Method Analyses and results Key result Reference 

Brazil All types Sequence-based typing  

(no culture)  

(Allard et al., 2001)  

Two WWTP sampled:  

1. HAdV-D detected in raw and effluent 

samples  

2. HAdV-C, D, F (40 and 41) detected in 

both raw and effluent samples 

HAdV-D & F most frequent by PCR Prado et al. (2011) 

Greece All types Sequence-based typing  

(no culture) (Girones et al., 

1993) 

 

11 influent (untreated) samples 

10/11 HAdV-F (40 & 41), 1/11 HAdV-8 

HAdV-41 most frequent by PCR Kokkinos et al. 

(2011) 

US All types Metagenomics HAdV-41 detected in raw sewage  HAdV-41 detected  Cantalupo et al. 

(2011) 

 

US All types HAdV-A, C and F qPCR 

& sequence-based typing (no 

culture) 

HAdV-A (12 & 31), C (1 & 2) and F (41) 

frequently detected in influent and/or 

effluent  

HAdV-A & F most frequent by PCR Kuo et al. (2010) 

Greece All types Sequence-based typing  

(no culture) (Girones et al., 

1993) 

 

HAdV-3, 10 and 41 detected (wastewater 

type not specified)  

HAdV 3, 10 & 41 detected by PCR Kokkinos et al. 

(2010) 

New 

Zealand 

HAdV-C 

& F 

 

HAdV C and F qPCR 11 influent wastewater samples 

HAdV-41 (11/11 samples) and HAdV-C 

(4/11samples) detected 

  

HAdV-41 most frequent by PCR Wolf et al. (2010) 

New 

Zealand 

All types Sequence-based typing (Puig et 

al., 1994) & HAdV-F 

PCR/qPCR (Ko et al., 2005b; 

Xu et al., 2000) (no culture) 

10 primary settled wastewater samples 

HAdV-41 in 9/10 samples, HAdV-40 in 

1/10 samples 

HAdV-41 most frequent by PCR Dong et al. (2010) 

US All types HEK-293 and A549 cell culture HAdV-40 and HAdV-5 detected in 

primary wastewater  

HAdV-5 & 40 detected by culture Jiang et al. (2009b) 

Japan HAdV-F HAdV-F PCR (Ko et al., 2005b) 17/17 raw sewage and 13/17 secondary-

treated sewage samples from two WWTP 

contained HAdV-F by PCR  

HAdV-F most frequent Haramoto et al. 

(2007) 
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3.5.3. Objective and strategy 

To evaluate the HAdV diversity and concentration of enteric and non-enteric/ 

respiratory viruses in wastewater samples, a continuation of the preliminary work described 

above (Hewitt et al., 2005) was carried out. Further analyses were performed on samples 

already prepared from the nine WWTP as described in the preliminary study, with additional 

samples analysed from a further seven WWTP. These were included to extend the dataset and 

to include more WWTP serving small to medium populations; the population size covered by 

most WWTP in New Zealand. The majority 106/111 (95.5%) of the samples selected from 

the 16 WWTP for analysis were positive for HAdV by a generic qPCR assay (Hernroth et al., 

2002 or Heim et al., 2003; Methods as described in Chapter 2, Section 2.6.3).  

The data were combined, and then analysed together to provide an optimal dataset. 

HAdV typing was carried out using sequence-based typing and/or using one or more HAdV 

species qPCR assays as described below. Typing was also carried out following HADV 

culture using A549 and HEK-293 cells. 

3.5.4. Methods 

3.5.4.1. Samples 

Primary screened influent wastewater and treated effluent wastewater samples were 

collected from 16 WWTP A-P between December 2003 and November 2010. The WWTP 

were located around New Zealand and had differing treatment processes and served different 

sized population as shown in Tables 3.1 (WWTP A-J) and Table 3.5 (WWTP K-P).  

 

Table 3.5. WWTP K-P treatment process, predominate wastewater source and 

population size 

WWTP Treatment process
a
 Wastewater source Approximate 

population size
a
 

K Waste stabilisation pond Mainly domestic Small 

L Waste stabilisation pond Mainly domestic Small 

M Waste stabilisation pond Mainly domestic Medium 

N None (screened only) Mainly domestic Medium 

O Waste stabilisation pond Mainly domestic Medium 

P Activated sludge Mainly domestic Medium 
a
Population range served by the WWTP; large 130,000- 1,000,000; medium 10,000-64,000; 

small <1,100-4,000 people.
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A total of 111 samples (47 influents and 64 effluents) were selected to analyse for at 

least for the presence of HAdV-F (Table 3.6). These consisted of 42 influent and 42 effluent 

wastewater samples (where each influent and effluent ‘paired’ sample were collected on the 

same day), and other unrelated (‘unpaired’) influent (n=5) and effluent samples (n=22). As 

described in Section A of this Chapter, paired influent and effluent wastewater samples were 

considered temporally separate, even when collected on the same day, owing to the time the 

wastewater took to move through the WWTP. Effluent samples were collected prior to any 

mechanical or chemical disinfection processes.  

 

Table 3.6. Influent and effluent wastewater samples selected from WWTP A-P for 

HAdV typing 

WWTP 

(n=16) 

Influent 

wastewater 

Effluent 

wastewater 

Totals 

A 3 3 6 

B 3 3 6 

C 3 3 6 

D 3 3 6 

E 3 3 6 

F 3 3 6 

G 3 3 6 

H 3 3 6 

I 3 3 6 

J 3 3 6 

K 6 12 18 

L 6 12 18 

M 1 0 1
a
 

N 2 6 8
a
 

O 1 4 5
a
 

P 1 0 1
a
 

Totals 47 64 111 
a
HAdV culture/C-qPCR assays not performed on these samples. 

3.5.4.2. HAdV-A, C, D and F detection using direct qPCR 

All 111 samples (Table 3.6) were tested for HAdV-F using qPCR assays (Chapter 2, 

Section 2.6.4). Of these, 44 (22 ‘paired’ influent and effluent wastewater) were also analysed 

using direct HAdV-A, HAdV-C and HAdV-D specific qPCR assays (Chapter 2, Section 

2.6.4). Fourteen of these pairs were sourced from ten WWTP as described in Section A of 

this Chapter; WWTP A (x3), B (x2), C (x1), D (x2), E (x2), F (x2), H (x1), J (x1) (Table 3.1), 

with eight pairs from WWTP K (x3) and L(x5). All samples (except one) were positive for 

HAdV by qPCR (Heim et al., 2003). Methods are described in Chapter 2, Section 2.6.3.  
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3.5.4.3. HAdV-identification by sequence-based typing 

Briefly, following viral nucleic acid extraction using the High Pure Viral Nucleic 

Acid Kit (Roche Molecular Biochemicals Ltd.), positive PCR products derived from the 

conventional or conventional nested PCR assay (n=31) (Allard et al., 1992; Allard et al., 

2001) were purified and used as a template for DNA sequencing (as described in Appendix 

H). These included samples that had been inoculated into A549 and HEK-293 cells. The 31 

samples comprised the 20 samples (12 influent and 8 effluent) reported in Section 3.5.2 (i.e. 

preliminary work) with an additional 11 samples (3 influents and 8 effluents) analysed during 

the study. 

3.5.4.4. Collation of HAdV typing data 

The sequence-based typing data obtained during preliminary and this study were 

collated and compared to the typing results obtained using the HAdV-A, C, D and F specific 

qPCR assays. 

3.5.5. Results 

The majority (103, 92.8%) of the 111 samples (of which 106 were HAdV positive) 

were positive for HAdV-F using the species-specific qPCR (Table 3.7). Of the five samples 

(three influents and two effluents) that were HAdV-negative using a generic qPCR, one was 

HAdV-F positive.  

 

Table 3.7. HAdV-F detection using qPCR in influent (n=47) and effluent (n=64) 

wastewater 

Wastewater 

type 

HAdV 

 

HAdV-F Totals 

Negative Positive 

Influent Negative 3 0 3 

 Positive 1 43  44 

Effluent Negative 1 1 2 

 Positive 3 59 62 

Totals  8 103 111 

Most samples (43/44, 97.7%) tested for HAdV-A, C, D and F by qPCR were positive for 

HAdV-F (Tables 3.8 and 3.9). 

 



 

105 

3.5.5.2. HAdV identification by sequence-based typing  

Of the 31 samples (15 influent and 16 effluent) typed by sequence-based typing, 

HAdV-41 was detected in 28 (13 influent and 15 effluent) samples, and HAdV-40 was 

detected in three samples (two influent and one effluent). Tables 3.8 and 3.9 include the 

results for 26 of 31 samples. The other five samples were not analysed for HAdV-A, C and 

D, with results are summarised within Tables 3.10 and 3.11. 

3.5.5.3. HAdV-A, C and D detection using qPCR and comparison to HAdV-F  

Overall, there was a diversity of HAdV from all WWTP- irrespective of the size of 

population that the WWTP serves. Detection (and concentrations, where applicable) of 

HAdV-A, C, D and F for 22 influent and 22 effluent samples are shown in Tables 3.8 and 3.9 

respectively. Using the HAdV species-specific qPCR assays for 22 influent wastewater 

samples, HAdV-A, C and D were detected in 15 (68.2%), 7 (31.8%) and 4 (18.2%) samples 

respectively. All but one sample (negative for HAdV A, C and D) were positive for HAdV-F 

(Table 3.8). For the 22 effluent wastewater samples, in addition to all samples being positive 

for HAdV-F, HAdV-A, C and D were detected in 15 (68.2%), 2 (9.1%) and 1 (4.5%) samples 

respectively (Table 3.9). The occurrence of HAdV-F, even in large concentrations did not 

indicate that other HAdV species would be present. For example, in one sample (#03-113 

from WWTP- H), HAdV-A, C or D were not detected despite the concentration of HAdV-F 

being approximately 9 log10 genome copies/L- the highest concentration observed during the 

study. 

3.5.5.4. HAdV quantification using qPCR 

In the influent and effluent samples from the WWTP serving large and medium 

populations, it was observed that HAdV-F concentrations were always higher than HAdV-A 

and C. For samples collected from the WWTP serving small populations, the concentrations 

of HAdV-A were similar or slightly higher, where present, than HAdV-F in most of the 

influent and effluent samples. For one influent sample (#09-077 from WWTP K) 

concentrations of both HAdV-A (4.65 log10 genome copies/L) and HAdV-C (4.69 log10 

genome copies/L) were slightly higher than HAdV-F (4.10 log10 genome copies/L).  

The samples positive for HAdV-D (n=5) produced mean qPCR Cq values ≥ 35.0. 

Although quantification of HAdV-D was not possible, these PCR Cq values suggested that 

the concentrations of HAdV-D were lower than HAdV-F where the mean (± SD) PCR Cq 

value was 29.0 ± 3.5 (n=103 samples). However, it is acknowledged that a direct comparison 
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of Cq values is not necessarily comparable between qPCR assays. (i.e. a PCR Cq value of 28 

for one assay may equate to a quantity of 1000 genome copies, while using another assay, the 

same Cq value may equate to 5000 genome copies).  

HAdV-F concentrations were significantly higher in the positive influent samples 

(n=43) than the positive effluent (n=60) samples (p < 0.005). The mean concentration (± SD) 

of HAdV-F was 5.72 (± 1.07) log10 genome copies/L in the influent compared to 4.73 (± 

1.04) log10 genome copies/L in the effluent. For HAdV-A, concentrations in the influent were 

not significantly different than in the effluent samples (p=0.3361). The mean concentration (± 

SD) of HAdV-A was 4.05 (± 0.87) log10 genome copies/L in the influent (n=17), compared to 

3.90 (± 0.78) log10 genome copies/L in the effluent (n=21). Significance testing was not done 

with HAdV-C due to the low number of positive samples. 

3.5.5.5. HAdV typing following culture 

The diversity of HAdV as detected by culture and C-qPCR from 12 of the WWTP are 

summarised in Tables 3.10 (influent) and 3.11 (effluent). The tables also include the 

summary of PCR and sequencing data. The HAdV types/ species identified were strongly 

influenced by the method used. The cell line (HEK-293 vs. A549) and cell culture method 

(CPE vs. C-PCR) greatly influenced the HAdV type(s) detected. Sequencing of HAdV 

isolated following CPE-based cell culture assays showed that when A549 cells were used, the 

majority of HAdVs isolated in wastewater samples were non-HAdV-F viruses. HAdV-F were 

predominantly detected when HEK-293 cells were used. It was confirmed that although 

HAdV-F showed CPE in the HEK-293 cells, A549 cells do not generally support replication 

or CPE development of HAdV-F as only one sample was CPE positive for HAdV-41 

(WWTP A). A range of HAdV species and types were identified using A549 cells. For 

example in a CPE -based assay using A549 cells, culturable HAdV-A (HAdV-12, 31), B, C 

(HAdV-2), D, F (HAdV-41) were identified from one WWTP. In the same samples using 

PCR or other cells, while HAdV-F was most commonly species detected, HAdV-C (type 1) 

was detected using HEK-293 cells in a CPE-based assay (Table 3.8).  

Sequence-based typing (direct or following culture) was found to be useful and 

supported the data from the specific qPCR assays. It should be noted however that as a small 

portion of the hexon (approximately 250 bp) was used, although the method could identify 

the HAdV species, due to conserved sequences within the hexon region, not all types could 

be readily distinguished. For example, HAdV-A types could be identified as either HAdV-1, 
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2, 5 or 6 and HAdV-C as either HAdV 12, 18, 31 respectively, whereas further typing of 

HAdV-D was not possible.  

 

Table 3.8. HAdV-A, C, D and F detection using qPCR (n=22) and HAdV identification 

using sequence-based typing (n=13) in influent wastewater samples 

WWTP Approx. 

population 

size
a
 

Sample 

number  

Log10 genome copies/L
b
 HAdV type 

using 

sequence-

based 

typing 

HAdV- 

A 

HAdV- 

C 

HAdV- 

D  

(mean Ct) 

HAdV- 

F  

A Large 03-94 4.03 - - 6.25 HAdV-41 

  04-13 3.30 3.00 - 6.66 HAdV-40 

  04-48 3.89 - - 6.54 HAdV-41 

B Large 03-98 3.70 3.00 - 7.19 HAdV-41 

  04-03 3.62 3.22 - 6.79 HAdV-41 

C Large 04-61 4.23 - + (37.5) 7.11 HAdV-41 

D Medium 04-01 4.12 - - 6.69 HAdV-41 

  04-57 5.12 - + (36.5) 6.40 HAdV-41 

E Medium 03-115 3.98 3.37 + (38.8) 5.36 HAdV-41 

  04-7 3.00 - - 4.16 HAdV-41 

F Medium 04-15 - - - 6.02 HAdV-40 

  04-50
 
 - - - 5.48 HAdV-41 

H Small 03-113 - - - 8.60 HAdV-41 

J Small 04-63 - - - - Negative 

K Small 09-016 4.62 - - 5.58 NT 

  09-028 4.07 - - 3.86 NT 

  09-077 4.65 4.69 - 4.10 NT 

L Small 09-012 - - - 4.70 NT 

  09-020 - 3.00 - 4.13 NT 

  09-032 3.85 - + (35.0) 5.12 NT 

  09-041 5.59 3.17 - 6.03 NT 

  09-080 - - - 3.63 NT 

No of samples positive/total 

tested (%) 
15/22 

(68.2%) 

7/22 

(31.8%) 

4/22 

(18.2%) 

21/22 

(95.5%) 

13/14 

a
Population range served by the wastewater treatment plants; large 130,000- 1,000,000; medium 

10,000-64,000; small 1,100-4,000 people.
 b
Except for HAdV-D.

 
NT Not tested
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Table 3.9. HAdV-A, C, D and F detection using qPCR (n=22) and HAdV identification 

using sequence-based typing (n=14) in effluent wastewater samples 

WWTP Approx. 

population 

size
a
 

Sample 

number  

Log10 genome copies/L
b
 HAdV type 

using 

sequence-

based 

typing 

HAdV- 

A 

HAdV- 

C 

HAdV- 

D  

(mean Ct) 

HAdV- 

F  

A Large 03-95 4.26 3.00 - 5.51 HAdV-41 

  04-14 3.00 - - 4.54 HAdV-41 

  04-49 3.55 - - 5.38 HAdV-41 

B Large 03-99 3.11 - - 5.00 HAdV-41 

  04-04 3.16 - - 5.31 HAdV-41 

C Large 04-62 3.02 - - 5.41 HAdV-41 

D Medium 04-02 - - - 4.63 HAdV-41 

  04-58 3.85 - - 4.03 HAdV-41 

E Medium 03-116 3.00 - - 5.49 HAdV-41 

  04-8 4.03 3.00 - 4.08 HAdV-41 

F Medium 04-16 3.44 - - 6.66 HAdV-40 

  04-51 3.69 - - 6.99 HAdV-41 

H Small 03-114 - - - 5.91 HAdV-41 

J Small 04-64 5.02 - + (35.2) 4.79 HAdV-41 

K Small 09-018 - - - 3.90 NT 

  09-030 5.01 - - 4.65 NT 

  09-079 3.89 - - 3.39 NT 

L Small 09-014 - - - 3.38 NT 

  09-024 - - - 3.76 NT 

  09-034 - - - 3.27 NT 

  09-043 5.69 - - 5.71 NT 

  09-082 - - - 3.08 NT 

No of samples positive/total 

tested (%) 
15/22 

(68.2%) 

2/22 

(9.1%) 

1/22 

(4.5%) 

22/22 

(100%) 

14/14 

a
Population range served by the wastewater treatment plants; large 130,000-1,000,000; medium 

10,000-64,000; small 1,100-4,000 people;
 b
Except for HAdV-D. NT Not tested. 
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Table 3.10. Summary of HAdV species/types identified by PCR and culture from influent wastewater  

WWTP Approx. 

population 

size
a
 

Direct PCR by: C-PCR Cell culture 

Species-

specific 

qPCR 

sequencing HEK-293 A549 BGM HEK-293 A549 

A Large A, C, F  F (HAdV-40, 41) F (HAdV-40, 

41) 

NT HAdV-40 C (HAdV-2) 

F (HAdV-41) 

A (HAdV-12, 31) 

B, C (HAdV-2) 

F (HAdV-41) 

B Large A, C, F F (HAdV-41) F (HAdV-41) C (HAdV-1) C (HAdV-1) C (HAdV-1) 

F (HAdV-41) 

A (HAdV-12) 

C (HAdV-1) 

C Large A, D, F  F (HAdV-41) F (HAdV-41) NT F (HAdV-41) F (HAdV-41) A (HAdV-31) 

D (not typed) 

D Medium A, D, F F (HAdV-41) F (HAdV-41) NT F (HAdV-41) F (HAdV-41) A (HAdV-31) 

B (not typed) 

E Medium A, C, D, F F (HAdV-41) NT NT NT B (not typed) 

F (HAdV-41) 

A (HAdV-12, 31) 

F Medium F HAdV-40, 41 F (HAdV-41) NT NT NT A (HAdV-12) 

 

G Medium F
a
 NT F (HAdV-40) NT F (HAdV-40, 

41) 

NT B (not typed) 

 

H Small F F (HAdV-41) F (HAdV-41) F (HAdV-41) F (HAdV-41) NT F (HAdV-41) 

I Small F
a
 NT NT NT NT NT ND 

 

J Small ND F (HAdV-41) F (HAdV-41) D (not typed) Negative NT A (HAdV-12) 

D (not typed) 

K Small A, C, F NT NT F (HAdV-41) NT NT ND 

 

L Small A, C, D, F NT NT Unidentified
b
 NT NT ND 

 
a
Samples from WWTP G and I not tested for HAdV-A, C and D using qPCR. 

b
Unidentified HAdV; NT Not tested; ND Not determined 
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Table 3.11. Summary of HAdV species/types identified by PCR and culture from effluent wastewater  

WWTP Approx. 

population 

size
a
 

Direct PCR by: C-PCR Cell culture 

species-

specific 

qPCR 

sequencing HEK-293 A549 BGM HEK-293 A549 

A Large A, C, F F (HAdV-41) F (HAdV-41) NT Negative NT A (HAdV-31) 

D (not typed) 

B Large A, F  F (HAdV-41) F (HAdV-41) NT Negative NT ND 

C Large A, F  F (HAdV-41) F (HAdV-41) NT Negative NT D (not typed) 

 

D Medium A, F F (HAdV-41) NT NT NT NT ND 

E Medium A, C, F F (HAdV-41) F (HAdV-41) NT Negative NT A (HAdV-12, 31) 

D (not typed) 

F Medium A, F F (HAdV-40, 41) F (HAdV-41) NT F (HAdV-41) F (HAdV-41) B (not typed) 

G Medium F
a
 F (HAdV-41) NT NT NT NT Negative 

 

H Small F F (HAdV-41) F (HAdV-41) NT NT NT Negative 

I Small F
a
 NT NT NT NT NT ND 

 

J Small A, D, F F (HAdV-41) F (HAdV-41) ND NT NT A (HAdV-12) 

K Small A, F NT F (not typed) F (not typed) NT NT NT  

 

L Small A, F NT F (not typed) NT NT NT NT 

 
a
Samples from WWTP G and I not tested for HAdV-A, C and D using qPCR; NT Not tested; ND Not determined 
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3.5.6. Discussion 

HAdV types can vary in their mode of transmission, which may occur via the faecal-

oral route or through direct contact/inhalation via aerosol/droplets. HAdVs cause diseases 

varying from gastroenteritis (mainly due to HAdV-F) to respiratory symptoms and 

conjunctivitis. These diseases are dependent on the infecting HAdV type or species and other 

factors including the host immune status (Table 1.4, Chapter 1). To date, there are limited 

data available on the concentrations of HAdV types or species in influent or effluent 

wastewater, particularly for non-enteric HAdV. This has been mainly due to problems 

associated with the presence of mixed enteric virus populations in the matrices as viruses 

such as EVs that can interfere with the growth of HAdVs. Other factors include using 

inappropriate methods (e.g. using a cell line insensitive to HAdVs) or using a generic 

PCR/qPCR which does not discriminate between types.  

Most information on the presence of HAdVs from the environment is on species F. 

With the development of HAdV-F specific PCR/qPCR assays (Jothikumar et al., 2005a; Ko 

et al., 2005b; Wolf et al., 2010), information on the prevalence and relative concentration of 

HAdV-F in wastewater are more easily available and HAdV-F qPCR assays have now been 

used in a number of recent studies (Dong et al., 2010; Hata et al., 2013; Ogorzaly et al., 

2013). However, this is not the only HAdV species in wastewater and the presence of other 

infectious HAdV types remaining in the effluent following treatment can be a human health 

risk too. To identity and differentiate between other HAdV species (A-E) can be more time 

consuming as either multiple PCR/qPCR assays or sequence-based typing methods are 

needed for molecular detection (Kuo et al., 2009).  

This study showed that, depending on the method used, the predominant HAdV 

detected varied. Overall, combining the qPCR and culture results strongly suggested that 

HAdV-F was the predominant HAdV species detected in both influent and effluent 

wastewater. This finding was in agreement with other studies that show a high prevalence of 

HAdV-F in wastewater. However, published research results were highly method-dependent 

with no comparisons performed (Table 3.8). In this study using different approaches, a 

diverse range of HAdVs (species A, B, C, D and F) were observed in influent and more 

significantly for risk assessments, in effluent samples from WWTP serving different sized 

populations. The only HAdV species not detected was HAdV-E (HAdV-4). 

Although a greater diversity of HAdVs may have been expected in wastewater from 

WWTP that served large populations (WWTP A, B and C) and a lower diversity in those 
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serving small populations, this was not necessarily observed. HAdV species other than F 

were not only often present in small and medium WWTP but often present in high 

concentrations (4-6 log10 genome copies/L) including in effluent wastewater. In the literature, 

the presence of HAdV types other than those belonging to HAdV-F was infrequently reported 

both in influent and effluent samples. As mentioned above, this may have been a reflection of 

the detection method used but more recent studies using C-qPCR demonstrated the presence 

of multiple HAdV species, albeit in fewer samples than HAdV-F (Ogorzaly et al., 2013; 

Rodriguez et al., 2013b). As in this study, PCR was shown preferentially to detect HAdV-F 

type 41 in a mixed population of HAdV types. One likely reason may be that, due to the 

higher concentration of HAdV-F compared to other species, the PCR assay amplifies the 

most common specific viral target i.e. HAdV-F. Of the few samples that contained a lower 

concentration of HAdV-F than other HAdV species (e.g. samples 09-028, 04-64, 09-030 and 

04-79), only one sample (04-64) was assayed using sequence-based typing. Therefore, it was 

not possible to determine if this was the most significant factor, or if preferential 

amplification due to target alignment with primers was also a factor.  

While specific qPCR assays used in this study successfully determined the HAdV 

species present, and acknowledging that assays for HAdV-B and E were not included, culture 

methods remain important if the risks to health are to be established. This is not only to assess 

viral infectivity, but also because PCR may not be as sensitive as cell culture due to the 

relative small sample volume used for analysis. The use of conventional culture and C-qPCR 

assays with subsequent sequencing or specific qPCR, demonstrated not only culturable 

viruses in the effluent wastewater (as shown in Section A of this Chapter) but also showed a 

diverse range of culturable (and so potentially infectious) HAdV types. This has important 

public health implications. The discharge of effluent wastewater that contains viruses capable 

of causing both enteric and non-enteric disease into receiving waters such as seawater and 

river water is a potential risk to recreational users and consumers of drinking water sourced 

from rivers. This risk pertains particularly to children and the immunocompromised, most 

susceptible to HAdV infection. It is interesting that, although there are reported waterborne 

HAdV outbreaks, most are associated with swimming pools and due to failure with 

disinfection. There are only a few reports of HAdV infections following exposure to other 

contaminated waters, including drinking water (Kukkula et al., 1997; Mena et al., 2009; 

Sinclair et al., 2009). This may be associated with HAdV types present, the nature of the 

contact with the water, potential transmission routes and risk groups.  
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To evaluate and understand risks from faecal contamination sources, quantitative 

microbial risk assessment (QMRA) can be used. For this, relevant dose response data are 

required. Currently, the only HAdV dose-response data available are based on the virus 

HAdV-4 with the dose determined following administration of the virus through an aerosol 

route (Couch et al., 1969). This data has been used for HAdV risk assessments (Kundu et al., 

2013; van Heerden et al., 2005b). However, the relevance and applicability of applying 

HAdV-4 data for QMRA remains questionable for environmental studies - particularly as in 

this study HAdV-E (i.e. HAdV-4) was not detected. Incorrect or inadequate data can lead to 

gross underestimation or overestimation of risk, but without an alternative model, modellers 

can only estimate the uncertainty in their calculations. This problem not only applies to 

HAdVs but to EVs and NoVs where there are also limited dose response data available 

(Schiff et al., 1984; Teunis et al., 2008). The data presented here (both in Sections A and B) 

will be useful for future QMRA on exposure to effluent wastewater and will aid decisions on 

future research priorities. Most data on the effectiveness of treatments utilised for pathogen 

inactivation in water are for HAdV-F and HAdV-C (Eischeid et al., 2011; Gerba et al., 2002; 

Ko et al., 2005a; Lamont et al., 2007; Lee et al., 2011; Rodriguez et al., 2013a), with one 

study including HAdV-4 (Gerrity et al., 2008). However, in this current study other species 

were frequently detected with HAdV-F and in high concentrations. If not adequately treated, 

these viruses may become a significant health risk in subsequent receiving waters. Ideally, 

the effectiveness of wastewater treatment should be extended to other HAdV species such as 

HAdV-A (e.g. types 12 or 31). This will also increase the value of QMRA to understand 

better human health risks associated with human faecal contamination.  

The role of HAdVs as waterborne pathogens is still not fully understood, as there has 

been little relevant information on the HAdV types present, exposure and the human-virus 

dose-response. The HAdV typing presented here has added to the knowledge base. As HAdV 

types have different properties and ecologies, the information presented here should be 

considered in wastewater treatment processes and in risk assessments, including QMRA. 



 

114 

 

 



 

115 

C h a p t e r  4  

 

 

 

 

HUMAN ADENOVIRUSES IN RAW AND TREATED 

(BIOSOLIDS) SEWAGE SLUDGE 
 

 

 

 

 

 

 

 

 

 

 



 

116 

CHAPTER 4. HUMAN ADENOVIRUSES IN RAW AND 

TREATED (BIOSOLIDS) SEWAGE SLUDGE 

4.1. Introduction 

HAdVs, and other human enteric viruses, may be present in high concentrations in 

sewage sludge, the solid phase derived from the municipal wastewater treatment process 

(Cliver, 1975; Wellings et al., 1976; Williams Jr et al., 1988). Raw sludge can be processed 

by treatments including mesophilic or thermophilic anaerobic digestion, to produce a more 

stabilised product known as biosolids. Thickening of the material by removing water content 

(dewatering) can produce a sludge that can be handled as a solid. Compared to raw sludge, 

these biosolids can contain significantly reduced human pathogen concentrations (Bertucci et 

al., 1977). Biosolids are carbon-rich and contain high concentrations of valuable nutrients 

that can have high fertiliser value, especially in degraded environments. If these products are 

used for land-application, it is important to know the effectiveness of the treatment process in 

reducing pathogen concentrations so that adequate management practices can be put in place 

to avoid potential human health impacts. Other processes such as composting, lime treatment 

and incineration can further reduce microorganism concentrations (Bean et al., 2007). While 

bacterial pathogens may be reduced in numbers through these processes, this may not be the 

same for enteric viruses because of their comparative survival properties. The low infectious 

dose, potential for prolonged survival, especially in solids, and environmental transmission 

mean that infectious human enteric viruses such as HAdVs and NoVs remaining in biosolids 

can be a significant human health hazard (Gerba and Smith, 2005). 

To ensure that public health is protected from biosolids-borne pathogens, guidelines 

and regulations set limits for indicators and pathogens concentrations in biosolids prior to 

land application (NSWEPA, 1998; NZWWA, 2003; USEPA, 1993). Many guidelines 

propose a grading system based on microbiological and chemical contaminants. Microbial 

indicators for Grade A (or Class A in some jurisdictions) biosolids are set at substantially 

reduced concentrations, which implies low or no microbial pathogens, and as such are 

deemed safe to be handled by the public with minimal risk (NZWWA, 2003). Grade or Class 

B biosolids can have less treatment and will probably contain pathogenic organisms. In the 
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US, faecal coliforms are used as indicator bacteria while in New Zealand E. coli are used. As 

traditional bacterial indicators have different survival characteristics to pathogens, 

concentration limits for the pathogenic microorgansisms, Salmonella spp. and human enteric 

viruses (EVs or HAdVs at less than 1 PFU/4 g for verification sampling of Grade or Class A 

biosolids) are also included in guidelines (NSWEPA, 1998; NZWWA, 2003; USEPA, 1993) 

(Table 4.1). The US has a set limit for Grade B biosolids in terms of faecal coliforms, but 

New Zealand Class B biosolids have no limit, although the sludge must go through some 

form of stabilisation process to reduce pathogens before re-use. 

 

Table 4.1. Bacteria and enteric viruses limits for Grade A and B biosolids in the New 

Zealand, Australia and United States  

Microorganism  New Zealand
a
 New South 

Wales, Australia
b
 

United States
c
 

 Grade A Class A Class B 

E. coli  <100 MPN/g NA NA NA 

Faecal coliforms  NA <1000 MPN/g <1000 MPN/g <2000000 MPN/g 

Salmonella spp. <1/25 g Not detected/50 g  <3 MPN/4 g NA 

Enteric viruses <1 PFU/4 g <1 PFU/4 g <1 PFU/4 g NA 

NA: No limits  

Data adapted from: 
a
New Zealand Waste Water Association (NZWWA, 2003); 

b
New South Wales 

Environmental Protection Agency (NSWEPA, 1998); 
c
United States Environmental Protection 

Agency (USEPA, 1993) 

 

For the determination of the presence of enteric viruses, detection of either EVs or 

HAdVs (as representatives of human enteric viruses) using a prescribed method is described 

for each standard or guideline. For the New Zealand guidelines, the detection of HAdVs 

(rather than EVs) is specified, and the use of C-PCR using BGM cells is described for that 

purpose. HAdVs are frequently detected in wastewater concentrations similar to or greater 

than EVs (Chapter 3, Hewitt et al. (2013)) so it would be expected that HAdVs would be 

present in raw sludge to at least concentrations similar to EVs. As HAdVs are also more 

resistant to a number of stressors than faecal indicator bacteria, pathogenic bacteria and many 

EV types, data on HAdVs would be useful in the risk evaluation of biosolids applied to land 

and for assessment of the efficiency of sludge treatment (McQuaig et al., 2009; Wong et al., 

2010).  
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Overall, there are relatively few published studies on the occurrence and diversity of 

enteric viral pathogens in biosolids (Bofill-Mas et al., 2006; Wolf et al., 2010; Wong et al., 

2010). In addition, data on enteric virus infectivity of biosolids are limited. While some 

published reports describe the infectivity of HAdVs (Greening et al., 2002; Wong et al., 

2010), astrovirus (Chapron et al., 2000b), reoviruses (Gallagher et al., 2007), F-RNA or 

somatic coliphages (Guzman et al., 2007; Nappier et al., 2006; Viau and Peccia, 2009), most 

available biosolids infectivity data relates to EV (Goyal et al., 1984; Guzman et al., 2007; 

Monpoeho et al., 2004; Monpoeho et al., 2001; Straub et al., 1993; Straub et al., 1994). The 

large amount of data on EVs reflects the classification guidelines (as described above) and 

use of the USEPA TCVA-MPN method. In addition, up to the mid 1990s, as PCR methods 

were not readily available, the focus was CPE-based culture methods (Guzman et al., 2007; 

Metcalf et al., 1995; Sidhu and Toze, 2009) which were most suitable for the detection of EV. 

Although C-PCR assays, used to determine virus infectivity, have been used for other 

environmental matrices, there are limited published studies using this approach to detect 

human enteric viruses in biosolids (Chapron et al., 2000b; Gallagher et al., 2007; Greening et 

al., 2002; Schlindwein et al., 2010; Wong et al., 2010).  

In the context of New Zealand, the lack of data on the use of the C-PCR assay for 

biosolids is of relevance to the New Zealand biosolids industry as the ‘Guidelines for the Safe 

Application of Biosolids to Land in New Zealand’ require that the C-PCR assay is used for 

the determination of HAdV infectivity (Chapron et al., 2000a; NZWWA, 2003). The 

NZWWA Guidelines also specify that BGM cells are used. Available published data 

(discussed in Chapter 2), as well as data presented in Chapter 3, implies that BGM cells may 

not be optimal for the detection of HAdV in biosolids; so their presence in biosolids may be 

under estimated if used.  

In addition to informing on the use of HAdV as indicators and indices, specific data 

concerning the prevalence, concentration, infectivity, and diversity of enteric viruses in 

biosolids would aid health risk assessments including those associated with the land 

application of human biosolids. In addition, data on the survival of enteric viruses following 

the various treatment processes are required. 

4.2. Knowledge gaps 

 Data on the presence and concentration of HAdVs, EVs, NoV GI, NoV GII and 

HPyVs in biosolids, particularly in New Zealand, are limited. 
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 Data are required on the suitability of 

o HAdVs vs. EVs as virus infectivity indicators for biosolids, and 

o HAdVs and HPyVs vs. EVs as virus indicators for biosolids using qPCR. 

 Suitability of the current NZWWA (2003) methods for HAdV recovery and 

detection by BGM C-PCR has not been fully evaluated.  

4.3. Objectives and strategy 

 The suitability of the NZWWA (2003) method for the detection and 

concentration of culturable HAdVs from biosolids was determined. To do this, a 

desk evaluation of the method was first done by comparing the recommended 

method steps to those that would be expected from information determined from 

the literature review. Modifications the method were then trialled where 

necessary, and the most suitable and effective implemented. 

 The presence and quantity of HAdVs in New Zealand biosolids was compared to 

EVs, NoV GI, NoV GII and HPyVs by using qPCR assays on samples collected 

at different stages of biosolids production processes and collected from different 

sites. By comparing the presence of HAdVs and HPyVs to other enteric viruses, 

information on their suitability as appropriate indicators of virus presence in 

biosolids were obtained. The detection of HAdV-A, C, D and F was determined 

by using species-specific qPCR assays and DNA sequencing. 

 To determine the infectivity of HAdVs in samples using C-PCR and CPE-based 

culture methods using A549 cells. The effectiveness of HEK-293, A549 and 

BGM cells to culture HAdV in a C-qPCR assay, and the use of guanidine 

hydrochloride to inhibit the growth of EVs from biosolids was determined using 

the protocol as described in Chapter 2, Section 2.7.3. The applicability of 

determining virus infectivity for routine monitoring of biosolids was also 

assessed.
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4.4. Methods 

4.4.1. Viruses and cells 

HEK-293, A549 and BGM cells were propagated in appropriate cell culture medium 

(Appendix B, Table B.1; Appendix C, Tables C.1, C.2 and C.3). HAdV-2 (ATCC #VR-846), 

HAdV-41 (ATCC #VR-930), PV2 (strain LSc 2ab) working stocks were prepared from 

infected A549, HEK-293 and BGM cell monolayers (Appendix B, Table B.1; Appendix G.2). 

Viral nucleic acid extracts from NoV GI, NoV GII, HPyV (JC), PV2, HAdV-2, HAdV-41, 

HAdV-A (type 31) and HAdV-D (type 37) stocks (Appendix A) were used as RT-

qPCR/qPCR positive controls. PV2, HAdV-2 and HAdV-41 were used as positive controls in 

the cell culture assays. 

 

Table 4.2. Sample description and classification  

Site  Sample  

number 

No of  

samples 

Description Biosolids 

classification 

T-A A1a, b, c  3 Preliminary solids  

(Grit, heavy solids from incoming water that 

settle rapidly and/or screened solids) 

NA 

 A2a, b, c 3 Dewatered mesophilic anaerobically digested 

sludge 

Grade B 

 A3 1 Composted biosolids Grade A 

T-B B1a, b, c, 

d, e 

5 Dewatered mesophilic anaerobically digested 

sludge 

Grade B 

 B2a, b  2 Composted biosolids Grade A 

T-C C1  1 Dewatered mesophilic anaerobically digested 

sludge 

Grade B  

 C2 1 Mesophilic anaerobically digested and then 

chemically treated sludge, pH 11
b
 

Unconfirmed 

a
According to NZWWA 2003 guidelines (NZWWA, 2003);

 b
pH in received sample

 

4.4.2. Sample collection 

Sixteen samples were collected at different stages of biosolids production processes at 

the wastewater treatment or composting plants from three separate sites. Seven samples were 

from Site T-A, seven samples from site T-B and two samples from site T-C (Table 4.2). 

Three samples were preliminary solids and therefore not classified as biosolids (#A1a-c), 

nine samples were classified as Grade B and three samples (composted biosolids) as Grade A 
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The classification of sample #C2 was unconfirmed. Following collection, samples were 

transported to the laboratory on ice, stored at 4°C and processed within 48 hr.  

4.4.3. Sample processing and virus recovery 

Following a review described in the New Zealand biosolids guidelines (NZWWA, 

2003), a modification to the virus recovery method was deemed essential. A PEG 

precipitation step was added after a beef extract virus elution step to concentrate viruses to a 

smaller volume. This modification was based on published methods (Lewis et al., 1988; 

Mignotte et al., 1999; Monpoeho et al., 2001). Viruses were recovered using beef extract 

elution followed by PEG 6000 precipitation. A total of 225 mL of 10% (w/v) beef extract 

solution (Oxoid Ltd., Hampshire, England), pH 9 was added to an estimated 25 g (dry wt
3
) 

and pH adjusted to 9. The solution was then mixed for 30 min at room temperature, 

sonicated for 1 min on ice (pulsed 9 sec on, 9 sec off, at 30% power) and mixed again for 5 

min. The pH was adjusted to 9 where necessary and then centrifuged at 5,000 x g for at least 

30 min at 4
o
C. The pH was checked and adjusted to 7.2 if required. PEG 6000 (10% (w/v) 

final concentration) and sodium chloride (2% (w/v) final concentration) were added and 

allowed to dissolve. The solution was mixed for at least 2 hr (or overnight) at 120 rpm at 4
o
C 

and pellet recovered by centrifugation at 10,000 x g for 30-60 min at 4
o
C. The pellet was 

resuspended in 10 mL PBS, pH 7.2. Finally, 1/3 volume chloroform was added to the 

concentrate, mixed for 30 min and centrifuged at 10,000 x g for 20 min at 4°C. The 

supernatant (upper aqueous phase) was collected and unless analyses were to commence 

within 24 hr, the sample was stored at -80
o
C until required. Antibiotics (P/S, Gibco) were 

added prior to cell culture. Samples were processed by Christchurch Science Centre, ESR 

Ltd, Christchurch. An aliquot of each sample concentrate was couriered frozen to Kenepuru 

Science Centre, Porirua ESR Ltd for the detection by PCR and cell culture.  

The theoretical detection limit per assay varied with each sample as a different 

amount of sample was processed (so the dry weight was unknown until after the samples 

were processed). The detection limits for each method, calculated from the volumes 

processed and amount analysed, are shown below. 

 

 

                                                 
3
 The actual dry weight used varied as analyses of the dry weight was only completed following virus 

concentration 
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4.4.4. Nucleic acid extraction and PCR assays 

Following viral nucleic acid extraction from 100 µL sample concentrates using the 

High Pure Viral Nucleic Acid Kit (Roche Molecular Biochemicals Ltd.), samples were 

analysed for the presence of HAdVs, HPyVs, EVs and NoVs.  

The HAdV qPCR assay method #2 (Hernroth et al., 2002) was used to detect HAdVs 

(Chapter 2, Section 2.6.3). For HAdV typing, a conventional PCR (Allard et al., 2001) was 

also performed (Chapter 2, Section 2.6.2) on the same extracted viral nucleic acid and 

positive PCR products purified prior to DNA sequencing (as described in Appendix H). 

Species-specific qPCR assays were used to detect HAdV-A, HAdV-C, HAdV-D and HAdV-

F as described in Chapter 2, Section 2.6.4. The presence of HPyVs (JC/BK) were determined 

using a qPCR assay (McQuaig et al., 2009) as described in Section 2.6.5. 

Two-step RT-qPCR assays were used for the detection of EVs, NoV GI and NoV GII 

using primers and probes as previously described (Donaldson et al., 2002; Kageyama et al., 

2003; Wolf et al., 2010) and with PCR conditions as in Appendix F.2 (using RT-qPCR assay 

method #2) and F.3 for NoVs and EVs respectively. Each assay was carried out at least in 

duplicate for each nucleic acid extract. Raw data were analysed using the Rotor-Gene 

software and the PCR Cq values determined. For all viruses, except for HAdV-D, virus 

quantification (genome copies) was determined by comparing the mean Cq value against a 

linear standard curve generated from log10 dilution series of 10
7
 to 10 genome copies per 

reaction of the appropriate DNA plasmid. For positive samples, data was log10 transformed 

and concentration expressed as log10 genome copies/g (dry wt). In each qPCR assay, 

appropriate virus positive and negative (water) extraction controls and DNA plasmid 

controls (except for HAdV-D) were used. Anti-contamination procedures were followed for 

all procedures as described in Appendix F.  

For biosolids, the detection limit varied between 21 and 180 genome copies/g (dry 

wt) and for composts, the between 41 and 78 genome copies/g (dry wt). 

4.4.5. CPE-based cell culture assays 

4.4.5.1. EV agar cell suspension assay 

The ACS plaque assay using BGM cells was used to determine the concentration of 

culturable EVs (Appendix G.2.4). Samples were assayed at least in triplicate (with up to 8 

plates per sample used for samples likely to have low or no detectable viruses). Plates were 
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examined daily for plaque formation characteristic of EVs (lytic zones) for 4 days. Results 

were expressed as the PFU/g (dry wt). The limit of detection (LOD) varied between 0.2 and 

0.5 PFU/g (dry wt). PV2 (20-30 PFU per plate) was used as a positive control for each assay. 

Confirmation of the EV titre (originally determined by staff at Christchurch Science Centre, 

ESR Ltd) were performed on selected samples using the ACS assay. 

4.4.5.2. HAdV quantification using A549 cells in CPE-based culture assay 

HAdV infectivity titres were determined using A549 cells as described in Chapter 2, 

Section 2.7.1. Following plating of A549 cells in 96-well plates at a concentration of 10
4
 cells 

per well, between 0.5 µL and 5 µL sample concentrate was added per well (i.e. samples were 

diluted between 1/20 and 1/200, to give a total volume 100 µL per well). At least 48 wells 

were plated per sample and per dilution. To suppress EV replication, guanidine hydrochloride 

was added to the sample/cells at a final concentration of 100 µg/mL. Plates were incubated 

for 28 days at 37
o
C in 5% CO2 and examined regularly for CPE characteristic of HAdV 

growth. Results were expressed as IU/g (dry wt) and 95% confidence interval (CI) range 

calculated. For biosolids, the LOD varied between 0.4 and 3.8 IU/g (dry wt). For composts, 

the LOD varied between 0.9 and 3.8 IU/g (dry wt). 

HAdV and EV immunofluorescence assays (IFA) were used initially for rapid 

confirmation that CPE was due to HAdV replication. Cells showing CPE were fixed onto a 

glass slide and fluorescent-labelled antibody added to visualise the presence of HAdV. For 

further virus identification, selected wells showing typical HAdV CPE were also subjected to 

a freeze-thaw cycle and viral DNA extracted from 200 µL using the High Pure Viral Nucleic 

Acid Kit (Roche Molecular Biochemicals Ltd.). Viral DNA extracts were then analysed for 

the presence of HAdV-A, HAdV-C, HAdV-D and HAdV-F using qPCR (Chapter 2, Section 

2.6.4).  

4.4.6. HAdV C-PCR /C-qPCR using HEK-293, A549 and BGM cells  

Confluent HEK-293, A549 or BGM cells in 25 cm
2
 flasks or 6-well plates were 

inoculated in duplicate with sample concentrates (100 µL) made up to 1 mL in PBS. 

Guanidine hydrochloride was added to give a final concentration of 100 µg/mL. Several 

samples without added guanidine hydrochloride were also plated. Following incubation at 

37
o
C for 2 hr with regular mixing, the cells were washed with PBS twice to remove traces of 

the inoculum. Medium containing guanidine hydrochloride (100 µg/mL) was added to the 

cells which were then incubated at 37
o
C in 5% CO2 for 7 days. Following the incubation 
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period, cells were recovered using trypsinisation (Chapter 2, Section 2.7.3: C-PCR method 

#2). Viral nucleic acid was extracted from 200 µL of the cell lysate using the High Pure Viral 

Nucleic Acid Kit (Roche Molecular Biochemicals Ltd.). Extracted viral DNA was tested 

using HAdV qPCR (Chapter 2, Section 2.6.3, method#1 or method #2) and HAdV species-

specific qPCR assays (HAdV-A, HAdV-C, HAdV-D, HAdV-F) (Chapter 2, Section 2.6.4). 

Viral DNA positive for HAdV by qPCR was also amplified using a HAdV conventional PCR 

(Allard et al., 2001) (Chapter 2, Section 2.6.2; Method #2) and positive PCR products 

purified prior to DNA sequencing. The LOD varied between 1 and 9 infectious units/g (dry 

wt). For composts, the LOD varied between 2 and 3.5 infectious units/g (dry wt). 

4.4.7. Data analysis 

Data were log10 transformed prior to analysis. Concentrations of HAdVs, HAdV-F, 

HPyVs, EVs and NoVs were visualised by plotting values in Excel using scatter plot graph 

function (Microsoft, Redmond, WA). To determine the relationship between any quantitative 

data set (log10 genome copies, log10 IU/g or PFU/g), the coefficient of determination (R
2
) and 

Spearman rank correlation (r; index from -1 to +1) was also calculated (Excel XL Stat) for 

each comparison. A Spearman rank correlation coefficient of 0.8-1.0 was considered a strong 

correlation between the two concentrations. Student’s t test using Excel (Microsoft) was 

performed to compare the means of two concentration data sets. Results with p values of less 

than 0.05 were considered significant. HAdV species (A, C and F) genome copies/g were 

calculated as a percentage of the total HAdV genome copies/g to determine the relative 

proportions in each sample. 

4.5. Results 

Virus presence and concentration as determined by culture (EVs and HAdVs), C-PCR 

and qPCR in samples are shown in Tables 4.3, 4.4 and 4.5 respectively. As seeding and 

recovery experiments were not performed for each sample, due the high concentrations of 

naturally occurring viruses, virus concentrations were not adjusted. In the virus seeding and 

recovery experiments designed to test methodology effectiveness, a recovery of at least 3-7% 

was achieved for EVs on two different samples (data not shown).  
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4.5.1. HAdV and EV quantal culture assays 

Culturable EVs were detected in the majority (12/16, 75%) of samples (Table 4.3). 

The negative samples were the three composted biosolids (#A3, #B2a, #B2b) and chemically 

treated sludge (#C2). The concentrations of culturable EVs ranged from 1 to 1096 PFU/g (dry 

wt) in the Grade B biosolids (anaerobic digested sludge) and from 5-29 PFU/g (dry wt) in the 

preliminary solids samples.  

Using the A549 quantal assay, culturable HAdVs were detected in 9/16 (56%) 

samples (Table 4.3). The negative samples included the three preliminary solids samples, one 

Grade B anaerobic digested sludge and two Grade A composted biosolids. The third 

composted biosolids sample (#B2b) was toxic to the A549 cells and so a valid result could 

not be obtained. HAdV concentrations in positive Grade B biosolids (anaerobic digested 

sludge) ranged from 8 IU (2-34) to 335 IU (259-427) (95% CI)/g (dry wt). HAdVs were not 

detected in three samples positive for EVs. One sample was HAdV positive but negative for 

EVs.  

 

Table 4.3. Detection of culturable EVs and HAdVs using CPE-based culture methods 

Site  Sample 

number 

Description EV ACS 

assay 

(PFU/g) 

HAdV 

Quantification 

using A549 cells 

(IU(95% CI)/g) 

Species 

detected using 

A549 cells 

T-A A1a Preliminary solids 29 ND - 

 A1b Preliminary solids 9 ND - 

 A1c Preliminary solids 5 ND - 

 A2a Anaerobic digested sludge 5 27 (17-45) A, F 

 A2b Anaerobic digested sludge 1 18 (7-46) A, D, F 

 A2c Anaerobic digested sludge 1 ND - 

 A3 Composted biosolids ND ND - 

T-B B1a Anaerobic digested sludge 1096 241 (130-439) F 

 B1b Anaerobic digested sludge 122 335 (259-427) A, C, D, F 

 B1c Anaerobic digested sludge 37 111 (52-229) Not determined 

 B1d Anaerobic digested sludge 121 83 (66-101) A, D, F 

 B1e Anaerobic digested sludge 100 136 (102-184) C, D, F 

 B2a Composted biosolids ND ND - 

 B2b Composted biosolids ND Toxic - 

T-C C1 Anaerobic digested sludge 4 8 (2-34) C, D, F 

 C2 Chemically-treated sludge  ND 4 (1-29) D 

ND: not detected 
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The concentrations of culturable HAdVs and EVs (by CPE) were similar in terms of 

magnitude with correlation analyses for the nine anaerobic digested sludge samples showing 

a strong correlation between the HAdV and EV concentrations determined by culture (Figure 

4.1). 

Analysis of HAdVs cultured in the A549 quantal culture assay, using species-specific 

qPCR assays, showed mixed HAdV species were present including HAdV-A, C, D and F 

(Table 4.3). Many wells contained mixed HAdV species/types present. 

 

Figure 4.1. Correlation between HAdV (log10 IU/g) and EV (log10 PFU/g) concentrations 

in biosolids (n=9) 

 
 

4.5.2. HAdV C-PCR/C-qPCR 

From the three cell lines tested, HEK-293 cells were the most suitable for the 

detection of culturable HAdVs in the C-qPCR assay (Table 4.4) and more sensitive for the 

detection of HAdV than using A549 in the CPE-based quantal assay. Most samples were 

positive for culturable HAdV using the HEK-293 cells including the preliminary solids 

(#A1a, #A1b, #A1c from Site T-A) negative using the A549 quantal assay. As with the A549 

CPE-based quantal assay, the C-qPCR assays did not detect culturable HAdV in the three 

composted biosolids. HAdVs were detected less frequently using A549 and BGM cells than 

HEK-293 cells. Only 7/15 (47%) and 3/15(20%) samples were positive using the A549 and 
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BGM cells respectively, whereas 12/15 (80%) samples were positive using HEK-293 cells 

(Table 4.4).  

Further identification of the viruses grown using C-PCR/C-qPCR (using either 

sequencing following conventional PCR or HAdV species-specific qPCR assays) showed the 

predominance of HAdV-F. Using HEK-293 cells in the C-qPCR assay, the presence of 

HAdV-F was observed in all HAdV positive samples. These were further identified as 

HAdV-41 using DNA sequencing (Figure 4.2). HAdV-A and HAdV-C were also identified in 

HEK-293 cells using species-specific qPCR assays. Using the A549 C-qPCR assay, HAdV-

A, C and F were detected, with sequencing showing the presence of HAdV-31, HAdV-41, 

and an un-typed HAdV-B. Similarly, culturable HAdV-A (specifically HAdV types 12 and 

31) and HAdV-F were detected using the BGM C-qPCR assay and identified by DNA 

sequencing (Table 4.4, Figure 4.2).  

4.5.3. Direct qPCR 

Using direct qPCR/RT-qPCR, HAdVs, HPyVs (JC/BK) and EVs were detected in 

13/16 samples (Table 4.5). No viruses were detected in the three composted samples (#A3, 

#B2a and #B2b) using qPCR. Seven of the nine anaerobic digested sludge samples (#A2a, 

#A2b, #B1b, #B1c, #B1d, #B1e, #C1) and the chemically treated sludge (#C2) contained all 

the target viral pathogens, including both NoV GI and GII. NoVs (GI and/or GII) were 

detected in all but two of the non-composted samples. NoV GI and GII were detected in 9/13 

(69.2%) and 10/13 (76.9%) non-composted biosolids respectively. Further identification of 

HAdV detected by direct PCR (using either sequencing following conventional PCR or 

HAdV species-specific qPCR assays) showed a predominance of HAdV-F (Figure 4.2). 

HAdV-F, specifically HAdV-41, were detected in most (13/16, 81.3%) samples. HAdV-A, 

HAdV-C and HAdV-D were also detected using HAdV species-specific qPCR assays in 

10/13 (76.9%), 8/13 (57.1%) and 8/13 (57.1%) of non-composted samples respectively.  
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Figure 4.2. Phylogenetic tree showing the genetic relationship of HAdV from raw sludge 

and biosolids as determined by analyses of the hexon gene (254 bp region) following direct 

PCR and C-PCR  

GenBank accession numbers are shown where applicable.  

     

 

Species B 

Species A 

Species C 

Species D 

Species F 
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Table 4.4. Culturable HAdV determined by C-qPCR in HEK-293, A549 and BGM cells (n=15) 

Site Sample 

number 

Description 

 

HEK-293 A549 BGM 

+/-
a
 Specific 

qPCR
b
 

Species/ 

type
c,d

 

+/-
a
 Specific 

qPCR
b
 

Species/ 

type
c,d

 

+/-
 a
 Specific 

qPCR
b
 

Species/ 

Type
c,d

 

T-A A1a Preliminary solids + F 41 - - - - - - 

 A1b Preliminary solids + F 41 - - - - - - 

 A1c Preliminary solids + F - - - - - - - 

 A2a Anaerobic digested sludge + A, F 41 + F 31 - - - 

 A2b Anaerobic digested sludge + A, C, F 41 + A, F 31 - - - 

 A3 Composted biosolids - - - - - - - - - 

T-B B1a Anaerobic digested sludge + A, F 41 + - 40 & 41 - - - 

 B1b Anaerobic digested sludge + A, F 41 + F 41 - - - 

 B1c Anaerobic digested sludge + A, F - + F 41 + A, F 12 

 B1d Anaerobic digested sludge + A, C, F 41 + F 41 + A, F 31 

 B1e Anaerobic digested sludge + A, C, F 41 + A, C, D, F B + F  

 B2a Composted biosolids - - - - - - - - - 

 B2b Composted biosolids - - - - - - - - - 

T-C C1 Anaerobic digested sludge + F 41 - - - - - - 

 C2 Chemically-treated sludge + C, F 41 - - - - - - 
a
Using HAdV qPCR assay; 

b
Using HAdV-A, C, D and F specific qPCR assays; 

c
Sequencing PCR products following culture  

d
HAdV-12 and HAdV-31 are members of HAdV-A; HAdV-40 and HAdV-41 are members of HAdV-F 

 

 

 

 



 

130 

Table 4.5. HAdV, HPyV, EV and NoV detection and quantification using qPCR (n=16) 

Site  Sample 

number 

Description Direct PCR/ 

sequencing 

Log10 genome copies/g (dry wt) 

HAdV HAdV- 

A 

HAdV- 

C 

HAdV- 

F 

HPyV EV NoV GI NoV 

GII 

T-A A1a Preliminary solids HAdV-41 4.32 - 1.99 4.07 3.62 3.08 1.97 - 

 A1b Preliminary solids HAdV-41 5.74 3.07 - 5.19 4.20 3.91 - - 

 A1c Preliminary solids HAdV-41 4.68 - 2.25 3.97 3.04 3.03 - 2.71 

 A2a Anaerobic digested sludge HAdV-41 5.02 3.94 2.56 4.67 4.45 3.54 2.40 2.40 

 A2b Anaerobic digested sludge HAdV-41 5.11
a
 2.25 2.91 5.00 4.57 3.66 1.92 2.75 

 A2c Anaerobic digested sludge HAdV-41 5.22
a
 3.69 1.67 5.01 4.49 3.57 - - 

 A3 Composted biosolids - - - - - - - - - 

T-B B1a Anaerobic digested sludge HAdV-41 6.48
a
 4.50 - 6.00 5.95 4.86 - 4.65 

 B1b Anaerobic digested sludge HAdV-41 6.43
a
 4.57 3.17 5.83 5.39 5.26 3.36 4.14 

 B1c Anaerobic digested sludge HAdV-41 5.96
a
 4.52 - 5.37 5.29 5.08 2.71 4.30 

 B1d Anaerobic digested sludge HAdV-41 5.92
a
 4.35 2.58 5.17 5.73 4.39 2.54 3.77 

 B1e Anaerobic digested sludge HAdV-41 5.87
a
 1.94 3.02 5.67 4.48 4.51 1.9 4.61 

 B2a Composted biosolids - - - - - - - - - 

 B2b Composted biosolids -  - - - - - - - 

T-C C1 Anaerobic digested sludge HAdV-41 4.81
a
 1.89 - 4.28 4.37 3.33 1.89 3.07 

 C2 Chemically-treated sludge HAdV-41 3.53 - - 2.55 3.11 1.90 1.90 2.65 
a
HAdV-D also detected using species-specific qPCR assay
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Figure 4.3. Concentrations (log10 genome copies/g) (mean ± SD) of HAdVs, HAdV-F, 

HPyVs, EVs, NoV GI and NoV GII in anaerobic digested sludge samples (n=9) 

 
 

Concentrations (log10 genome copies/g) of HAdVs were significantly higher (p<0.05) 

than the concentrations of HPyVs, EVs, NoV GI and GII. The HAdV qPCR titres were 

generally 0.5-1 log10 greater than HPyVs and 1 log10 greater than EVs. EV qPCR 

concentrations were generally 0-2 log10 greater than NoV (Figure 4.3).  

For the nine dewatered anaerobic sludges, the qPCR titres of HAdV were higher than 

HAdV-F (as would be expected as they are a sub-population), but overall there was no 

significant difference (p=0.182) between the mean of HAdV and HAdV-F. HAdV-F 

concentrations were always higher than HAdV-A and C, and this was a significant difference 

(p<0.05) (Table 4.5).  

The HAdV and HAdV-F concentrations ranged from 4.81-6.48 log10 to 4.28-6.00 

log10 genome copies/g respectively. For site T-C, qPCR titres showed that the chemically-

treated sample (#C2) consistently had lower virus concentrations than the sample processed 

by anaerobic digestion only (#C1), with the exception of NoV GI where the concentrations 

were similar in both samples. However, with only two samples to compare, it was not 

possible to determine if these differences were significant.  
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Table 4.6. Proportion of HAdV-A, C and F of total HAdV detected by qPCR (n=13) 

Site Sample 

number 

Description HAdV 

log10 

copies/g 

% HAdV-

A of total 

HAdV 

% HAdV-

C of total 

HAdV 

% HAdV-

F of total 

HAdV 

T-A A1a Preliminary solids 4.32 0.0 (ND) 0.5 57.0 

 A1b Preliminary solids 5.74 0.2 0.0 (ND) 28.0 

 A1c Preliminary solids 4.68 0.0 (ND) 0.4 19.6 

 A2a Anaerobic digested sludge 5.02 8.4 0.4 45.3 

 A2b Anaerobic digested sludge 5.11 0.1 0.6 79.2 

 A2c Anaerobic digested sludge 5.22 2.9 <0.1 61.9 

T-B B1a Anaerobic digested sludge 6.48 1.1 0.0 (ND) 32.8 

 B1b Anaerobic digested sludge 6.43 1.4 <0.1 24.7 

 B1c Anaerobic digested sludge 5.96 3.6 0.0 (ND) 25.7 

 B1b Anaerobic digested sludge 5.92 2.7 <0.1 17.7 

 B1e Anaerobic digested sludge 5.87 <0.1 <0.1 63.6 

T-C C1 Anaerobic digested sludge 4.81 0.1 0.0 (ND) 29.9 

 C2 Chemically-treated sludge  3.53 0.0 (ND) 0.0 (ND) 10.3 
ND: not detected 

 

The proportions of HAdV-A, HAdV-C and HAdV-F as a percentage of the total 

HAdV are shown in Table 4.6. The proportion of HAdV-F was significantly greater than for 

HAdV-A and HAdV-C. While the proportion of HAdV-species to HAdV varied between 

samples, trends could be seen. HAdV-F proportions were all greater than 10% (range from 

10.3-79.2% with a mean ± SD of 38% ± 21) (Table 4.6), while HAdV-A and HAdV-C 

proportions were less than 10% and 1% respectively. The remaining proportion of HAdV 

may be accounted for by the presence of HAdV-B, D and E viruses which were not 

quantified and in part, due to inaccuracies with the quantification of the viruses, including 

possible differing degrees of inhibition in the specific qPCR assays. 

The coefficient of determination (R
2
) and the Spearman correlation coefficient (r) 

were determined for the 13 non-composted samples (nine anaerobic digested sludge, three 

preliminary solids and the chemically treated sample). The scatter plots for the most strongly 

correlated associations are shown in Figures 4.4 to 4.7. 

Strong positive correlations (i.e. ‘r’ is between 0.8-1.0) were observed between HAdV 

and HAdV-F concentrations (Figure 4.4, R
2
=0.905, r=0.967), between HAdV and EV 

concentrations (Figure 4.5, R
2
=0.935, r=0.967), and between HAdV and HPyV (R

2
=0.752, r= 

0.879, Figure 4.6). A strong correlation was also observed between HPyV and EV (R
2
=0.749, 

r=0.841, Figure 4.7). However, there were weak correlations (r < 0.40) between NoV GI and 

HAdV, HPyV or EV concentrations, but moderate correlations between NoV GII and HAdV 

(R
2
=0.226, r=0.674), HPyV (R

2
=0.277, r=0.646), or EV (R

2
=0.226, r=0.668) concentration. 
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Figure 4.4. Correlation between HAdV and HAdV-F qPCR concentrations (log10 

genome copies/g) in preliminary solids and biosolids (n=13) 

 
 

 

Figure 4.5. Correlation between HAdV and EV qPCR concentrations (log10 genome 

copies/g) in preliminary solids and biosolids (n=13) 
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Figure 4.6. Correlation between HAdV and HPyV qPCR concentrations (log10 genome 

copies/g) in preliminary solids and biosolids (n=13) 

 
 

 

Figure 4.7. Correlation between EV and HPyV qPCR concentrations (log10 genome 

copies/g) in preliminary solids and biosolids (n=13) 
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Figure 4.8. Correlation between concentrations of culturable EV (log10 PFU/g) and EV 

qPCR (log10 genome copies/g) in biosolids (n=9) 

 

Finally, correlation analyses were performed between the concentrations of culturable 

EVs (PFU/g) and EV qPCR titre, and between and culturable HAdVs (MPN/g) and HAdV 

qPCR titre. Spearman rank correlation showed a moderate correlation (R
2
= 0.665, r=0.681) 

for the EV data (Figure 4.8), and a strong correlation (R
2
= 0.662, r=0.817) for the HAdV data 

(Figure 4.9).  

 

Figure 4.9. Correlation between concentrations of culturable HAdV (log10 IU/g) and 

HAdV qPCR (log10 genome copies/g) in biosolids (n=9) 
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Finally, correlation analyses were performed between the concentrations of culturable 

EVs (PFU/g) and EV qPCR titre, and between and culturable HAdVs (MPN/g) and HAdV 

qPCR titre. Spearman rank correlation showed a moderate correlation (R
2
= 0.665, r=0.681) 

for the EV data (Figure 4.8), and a strong correlation (R
2
= 0.662, r=0.817) for the HAdV data 

(Figure 4.9).  

4.6. Discussion 

To aid assessment of human health risks following the application of differently 

processed biosolids to land, it is imperative that sufficient and relevant data on the quantity 

and infectivity of human pathogens in such matrices are available. As recently demonstrated 

using metagenomic analyses, class B biosolids can contain a large diversity of 

microorganisms, reflecting the range of pathogens in the wastewater sources (Bibby and 

Peccia, 2013), so the detection of most appropriate pathogen or indicator is vital. This is of 

importance with respect to viruses, as processes used to stabilise sludge that may reduce 

bacterial pathogens, may not be effective for enteric viruses. The main aim of the study was 

to assess the suitability of HAdVs, as indices (to indicate pathogen presence) and process 

treatment indicators (or surrogates). HAdV presence was compared to EVs, NoVs and to 

HPyVs, alternative indicators, by qPCR, and in this Chapter, their role for biosolids assessed. 

This is the first comprehensive study of viruses in New Zealand biosolids using 

culture, C-PCR and qPCR, and the first study to show that infectious enteric viruses and 

HPyVs can be present in high concentrations in New Zealand sludges and biosolids - data 

useful for quantitative microbial risk assessments. The samples included dewatered 

anaerobically digested sludge, reflecting the most common method for producing Grade B 

biosolids in New Zealand and so provide valuable information. Two other New Zealand 

studies (both from the ESR EFV Laboratory) have included the analysis of enteric viruses in 

sludge, biosolids and composted biosolids, but in both studies the number of samples 

analysed were small. Greening et al. (2002) analysed two primary-settled sludge samples for 

HAdVs (1/2 positive by culture), and an additional two samples for EVs (2/4 positive by 

culture). No biosolids or composted samples were tested in that study. The second study by 

Wolf et al. (2010) used four samples (three biosolids and a compost sample, personal 

communication, Wolf et al.) for method validation purposes only and no individual results 

(for the detection of HAdV-C, HAdV-F, NoV GI and NoV GII) or descriptions identifying 
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the respective treatments were reported. In that study, using qPCR, 2/4 and 0/4 samples were 

positive for HAdV-F and HAdV-C respectively, and 3/4 samples positive for NoVs.  

The current study also informs on the presence and concentration of HPyVs, and in 

addition to HAdVs, the relationship to the other viruses were studied. Prior to this, there were 

limited international data with only two reports in the published literature. Mean HPyV 

concentrations of approximately 10
2
/g in sludge and 10

3
/g (dry wt) in biosolids were reported 

by Bofill et al. (2006), whereas another study (Wong et al., 2010), reported higher levels of 

10
5
-10

6
/g in biosolids - comparable to the results reported here. The reason for these 

differences could be sample variation, but the lack of standard methods, including for 

quantitation, makes comparisons difficult (Alum et al., 2014) as discussed in Chapter 2. 

Virus presence. New Zealand Grade B biosolids processed using mesophilic (35-

37
o
C) anaerobic digestion contained culturable, and so presumably infectious, virus 

concentrations up to 10
3 
PFU or IU/g (dry wt). These concentrations were comparable to 

other studies (Guzman et al., 2007; Monpoeho et al., 2004). Using the USEPA TCVA-MPN 

assay, higher concentrations of up to 10
4 

MPN/g infectious viruses, presumably EVs and/or 

reoviruses, have also been reported (Simmons and Xagoraraki, 2011). The ineffectiveness of 

sludge treatments such as mesophilic anaerobic digestion for reducing enteric virus 

concentrations has been previously reported, showing that concentrations generally decrease 

by less than 1 log10 (Guzman et al., 2007; Monpoeho et al., 2004; Wong et al., 2010). 

Therefore, considering the high concentrations of enteric viruses observed in the New 

Zealand samples, it is essential that when these “Grade B” biosolids are applied to land, that 

management practices are put in place to mitigate any potential human health risks. Such 

practices include exclusion periods, and buffer zones to waterways and sensitive 

environments (NZWWA, 2003). In contrast, no culturable viruses were detected in the three 

composted biosolids, confirming they would meet the Grade A classification in terms 

verification testing (i.e. the concentration of culturable enteric viruses using C-qPCR was less 

than 4 infectious units/g dry wt).  

Using qPCR, high virus concentrations were detected. HAdV concentrations (10
5
-

10
6
/g genome copies) were higher than the EVs (10

3
-10

5
/g), NoV (10

2
-10

4
/g) and HPyV (10

4
-

10
5
/g) by qPCR in anaerobic digested sludges. These results are similar to those reported by 

Wong et al. (2010) where HAdV concentrations by qPCR were also significantly higher than 

EVs, NoVs and HPyVs. Simmons and Xagoraraki (2011) also showed that HAdV 

concentrations were higher than EVs by qPCR but in contrast to the New Zealand samples, 

reported that NoVs were present in the highest concentrations (mean 10
5
/g, range 10

3-7
/g). 
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The HAdV concentrations of New Zealand samples were slightly higher than those observed 

by Bofill et al. (2006), who reported a mean concentration of 10
4
/g (dry wt) biosolids. This 

information validates HAdVs as good indicators for faecal contamination, and due to their 

co-occurrence with other viruses, their role as pathogen indices.  

As shown for other environmental matrices and by other researchers (He et al., 2005; 

Monpoeho et al., 2004; Noble et al., 2006; Simmons et al., 2011; Viau et al., 2009), 

concentrations of viruses by qPCR were 2-4 log10 higher than those determined by culture. 

However, a moderate correlation between the concentrations of culturable EVs and HAdVs 

to concentrations by qPCR was observed in this study, so qPCR would give valuable 

information on relative levels between samples. While it is acknowledged that culture 

methods can underestimate virus concentrations and hence, for instance, risk of infection to 

the public following exposure to biosolids used for land application, qPCR titres can 

potentially overestimate health risks (Kumar et al., 2012). If PCR alone is used to determine 

the effectiveness of inactivation treatments then, generally, this can result in false positives 

(detecting the presence of non-infectious viruses), and that could add additional expense 

without any benefit to human health. In this study, PCR correlated with the culture results, 

and there were no incidences of detection by PCR without the detection of culturable viruses, 

although this may be as a consequence of the particular samples used. While only three 

(Grade A) composted samples were tested, it is reassuring that the absence of culturable 

viruses in the composted samples corresponded to the absence of genome by qPCR, a method 

regularly used for environmental sample analyses which is essential for the detection of non-

culturable viruses such as NoV. The non-detection of all target viruses by culture, C-qPCR 

and qPCR in the compost samples showed that virus inactivation had included the destruction 

of viral nucleic acid to at least below a detectable concentration. So while the detection of 

viral genomic NA should be viewed with caution, the detection of high concentrations by 

qPCR may still indicate the presence of infectious viruses.  

Detection of HAdV-F and other species. The frequent detection of HAdV-F and 

specifically type 41 by qPCR and culture in anaerobically digested sludge was of interest as 

few studies have previously reported typing or indeed the presence of HAdV-F in biosolids 

(Wolf et al., 2010; Wong et al., 2010). In addition, as shown with wastewaters, the strong 

correlation between HAdV and HAdV-F indicated that the detection of HAdV-F by qPCR 

(this is known to just detect HAdVs) alone would suffice. The prevalence of HAdV-F could 

have been expected as it reflects that reported in municipal wastewater (Haramoto et al., 

2007; Hewitt et al., 2011; Rodriguez et al., 2013b), and is reported in Chapter 3. Studies have 
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shown that HAdV-41 DNA can be stable in biosolids at 4
o
C and 20

o
C but infectivity 

decreases when exposed to high pH as in lime stabilisation treatment and in biosolids with a 

high moisture content (Wei et al., 2009). As HAdV-F tend to be slow-growing viruses and 

slow to exhibit CPE compared to other HAdVs, C-qPCR is a preferable alternative to the 

A549 CPE-based culture assay. 

At the time of this study, only HAdV-A, C, D and F specific qPCR assays were 

validated and so further work is required to evaluate the use of specific HAdV-B and HAdV-

E (type 4) qPCR assays. As all HAdV including HAdV-A, B, C, D and E (typically 

associated with human infections other than gastroenteritis) can be excreted in human faeces 

for prolonged periods, samples originating from wastewater contain a mixture of viruses (as 

shown in Chapter 3). It was clear from the results that although HAdV-F was predominant, 

mixed HAdV species including A, C and D were also present in the biosolids samples, albeit 

at much lower concentrations. Risks associated with respiratory pathogens from contact 

through inhalation following land application are recognised (Kumar et al., 2012; Viau et al., 

2011). A recent metagenomic study of sewage sludge and biosolids showed that HAdV-C 

was the most frequently detected HAdV species (accounting for 78 ± 17% abundance), 

followed by HAdV-B (accounting for 20 ± 17% abundance) (Bibby et al., 2013). 

Interestingly, and in contrast to the findings reported here, Bibby and Peccia reported that 

HAdV-F were present in concentrations less than 1% of the total HAdVs detected (compared 

to 38 ± 21% abundance for the New Zealand samples studies in this study). Bibby and Peccia 

(2013) suggested that this reflected the types circulating in the population as clinical reports 

describe the prevalence of respiratory viruses rather than gastroenteritis viruses. As discussed 

in Chapter 1, reporting of clinical isolates can be biased for some viruses, and so the 

assumption that the isolates from clinical investigations reflect strains circulating in the 

population is flawed and can be misleading. In this current study, HAdV-F was clearly the 

most predominant HAdV present in biosolids, regardless of the method used, but this is not 

reflected in the clinical data (as shown in Table 1.5, Chapter 1). 

NZWWA method evaluation. A major objective was to evaluate the NZWWA 

method (2003) for the detection of HAdVs in biosolids. Following a modification of the 

method, by the inclusion of a concentration step, the performance of BGM cells in a C-qPCR 

assay (culture followed by qPCR) was evaluated against other cell lines. BGM cells were 

confirmed to be sub-optimal for the culture of HAdV, although they did isolate HAdV-12 and 

31 (both HAdV-A species) and HAdV-F from two samples. The comparison of three cell 

lines clearly showed that HEK-293 cells were the most suitable cell line for the detection of 
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HAdV using C-qPCR (with the addition of guanidine hydrochloride to inhibit EV growth) 

and was particularly suited for HAdV-F. HEK-293 cells were not evaluated for the use in 

HAdV CPE based detection assays with biosolids as they can be difficult to maintain over the 

long period required to achieve HAdV CPE (and had already been evaluated in using 

wastewater samples and reported in Chapter 2, Section 2.7.2).  

Although not a regularly used (or at least reported to date) method in the literature for 

the detection of HAdVs (Fongaro et al., 2013; Gerrity et al., 2008; Ogorzaly et al., 2013; 

Quidort, 2013; Rodriguez et al., 2013b), the use of qPCR in the C-PCR assay was found to be 

quick, sensitive and integrated well with the workflow. This approach could be adapted to a 

quantitative assay by using multiple wells/dilutions and applying the MPN approach to 

estimate virus concentrations but it is recognised that this approach is more costly 

Viruses as indicators, indices and surrogates. Due to their occurrence and 

concentrations in biosolids, both HAdV and HPyV would be suitable as faecal indicators and 

as pathogen indices due to not only their frequent presence but good correlation with other 

enteric viruses (in this case, EVs). As HAdVs were present in higher concentrations, they 

may be more suitable than HPyVs if detection was carried out for only one virus. HAdVs 

have the advantage over HPyVs that infectivity can be also be determined. As such HAdVs 

would also be suitable as surrogates to determine the effectiveness of viral pathogen removal 

by the treatment processes. It was identified that the detection of HAdVs by qPCR or C-

qPCR is as useful and as quick as the detection of EVs by culture. However, as the detection 

of EVs remains relevant as pathogens (and because much data are available to which 

compare with), EV analyses could be used in conjunction with HAdVs, if required. 

As detection of human enteric viruses in environmental samples can be problematic, 

especially when dependent on the appearance of viral CPE, the use of C-qPCR was evaluated 

and proved to be an effective method of determining HAdV infectivity. C-qPCR could be 

used in routine sampling of biosolids for viruses, but compared to bacterial assays it is more 

time consuming and relatively expensive but virus analysis does provide relevant 

information. Based on the results from this study, for verification sampling, cost effective 

methods that do not under or overestimate risks to the public should be seriously considered. 

Here it was shown that qPCR for HAdVs, EVs or HPyVs could be a preferred methodology 

over EV cell culture for verification of Grade A composted biosolids, as the objective is to 

verify that viruses are removed. However, more data on viral composition of composted 

samples would be required to confirm such an approach.  
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CHAPTER 5. HUMAN ADENOVIRUSES AND HUMAN 

POLYOMAVIRUSES IN SURFACE WATERS 

 

The discharge of inadequately treated wastewater into environmental waters such as 

rivers, lakes and marine waters, which are subsequently used for recreational and/or drinking 

water sources, can be a human health risk. Water quality is usually monitored through the use 

of faecal indicator bacteria but as discussed in Chapter 1, they do not necessarily correlate 

with human enteric viral risk. Therefore, alternative water quality indicators, HAdV and 

HPyV have been proposed, including for use in faecal source contamination tracking (i.e. 

FST/MST) (Harwood et al., 2014).  

Enteric viruses including HAdVs, EVs and/or NoVs, and to a lesser extent HPyVs, 

have been detected in various water types and multiple locations, most as a result of 

contamination with sewage or other sources of faecal waste. Examples of studies reporting on 

virus detection or on disease outbreaks are numerous. These include the detection of enteric 

viruses in marine water (Griffin et al., 2003; Pina et al., 1998; Puig et al., 1994; Wyn-Jones et 

al., 2011), ground water (Kukkula et al., 1997; Locas et al., 2007), swimming pool water 

(D'Angelo et al., 1979; Martone et al., 1980; Sinclair et al., 2009), drinking water (Grabow et 

al., 2001; Hafliger et al., 2000; Hewitt et al., 2007), storm water (Rajal et al., 2007), surface 

water (Albinana-Gimenez et al., 2006; Chapron et al., 2000a; Hamza et al., 2014; Jiang et al., 

2004; McQuaig et al., 2006; Pusch et al., 2005; van Heerden et al., 2005a; Williamson et al., 

2011) including freshwater lakes (Xagoraraki et al., 2007).  

5.1. Knowledge gaps 

The literature review showed that to determine the role of HAdVs and HPyVs as 

faecal indicators and in predicting the risk of contamination by NoVs, several knowledge 

gaps would need to be addressed. These were the following: 

 Data on the incidence of HAdVs, HPyVs and NoVs in the New Zealand aquatic 

environment are limited. 

 Determination of specific HAdV types (both respiratory and enteric) presence in 

environmental waters was required.  
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 Evidence that HAdVs and HPyVs effectively model the occurrence of critical 

enteric viral pathogens, including NoVs, in diverse aquatic environments was 

lacking.  

5.2. Objectives and strategy 

 To determine the presence and quantity of HAdVs (including specifically HAdV-

F, types 40 and 41), HPyVs, NoV GI and NoV GII in surface waters using qPCR. 

As the detection of HPyVs was not included in Chapter 3, the wastewater samples 

tested in Chapter 3, along with additional wastewater samples were analysed and 

results reported here. The WWTPs studied represented those serving different 

sized communities and geographical locations. 

 To obtain information on the diversity and concentration of enteric and non-

enteric/respiratory HAdV types in surface water. Samples where human sewage 

contamination may have been expected to occur were specifically targeted. The 

presence of HAdVs and HPyVs were compared to each other and with NoV, and 

HAdV-F for each sample. Where present, relationships between virus target 

concentrations were also determined. The data were used to evaluate the 

suitability of HAdVs and HPyVs as human sewage indicators. RT-qPCR and 

qPCR assays were used for all test analyses. 

 

 

This chapter is divided into two sections.  

Section A describes the evaluation of HAdVs and HPyVs as indicators of human 

sewage contamination in the aquatic environment (published paper).  

Section B describes the diversity of HAdV types in a range of surface waters. 
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5.3. Section A: Evaluation of HAdV and HPyV as indicators of 

human sewage contamination in the aquatic environment 

5.3.1. Publication details 

The following published manuscript forms the basis of this section of the chapter: 

Hewitt, J. G.E. Greening., M. Leonard and G.D. Lewis. 2013. Evaluation of human 

adenovirus and human polyomavirus as indicators of human sewage contamination in the 

aquatic environment. Water Res. 47:6750-6761.  

 

This section is as published, except for the following modifications: 

 abstract and acknowledgements were removed with references merged  

 introduction was shortened to avoid repetition 

 abbreviations were modified to be consistent with the rest of the thesis. 

 numbers of tables and figures were modified to fit the formatting of the thesis 

 primers and probes tables used in this study were removed and text added to compensate. 

 references to the methods described elsewhere have been added to the text. 

 changed WWTP F to E, and WWTP H to F, to be consistent with the naming of samples 

of the WWTP as described in Chapter 3.  

5.3.2. Introduction 

Discharge of inadequately treated human wastewater into surface waters used for 

recreation, drinking water, irrigation and shellfish cultivation may present a public health 

hazard due to the presence of pathogenic viruses shed mainly from the human gastrointestinal 

tract (Grabow, 2007; Le Guyader and Atmar, 2007). Other sources of human faecal pollution, 

including application of biosolids to land, can also contaminate water systems resulting in 

increased human health risks (Sidhu et al., 2009). Water quality management and human 

health risk evaluation to assess microbial contamination ideally require effective detection of 

pathogens. Validation of the use of human enteric viruses as faecal indicators would be useful 

in water quality assessments and for determining sources of pollution (Colford et al., 2007; 

Payment et al., 2011; Savichtcheva and Okabe, 2006; Sidhu et al., 2009; Wyn-Jones et al., 

2011). Both HAdV and HPyV are extremely common in wastewater throughout the year, 
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with concentrations between 10
3
 and 10

7 
genome copies/L reported in municipal wastewater 

from different geographical areas (Ahmed et al., 2010; Bofill-Mas et al., 2006; Bofill-Mas et 

al., 2000; Bofill-Mas et al., 2010b; Haramoto et al., 2010; McQuaig et al., 2009). As shown 

in Chapter 3, NoVs excreted in large amounts in the faeces of infected individuals can be 

present in high concentrations (>10
3

 genome copies/L) in municipal wastewater. As NoVs are 

not persistently excreted by humans, and with outbreaks often showing seasonal tendencies, 

their presence in wastewater may be more sporadic than HAdVs and HPyVs. In wastewater 

samples taken from treatment plants serving small populations, the variation in virus 

concentrations may be more apparent (Hewitt et al., 2011). In addition, during periods of high 

excretion by the population, prevalence or concentration of enteric pathogens such as NoV or 

rotaviruses may be greater than potential faecal indicators such as HAdVs and HPyVs 

(Miagostovich et al., 2008). NoV can be present at high concentrations in wastewater from 

populations with no or few reported NoV outbreaks (Hewitt et al., 2011) and so since in New 

Zealand NoV outbreaks do not demonstrate any consistent seasonal tendencies (Greening et 

al., 2012), it is expected that NoVs could be prevalent in wastewater samples and hence 

receiving waters throughout the year. Although primarily transmitted person to person, NoVs 

are responsible for acute gastroenteritis outbreaks associated with faecally contaminated 

water, shellfish and other foods due mainly to their environmental stability (Lopman et al., 

2012) and low infectious dose (La Rosa et al., 2012; Teunis et al., 2008). Faecal indicator 

bacteria are often used in water quality management but can fail to predict the presence of 

pathogens such as NoVs that are more environmentally resistant than the indicator.  

5.3.3. Methods 

5.3.3.1. Viruses and samples 

HAdV-2, HAdV type 41, and NoV GI and GII positive samples as previously 

described (Hewitt et al., 2011) were used as (RT)-qPCR positive controls (Appendix A). The 

HPyV qPCR positive control was derived from a HPyV JC strain recovered from an influent 

wastewater sample and identified by DNA sequencing of the PCR product (McQuaig et al., 

2009). 

Primary screened influent wastewater, treated effluent wastewater, river water, urban 

stream water and estuarine water were collected from sites around New Zealand between 

December 2003 and June 2013. Samples were initially collected to provide information on 

virus input into and removal from WWTP, for water quality monitoring programmes and risk 
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assessments. It was therefore likely that human enteric viruses would be present in many of 

the samples. Ten pairs of wastewater influent and effluent samples were taken from seven 

WWTP, with an additional 15 effluent samples taken from a further four WWTP. Most 

effluent samples were collected before any mechanical or chemical disinfection processes. 

Despite the paired samples being taken on the same day, they were temporally separate due to 

the time required for the wastewater to pass through the plant. WWTP processes and the 

population size served by each plant varied (Tables 5.2 and 5.3). Several samples (two 

influents and seven effluents) were as described in Chapter 3 and are identified in Tables 5.1 

and 5.2.  

Water samples were collected from two New Zealand rivers. One site on each river 

was used for sampling every two weeks over a two-year period. River site 1 was in the North 

Island of New Zealand and represented a river with urban impacts. River site 2 was in the 

South Island of New Zealand and represented a mainly agriculturally impacted river. The 

river water samples (n=35) used for this study were selected from a total of 109 samples 

collected from these two sites between 2007-2009, and previously analysed for several 

enteric viruses including HAdVs, NoV GI and NoV GII (Williamson et al., 2011). Of these 

109 samples (of which 71 (65%), 36 (33%) and 66 (61%) were HAdV, NoV GI and NoV GII 

positive respectively), 30 HAdV positive samples and five HAdV negative samples were 

chosen for HAdV-F and HPyV analysis.  

Water samples (n=21) were collected from seven urban streams impacted by 

combined sewage overflows and were located in a city in the North Island. Water samples 

(n=15) were collected from several sites within one harbour estuarine area in the North 

Island. Following three separate high rainfall events that resulted in primary treated 

wastewater overflows from a nearby WWTP that serves a population of >50,000 into the 

catchment area, samples were taken from each of the sampling sites within one day of each 

event. 

5.3.3.2. Sample processing and virus recovery 

Viruses were recovered from influent and effluent wastewater samples (1 L) collected 

in 2003 and 2004, as previously described where the method had a recovery efficiency of at 

least 10% (Hewitt et al., 2011). For all other samples (2-20 L) collected from 2007 to 2010, 

Hemoflow HF80S dialysis ultrafilters (Fresenius Medical Care) were used to concentrate the 

sample volume to approximately 0.5 L (Appendix E.3). Viruses were eluted from the solid 

fraction with 3% (wt/vol) beef extract-0.05 M glycine solution (pH 9.0) and with the viruses 
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recovered from the liquid fraction, concentrated further using PEG precipitation (Hewitt et 

al., 2007). From 2011 to 2013, FX80 dialysis ultrafilters (Fresenius Medical Care) were used 

instead due to the unavailability of HF80S filters. 

Due to the diverse sample types and large variability among the sample type matrices, 

river waters from two sources were used as representative samples to determine HAdV and 

NoV recoveries using the ultrafilters. HAdV type 2, NoV GI and NoV GII were seeded into 

10 L samples and virus recovery (%) determined. HPyV recovery was not determined due to 

stock unavailability. Using the Hemoflow HF80S filters, mean recoveries calculated from 

undiluted samples ranged from 4% for HAdV type 2 to 34% for NoV GII (as previously 

described in Williamson et al., 2011). In trials comparing NoV and HAdV recoveries using 

HF80S and FX80 dialysis ultrafilters, comparable quantities (genome copies) of viruses were 

recovered from representative effluent wastewater samples (data not shown).  

5.3.3.3. Nucleic acid extraction, RT-qPCR and qPCR 

Following virus recovery, viral nucleic acid was extracted from 200 µL of the sample 

concentrates using the High Pure Viral Nucleic Acid Kit (Roche Molecular Biochemicals 

Ltd.) as per manufacturer’s instructions. All samples were analysed for HAdV, HAdV-F, 

HPyV, NoV GI and NoV GII. Two generic HAdV qPCR assays were used: HAdV assay #1 

(modified from Heim et al., 2003) for the river water samples and HAdV assay #2 (Hernroth 

et al., 2002) for all other matrices. Two generic NoV GII qPCR assays were used: NoV assay 

#1 (modified from Wolf et al., 2010) for the river water samples and NoV assay #2 

(Kageyama et al., 2003) for all other matrices.  

HAdV, HAdV-F, HPyV, NoV GI and NoV GII quantification (genome copies per 

reaction) was determined by comparing the PCR cycle threshold value against a linear 

standard curve generated from log10 dilution series of 10
7
 to 10 genome copies per reaction of 

the appropriate DNA plasmid prepared from PCR products (as previously described in Wolf 

et al., 2010). PCR titres per litre of sample were calculated using the concentration factor and 

amount of sample analysed in each PCR. The data was then log10 transformed to express the 

concentration as log10 genome copies/L. In each (RT)-qPCR assay, virus positive and 

negative (water) extraction controls, specific DNA plasmid controls, and DNase/RNase free 

water as a non-template control were included.  
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5.3.3.4. Data analysis 

Box plots generated in R were used to show HAdV, HAdV-F (for wastewater 

samples only), HPyV, NoV GI and NoV GII median concentrations (log10 genome copies) 

and the 25th-75th percentile values, with whiskers extending to the most extreme data point 

no more than 1.5 times the interquartile (25th-75th) range from the box (R Development Core 

Team, 2011). Log10 genome copy concentration values greater than 1.5 times the interquartile 

range from the box were shown as individual points (circles). For each matrix type, samples 

with no virus detected were excluded for the box plot analyses. Virus concentrations (log10 

genome copies) were visualised by plotting values against each other (e.g. HPyV and HAdV) 

in Excel (Microsoft, Redmond, WA) using scatter plot graph function. To determine the 

relationship between any quantitative data set (log10 genome copies) the coefficient of 

determination, R
2
 and Spearman rank correlation (r; index from -1 to +1) was also calculated 

(Excel). Spearman rank correlation coefficients of 0.9-1.0 were considered a strong 

correlation (association) between the virus concentrations, while r values of 0.3-0.5 showed a 

low correlation and r values < 0.3 were considered a negligible correlation. A value of 0 

implied that no relationship exists. Student’s t test using Excel (Microsoft) were performed to 

compare the means of two concentration data sets. Results with p values of less than 0.05 

were considered significant.  

As the wastewater influent and effluent samples included in this study were not all 

necessarily paired, statistical analysis was not performed on the respective influent and 

effluent samples to compare the reduction in concentrations.  

5.3.4. Results 

Sample information including date of collection and the prevalence of HAdVs, 

HAdV-F, HPyVs, NoV GI and NoV GII in New Zealand environmental samples are shown 

in Tables 5.1 to 5.5. Box plots showing the median concentration (log10 genome copies/L) 

and concentration range of HAdV (and HAdV-F for wastewater samples), HPyV, NoV GI 

and NoV GII for each sample type are shown in Figure 5.1a-e. The presence-absence 

frequencies of HAdVs and HPyVs versus HAdV-F, NoV GI and NoV GII are shown in Table 

5.6. 
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Figure 5.1. Quantification of HAdV, HAdV-F, HPyV, NoV GI and NoV GII. In (a) primary 

treated influent wastewater (n=12), (b) effluent wastewater (n=25), (c) river water (n=35), 

(d) urban stream water (n=21), (e) estuarine water (n=15)  

The box plots show median concentrations (log10 genome copies/L) with the 25th-75th percentile 

values of positive samples. The whiskers extend to the most extreme data point no more than 1.5 

times the interquartile (25th-75th) range from the box. 

Figure 5.1a 

 

Figure 5.1b. 
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Figure 5.1c 

 

Figure 5.1d 

 

Figure 5.1e 
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HAdVs, HAdV-F and HPyVs were detected in all 12 influent wastewater samples (Table 

5.2) while NoV GI or NoV GII were detected in 10/12 (83.3%) samples. The HPyV mean 

concentration (6.6 log10 genome copies/L) was significantly greater (p < 0.05) than for HAdV, 

HAdV-F, NoV GI and NoV GII in the influent samples. While there was no co-absence of target 

viruses in influent wastewater, HAdVs and HPyVs had the same co-occurrence with NoV GI and 

GII (66.7 and 75% respectively) (Table 5.2).  

 

Table 5.1. Prevalence of HAdV, HAdV-F, HPyV, NoV GI and NoV GII in influent 

wastewater taken from 7 WWTP 

WWTP
a
 Month Year Sample 

number 

HAdV HAdV-F HPyV NoV GI NoV GII 

E Jan 2004 04-7
b,c

 + + + + + 

F Mar 2004 04-50
b,c

 + + + + - 

K Jul 2009 09-044
b
 + + + - - 

L Jul 2009 09-047
b
 + + + - + 

K Dec 2009 09-077
b
 + + + - - 

L Dec 2009 09-080 + + + - + 

M Nov 2010 10-131
b
 + + + + + 

M Nov 2010 10-134
b
 + + + + + 

M Jun 2011 11-139 + + + + + 

N Jun 2012 12-157
b
 + + + + + 

A Jun 2013 13-92
b
 + + + + + 

A Jun 2013 13-102
b
 + + + + + 

Total positive/total number samples 

(% positive) 
12/12 

(100%) 

12/12 

(100%) 

12/12 

(100%) 

8/12 

(66.7%) 

9/12 

(75.0%) 
a
Approximate population size served by the WWTP: WWTP-A, >100,000; WWTP-F, H, M and N, 

between 10,000 and 100,000; WWTP-K and L,.<4000; 
b
One corresponding treated effluent sample from 

the same plant was also taken at the same time (Refer to Table 5.2); 
c
Samples as described in Chapter 3. 

 

Similar to the influent, all but one effluent wastewater sample were HAdV and HPyV 

positive (Table 5.2). The mean concentration of NoV GII, as NoV GI, was significantly lower 

(p<0.05) than HAdV and HPyV although HAdV, HAdV-F and HPyV median concentrations 

(5.2, 4.9 and 5.3 log10 genome copies/L respectively) were similar to the less prevalent NoV GII 

(76%, 5.3 log10 genome copies/L) (Figure 5.1b).  



 

152 

Table 5.2. Prevalence of HAdV, HAdV-F, HPyV, NoV GI and NoV GII in effluent 

wastewater from 11 WWTP 

WWTP
a
 Month Year Sample 

number 

HAdV HAdV-F HPyV NoV GI NoV GII 

A Dec 2003 03-95
b
 + + + - + 

I Dec 2003 03-107
b
 + + + - - 

E Jan 2004 04-8
b,c

 + + + - - 

A Jan 2004 04-14
b
 + + + + + 

G Jan 2004 04-18
b
 + + + - - 

F Mar 2004 04-51
b,c 

 + + + - - 

J Mar 2004 04-64
b
 + + + + - 

K July 2009 09-045
b,c

 + + - + + 

K July 2009 09-049 + + + + + 

L July 2009 09-048
c
 + + + + + 

K Dec 2009 09-078
c
 + + + + + 

K Dec 2009 09-079 + + + - + 

L Dec 2009 09-082 + + + - - 

M Nov 2010 10-132
c
 + + + + + 

M Nov 2010 10-135
c
 + + + + + 

M Nov 2010 10-136 + + + + + 

O May 2011 11-96 + + + + + 

O May 2011 11-97 + + + + + 

M June 2011 11-120 + + + + + 

N June 2012 12-154
c
 + + + + + 

N June 2012 12-155 + + + + + 

N June 2012 12-156 + + + + + 

N June 2012 12-158 + + + + + 

A June 2013 13-93
c
 + + + + + 

A June 2013 13-103
c
 + + + + + 

Total positive/total number samples 

(% positive) 
25/25 

(100%) 

25/25 

 (100%) 

24/25 

(96%) 

18/25 

(72.0%) 

19/25 

(76.0%) 
a
Approximate population size served by the WWTP: WWTP-A, >100,000; WWTP-E, F, G, M, N and O 

between 10,000 and 100,000; WWTP-I, J, K and L <4000 
b
Samples are as described in Chapter 3 

c
One corresponding influent sample from the same plant was also taken at the same time (Refer to Table 

5.1)
 
 

 

For the river water samples, either NoV GI and/or GII were detected in the presence of 

HAdVs or HPyVs in the majority of samples tested (27/35, 77.1%), with six NoV-negative river 

water samples testing positive for HAdV. Both NoV GI and GII were detected in 13/35 (37.1%) 

river water samples, and 10 of these were also positive for both HAdVs and HPyVs. All but one 

HPyV positive samples were also positive for either NoV GI and/or GII. Four of the five HAdV 

negative river water samples were also HPyV negative (Table 5.3). HAdV-F was detected less 

frequently than HAdV using the generic PCR assay but was present concurrently with NoV in 18 

(51.4%) river water samples (Table 5.3). With the exception of HAdV and HAdV-F, the highest 
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co-occurrence (54.3%) in river water was between HAdVs and NoV GII, while 45.7% samples 

were positive for HAdV but negative for NoV GI (Table 5.6). NoV GI mean concentration was 

significantly lower (p<0.05) in river water than HAdVs, HPyVs and NoV GII concentrations 

(Figure 5.1c).  

Over 80% of urban stream samples were positive for NoV GI, NoV GII and HAdV-F 

(Table 5.4) and 76.2% were HPyV positive. Of the two samples that were not both NoV GI and 

GII positive, one was negative for all other viruses and the other was positive only for HAdV-F. 

Co-occurrence data showed that 33.3% of samples positive for NoV GI or NoV GII were 

negative for HAdVs (Table 5.6). Interestingly, five urban stream water samples which tested 

positive by the HAdV-F specific assay (Wolf et al., 2010) were negative using the HAdV generic 

assay (Hernroth et al., 2002). HAdV, NoV GI and NoV GII median concentrations (2.5, 2.8 and 

2.5 log10 genome copies/L respectively) in urban stream samples were similar. The median 

concentration of HPyVs was 4.0 log10 genome copies/L and significance testing of the mean 

concentrations showed that this was significantly different to the other viruses (p<0.05).  

In estuarine water samples, NoV GII were more frequently detected than HAdVs, HPyVs 

and NoV GI (Table 5.5). It was interesting to note that 40% of estuarine water samples that were 

NoV GII positive were HAdV negative, and that 53.3% that were NoV GII positive were HPyV 

negative (Table 5.6). NoV GI were as prevalent as HAdVs, being detected in nine (60%) 

estuarine water samples, but concentrations were at the limit of quantification (1.7 log10 genome 

copies
 
/L) for most samples. HAdV and NoV GII median concentrations were similar (2.8 and 

2.9 log10 genome copies
 
/L respectively (Figure 5.1e) whilst the mean HPyV concentration was 

significantly greater than NoV GII. The NoV GI and GII mean concentrations in the estuarine 

water samples were significantly different (p < 0.05), with lower NoV GI concentrations 

observed. 
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Table 5.3. Prevalence of HAdV, HAdV-F, HPyV, NoV GI and NoV GII in river water  

Site Month Year Sample # HAdV HAdV-F HPyV NoV GI NoV GII 

1 Mar 2007 W3 + - - + + 

May 2007 W4 + + - - + 

Jun 2007 W8 + + - - - 

Jun 2007 W9 + + - - - 

Jul 2007 W10 + - + - + 

Sep 2007 W15 + - - - - 

Oct 2007 W17 - - - + - 

Nov 2007 W18 + - - - - 

Dec 2007 W20 - - - + + 

Dec 2007 W21 - - - - + 

Jan 2008 W22 - - + + + 

Apr 2008 W27 + + + - - 

Apr 2008 W28 + + + + + 

May 2008 W29 + - - + - 

Jun 2008 W31 + + - + + 

Jun 2008 W32 + + - + + 

Aug 2008 W35 - - - - + 

Feb 2009 W48 + - - - - 

Sub totals for site 1: 13/18 

(72.2%) 

7/18 

(38.9%) 

4/18 

(22.2%) 

8/18 

(44.4%) 

10/18 

(55.6%) 

2 Apr 2007 O5 + + + - + 

May 2007 O7 + + + + + 

Jun 2007 O8 + + + - + 

Jun 2007 O9 + + + - + 

Aug 2007 O13 + - + - + 

Sep 2007 O14 + + - - + 

Oct 2007 O17 + + - - - 

Nov 2007 O19 + - - - - 

Mar 2008 O25 + + + - + 

Mar 2008 O26 + + + + + 

Apr 2008 O28 + + + + - 

May 2008 O29 + + + + + 

May 2008 O30 + + + + + 

Jun 2008 O31 + + + + + 

Jun 2008 O32 + + + + - 

Mar 2009 O51 + + + + + 

May 2009 O54 + + + + + 

Sub totals for site 2: 17/17 

(100%) 

15/17 

(88.2%) 

13/17 

(76.5%) 

9/17 

(52.9%) 

13/17 

(76.5%) 

 Total positive/total number 

samples (% positive) 

30/35 

(85.7%) 

22/35 

(62.9%) 

18/35 

(51.4%) 

17/35 

(48.6%) 

23/35 

(65.7%) 
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Table 5.4. Prevalence of HAdV, HAdV-F, HPyV, NoV GI and NoV GII in urban stream 

water, October 2011 

Site Sample 

number 

HAdV HAdV-F HPyV NoV GI NoV GII 

1a 11-175 + + + + + 

 11-182 + + + + + 

 11-191 + + + + + 

1b 11-180 + + + + + 

 11-187 - + + + + 

 11-192 - - + + + 

2a 11-178 - + + + + 

 11-185 + + + + + 

 11-193 - + + + + 

2b 11-179 + + + + + 

 11-186 + + + + + 

 11-194 + + + + + 

3a 11-181 + + - + + 

 11-188 + + + + + 

 11-199 - + - + + 

3b 11-176 + + + + + 

 11-183 + + + + + 

 11-200 + + + + + 

4 11-177 - - - + + 

 11-184 - + - - + 

 11-201 - - - + - 

Total positive/total 

number samples (% 

positive) 

13/21 

(61.9%) 

18/21 

(85.7%) 

16/21 

(76.2%) 

20/21 

(95.2%) 

20/21 

(95.2%) 
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Table 5.5. Prevalence of HAdV, HAdV-F, HPyV, NoV GI and NoV GII in estuarine water 

samples, 2011 

Month Site Sample 

number 

Salinity 

(ppt) 

HAdV HAdV-F HPyV NoV GI NoV GII 

Jan 1 11-9 22.9 + + + + + 

 2 11-10 24.5 + + + + + 

 3 11-11 26.7 + + + - + 

 4 11-12 28.0 - - + - + 

 5 11-13 27.9 - - - - + 

Mar 1 11-45 8.2 + + - + + 

 6 11-46 24.7 + + + + + 

 7 11-47 28.8 + + - - + 

 4 11-48 28.7 + + + + + 

 5 11-49 30.1 - - - - + 

May 1 11-98 NA - - - + + 

 2 11-99 8.7 + + - + + 

 4 11-104 17.0 + + + + + 

 5 11-103 22.6 - - - - + 

 6 11-102 2.9 - - - + + 

Total positive/total number samples  

(% positive) 
9/15 

(60.0%) 

9/15 

(60.0%) 

7/15 

(66.7%) 

9/15 

(60.0%) 

15/15 

(100%) 
NA: not available 
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Table 5.6. The frequency of detection of HAdV and HPyV with HAdV-F, NoV GI and NoV 

GII 

Sample type Target A 

 

Target B %  

Co-

detection 

Co-

absence 

Target A 

detected, 

Target B not 

detected 

Target B 

detected, 

Target A not 

detected 

Influent (n=12) HAdV HAdV-F 100 0 0 0 

 NoV GI 66.7 0 33.3 0 

 NoV GII 75.0 0 25 0 

HPyV HAdV-F 100 0 0 0 

 NoV GI 66.7 0 33.3 0 

 NoV GII 75.0 0 25 0 

Effluent (n=25) HAdV HAdV-F 100 0 0 0 

 NoV GI 72.0 0 28.0 0 

 NoV GII 76.0 0 24.0 0 

HPyV HAdV-F 96.0 0 0 4.0 

 NoV GI 68.0 0 28.0 4.0 

 NoV GII 72.0 0 24.0 4.0 

River water (n=35) HAdV HAdV-F 62.9 14.3 22.9 0 

 NoV GI 40.0 5.7 45.7 8.6 

 NoV GII 54.3 2.9 31.4 11.4 

HPyV HAdV-F 42.9 28.6 8.6 20.0 

 NoV GI 31.4 31.4 20.0 17.4 

 NoV GII 42.9 25.7 8.6 22.9 

Urban stream 

water (n=21) 

HAdV HAdV-F 61.9 14.3 0 23.8 

 NoV GI 61.9 4.8 0 33.3 

 NoV GII 61.9 4.8 0 33.3 

HPyV HAdV-F 71.4 9.5 4.8 14.3 

 NoV GI 76.2 4.8 0 19.0 

 NoV GII 76.2 4.8 0 19.0 

Estuarine water 

(n=15) 

HAdV HAdV-F 60.0 40.0 0 0  

 NoV GI 46.7 26.7 13.3 13.3 

 NoV GII 60.0 0 0 40.0 

HPyV HAdV-F 40.0 33.3 6.7 20.0 

 NoV GI 33.3 26.7 13.3 26.7 

 NoV GII 46.7 0  0  53.3 

 

The qPCR data visualised on a scatter plot graph linear regression (coefficient of 

determination, R
2
, data not shown) and the Spearman correlation coefficient (r) analysis showed 

no strong (r ≥ 0.9) correlation between the virus concentrations in any of the matrices except for 

HAdV and HAdV-F in influent wastewater (Table 5.7). As expected, high significant positive 

correlations (r > 0.8) were observed between HAdV and HAdV-F concentrations in effluent 

wastewater, urban stream water and estuarine water. There was no correlation in river water 
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(Table 5.7). Between HAdV or HPyV and NoV (GI or GII), the only high significant positive 

correlation (r > 0.8) was observed between HPyV and NoV GI in the estuarine water.  

 

Table 5.7. Spearman correlation coefficients (r, with associated p-value) of target viruses 

(HAdV, HPyV, NoV GI, NoV GII) in environmental sample types 

Sample type Statistical 

parameter 

HAdV 

vs.  

HAdV-F 

HAdV 

vs.  

HPyV 

HAdV 

vs.  

NoV GI 

HAdV  

vs.  

NoV GII 

HPyV 

vs.  

NoV GI  

HPyV 

vs.  

NoV GII 

Influent 

wastewater 

r 

p-value 
0.916 

<0.0001 

0.147 

0.643 
0.738 

0.008 

0.585 

0.049 

0.125 

0.694 

0.042 

0.894 

Effluent 

wastewater 

r 

p-value 
0.833 

<0.0001 

0.395 

0.051 

0.231 

0.265 

0.284 

0.168 

0.277 

0.179 

0.286 

0.165 

 

River water r 

p-value 

0.318 

0.063 
0.518 

0.002 

0.115 

0.510 

0.020 

0.908 
0.346 

0.043 

0.464 

0.005 

 

Urban stream 

water 

r 

p-value 
0.867 

<0.0001 

0.345 

0.126 

0.112 

0.627 
0.471 

0.032 

0.818 

<0.0001 

0.361 

0.107 

 

Estuarine 

water  

r 

p-value 

0.805 

<0.0005 

0.451 

0.093 

0.287 

0.296 

0.480 

0.071 

-0.048 

0.870 

0.097 

0.728 

Relationships were considered statistically significant when p-values < 0.05 and are shown in bold. 

 

5.3.5. Discussion 

This study evaluated the relationships between NoVs and potential human sewage 

indicators, HAdVs and HPyVs, in diverse environmental samples. This is the first New Zealand 

report of HPyV, HAdV and NoV quantification in samples other than wastewater. This study 

informs data gaps, particularly with respect to HPyVs where published data are limited, and 

supplements published New Zealand data on HAdV and NoV quantification in wastewater 

(presented in Chapter 3 and Hewitt et al. (2011)), HAdV and NoV prevalence in river water (Till 

et al., 2008; Williamson et al., 2011) and HPyV prevalence in municipal wastewater (Kirs et al., 

2011). Our results complement previous studies describing HAdV and HPyV prevalence in a 

range of matrices and due to their human host specificity demonstrate their potential for microbial 

source tracking investigations in a range of situations (Ahmed et al., 2010; Harwood et al., 2009; 

Kirs et al., 2011; McQuaig et al., 2009; Sidhu et al., 2012). 
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In support of the enteric virus prevalence data reported in Chapter 3, the high prevalence 

and concentrations of HAdVs and HPyVs in influent wastewater observed from several WWTP 

across New Zealand were similar to international published data (Albinana-Gimenez et al., 2006; 

Bofill-Mas et al., 2006; Calgua et al., 2011; McQuaig et al., 2009). The more frequent detection 

and comparable concentrations of HAdVs and HPyVs observed in wastewater compared with 

NoVs provided confidence that HAdVs and HPyVs could both serve as potential human faecal 

indicators in receiving waters. For example, this study showed that HAdV and HPyV PCR 

analysis could be useful in the detection of untreated wastewater leakage close to its source (e.g. 

cross connections to stormwater or septic tank contamination). The identification of faecal source 

(human vs. animal) would also enable infrastructure resources to be matched to potential risk, 

thus allowing infrastructure upgrades to be better targeted. In this situation, the rapid detection by 

PCR is valid because determination of virus infectivity it is not necessarily required. This data 

also supports a previous proposal (Albinana-Gimenez et al., 2009b) that PCR detection of either 

HAdVs or HPyVs would be suitable for evaluating physical virus removal during wastewater or 

drinking water treatment processes.  

By using a sensitive HAdV-F specific qPCR assay (Wolf et al., 2010), it was shown that 

HAdV-F may be as suitable as a generic HAdV assay for the detection of human sewage 

contamination in waters. In this study, the HAdV-F qPCR assay detected HAdV in five urban 

stream water samples (albeit at low concentrations, quantitative data not shown) that were 

negative using the generic HAdV assay. The reason for this is not fully understood, but may to be 

due to the increased specificity of the HAdV-F assay, resulting in preferential amplification in the 

PCR, compared with the generic HAdV assay. However for river water, there were a number of 

samples that were negative in duplicate by the HAdV-F assay but were positive in at least one of 

the four replicates by a generic HAdV assay. As the quantity of virus in these samples was near 

the limit of detection, it is possible that testing four replicates by both assays would have yielded 

the same results.  

HAdVs, HPyVs and/or NoVs were frequently present in a range of environmental 

samples (river, estuarine and urban stream). It is recognised that this high frequency can be partly 

attributed to the selection of samples - chosen as those that were potentially contaminated by 

human sewage. For example, one of the river water sites was potentially impacted by wastewater 

discharge and urban runoff, so it was not surprising that the detection frequency of the target 

viruses was high, especially as mainly HAdV positive samples had been selected from a wider 

river water study (Williamson et al., 2011). Nevertheless these results were similar to 

international studies of river and recreational waters (Haramoto et al., 2005a; Lee and Kim, 2008; 
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McQuaig et al., 2012). Two sample types showed a greater overall prevalence of NoVs than 

either of the proposed indicator viruses. In the estuarine water samples, NoVs (GII) were more 

prevalent than HAdVs and HPyVs. The high prevalence of NoVs in estuarine waters is 

significant as their persistence in such waters could have potential consequences for shellfish 

safety if the shellfish are grown nearby, as well as an increased health risk for recreational water 

users.  

The reason for the higher prevalence of NoVs than other viruses in estuarine water is not 

known but may be due to an initial higher NoV concentration in the overflow from the WWTP, 

or may be due in part to greater persistence of NoVs in the estuarine environment. Interestingly, 

in a study of recreational waters, Wyn-Jones et al. (2011) reported that while HAdVs were 

detected more frequently than NoVs, 47 marine water samples were positive for NoVs but 

negative for HAdVs. In addition to estuarine waters, in this current study, NoV GI and GII were 

also more prevalent in urban stream waters (impacted by recent combined sewage overflows) 

than the potential indicator viruses. However, 76% urban stream samples were positive for 

HPyVs and NoVs (GI and/or GII) and 86% samples were positive for HAdVs and NoVs (GI 

and/or GII). HPyVs, as for HAdVs, were found to be useful probably due in part to its persistent 

high concentration in wastewater, which enables their detection even when diluted in 

environmental waters. HPyV concentrations were often greater than for HAdVs and NoVs, not 

only in influent wastewater but also in river water and urban stream water, with concentration 

ranges (log10 genome copies) of HPyVs found in New Zealand being comparable with previous 

reports (effluent wastewater, 4-6 log10/L; river water, 2-3 log10/L and estuarine water, 2-3 log10/L) 

(Albinana-Gimenez et al., 2006; Albinana-Gimenez et al., 2009b; Bofill-Mas et al., 2006; 

Haramoto et al., 2010; Hewitt et al., 2011; Xagoraraki et al., 2007).  

Overall, the combined use of HAdVs and HPyVs as indicators was found to be more 

useful than either of them being used as a single indicator and could be valuable in the 

management of environmental faecal pollution where the source (animal or human) is unknown.  

However the presence of either HAdVs or HPyVs does not necessarily always correlate with 

NoV presence. In urban streams, rivers and estuaries, no single viral indicator was dominant in 

terms of prevalence, so whilst HAdVs and HPyVs are useful for faecal source tracking 

applications, their use as viral indicators of human sewage contamination in the wider 

environment may be limited and therefore they should be used as part of a multi-tool system. 
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5.4. Section B: Diversity of HAdV in surface waters 

5.4.1. Introduction 

As discussed in Section 3.5.1, gaining information on the diversity of HAdV present in 

the environment is important with respect to human health risk assessment associated with 

exposure to waters contaminated with wastewater or other sources of faecal material. As HAdV 

have differing properties (transmission and infectious dose), potential human risks associated 

with exposure are dependent not only on the concentration but on the HAdV types present. As 

described in Section 1.3.2 (and Table 1.4), different HAdV types are associated with different 

symptoms. Although variable in their clinical symptoms, there are some clear associations. For 

example, while HAdV-F is associated with gastroenteritis - transmitted via the faecal-oral route, 

respiratory disease is mainly associated with HAdV species A, B and C transmitted via aerosols, 

and HAdV-B, D and E are commonly associated with conjunctivitis/keratoconjunctivitis- 

diseases transmitted through direct (close personal) contact or environmental contamination of 

recreational waters. Particular HAdV types have been associated with outbreaks associated with 

exposure to contaminated recreational and swimming pool water. Most pharyngoconjunctival 

fever outbreaks associated with swimming pool outbreaks were caused by the absence of 

chlorination and involving mainly HAdV types 3 and 7 (HAdV-B) (D'Angelo et al., 1979; Foy et 

al., 1968). 

A literature review was carried out to find the studies that had included the identification 

of the HAdV type or species present in surface waters. Although there were many studies 

reporting on the occurrence (at varying prevalence rates) of HAdV in surface waters using cell 

culture (Genthe et al., 1995; Tani et al., 1995; Tani et al., 1992) and PCR (Pina et al., 1998), 

relatively few described the HAdV types. In an early study, Tani et al. (1995) described the 

presence of culturable HAdV types 2, 3, 5 and 6 (all HAdV-C) in river water in Japan, while van 

Heerden et al. (2005a) reported that most of the HAdV detected in river water samples were 

HAdV-F, although HAdV-C and HAdV-D were also detected. Most recent studies have shown 

HAdV-F is the predominant HAdV species identified. However, other studies have found that 

non-HAdV-F are frequently detected (e.g. HAdV-2 (species C) was the prevalent type using C-

PCR (Fongaro et al. (2013)). A summary of key results from recent studies reporting HAdV 

typing are shown in Table 5.8. The table also shows that most recent data on HAdV types in 

surface waters has been determined using PCR. 
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Table 5.8. HAdV diversity reported in recreational and drinking source waters (papers published from 2009 to 2013) 

Location Target for 

detection 

Method for typing Analyses and results Key result Reference 

US All types qPCR  

(Heim et al., 2003) 

Five qPCR sequenced were all HAdV-

3 (HAdV-B) 

HAdV-3 (species B) only 

detected 

Lee et al. (2014) 

France All types HEK-293A C-qPCR followed 

by sequence-based typing 

(Allard et al., 2001) 

HAdV-F (70.6%), HAdV-C, (17.6%), 

HAdV-31 (11.8%) 

34 PCR products analysed but data 

includes influent and effluent 

wastewater as well as river water 

HAdV-F most frequent by culture 

 

Ogorzaly et al. 

(2013) 

US HAdV-F qPCR  

(Rajal et al., 2007) 

HAdV-40 or 41 detected in 8/73 

watershed samples 

 

HAdV-F detected (no others 

species tested) 

Kundu et al. (2013) 

Brazil All types PCR (Allard et al., 1992) 

following culture 

Only HAdV-2 detected in 19 HAdV 

positive samples (lagoon water, spring 

source, and public supply water) 

HAdV-2 (species C) prevalent Fongaro et al. (2013) 

South 

Africa 

All types Multiple PCR for HAdV-B, 

HAdV-C, HAdV-E and F 

River water. HAdV-F (n=4), HAdV-C 

(n=17). Also specifically types 1, 2, 6 

and 7. No HAdV-A or B detected.  

HAdV-C most frequent Sibanda and Okoh 

(2012) 

South 

Africa 

All types Multiple PCR for HAdV-B, 

HAdV-C, HAdV-E and F 

River water 

HAdV-F in 5 samples, HAdV-21 

(HAdV-B) detected in 1 sample 

 

HAdV-F most frequent Chigor and Okoh 

(2012) 

China All types 

and 

HAdV-F 

qPCR  

(Heim et al., 2003) 

Source water (n=35) positive for 

HAdV-F 

Five samples cloned HAdV-40 and 41, 

HAdV-D detected  

 

HAdV-F most frequent Ye et al. (2012) 

Europe All types Sequence-based typing 

(Allard et al., 2001). C-PCR 

Bathing waters (fresh and marine). 53 

samples typed. HAdV-12 (n=4), 

HAdV-31 (n=8), HAdV-40 (n=4), 

HAdV-41 (n=22). Also HAdV-1 and 

19. Following C-PCR (A549), HAdV-

1, 2, 3, 12 and 31 detected. 

 

HAdV-F most frequent by PCR  

Non-HAdV-F types by culture 

Wyn-Jones et al. 

(2011) 
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Location Target for 

detection 

Method for typing Analyses and results Key result Reference 

Egypt All types Sequence-based typing  

(no culture) 

(Allard et al., 1990) 

River water 

HAdV-41 (n=5), HAdV-2 (n=3) 

HAdV-C & F detected by PCR El-Senousy et al. 

(2013) 

Singapore All types Sequence-based typing 

(Allard et al., 2001) 

Surface waters (n=16). 11/16 HAdV-

41, 4/16 HAdV-40, 1/16 HAdV-12 

HAdV-F detected by PCR Aw and Gin (2011) 

US HAdV-F qPCR  

(Xagoraraki et al., 2007) 

HAdV-F strongly associated with 

effluent impacted waters 

HAdV-F strongly associated with 

effluent impacted waters 

Aslan et al. (2011) 

Brazil All types Sequence-based typing 

(Allard et al., 2001) 

Lakes and rivers. 24 samples: HAdV-

2, 5. Plus detected animal 

adenoviruses (including ovine, equine) 

Human and animal adenoviruses 

detected using nested PCR 

Silva et al. (2010) 

South 

Korea 

All types PCR-single strand conformation 

polymorphism (SSCP) analysis 

 

Urban rivers. 9 samples analysed HAdV-A, B, E & F detected Lee and Kim (2010) 

New 

Zealand 

HAdV-C 

& F  

HAdV-C & F qPCR 

 

River water (n=6). HAdV-F in 3/6 

samples 

No HAdV-C detected 

HAdV-F detected by PCR Wolf et al. (2010)  

New 

Zealand 

All types Sequence-based typing (Puig et 

al., 1994) & HAdV-F 

PCR/qPCR (Ko et al., 2005b; 

Xu et al., 2000) (no culture) 

Recreational stream/ lagoon water. 

HAdV-C (including identification of 

HAdV-2 in one sample) 

 

HAdV-C detected by PCR  Dong et al. (2010) 

Japan  HAdV-F HAdV-F qPCR  

(Ko et al., 2005b) 

11/16 river water HAdV-F positive HAdV-F detected by PCR Haramoto et al. 

(2010) 

Europe  All types Sequence-based typing  

(Allard et al., 2001) 

Bathing waters.  

HAdV-12, 19, 31, 40 and 41 detected. 

HAdV-41 most prevalent type 

HAdV-F most frequent by PCR Bofill-Mas et al. 

(2010a) 
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5.4.2. Objective and strategy 

The objective was to evaluate the HAdV diversity in river and urban stream waters. 

Samples as described in Section A of this Chapter that were positive for HAdV were selected for 

further analyses. HAdV typing was carried out using sequence-based typing and/or using one or 

more HAdV species qPCR assays as described below. 

5.4.3. Methods 

5.4.3.1. Samples 

A selection of river water and urban stream water samples as described in Section 5.3.3.1 

were chosen for further analysis. An additional four river water samples were also included. The 

samples were collected from sites around New Zealand between 2007 and 2011. Apart from the 

four additional samples, all of the samples had already been tested for HAdV-F by qPCR. Those 

results are reported in Section A of this Chapter. 

5.4.3.2. HAdV-A, C, D and F detection using direct qPCR  

Briefly, following viral nucleic acid extraction using the High Pure Viral Nucleic Acid Kit 

(Roche Molecular Biochemicals Ltd.), river water samples were tested for HAdV-A, C and D. 

The additional four river water samples were also tested for HAdV-F. Assays are described in 

Chapter 2, Sections 2.6.3 and 2.6.4. No HAdV-A, C or D qPCR was carried out for the urban 

stream waters. 

5.4.3.3. HAdV identification by sequence-based typing 

HAdV-positive PCR products derived from the conventional or conventional nested PCR 

assay (Allard et al., 1992, 2001) were purified and used as a template for DNA sequencing 

(described in Appendix H). The samples comprised 17 river water samples, and seven urban 

stream waters.  

5.4.3.4. HAdV typing following culture 

HEK-293 C-qPCR was attempted for a limited number of samples (river and urban 

stream) using methods as described in Chapter 2, Section 2.7.3, Method #2. HAdV detection was 

then carried out using HAdV PCR assays as described in Chapter 2, Section 2.6.2; Method #1. 
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5.4.4. Results 

5.4.4.1. HAdV-F detection using direct qPCR and sequence-based typing 

River water samples. The river water samples positive for HAdV-A, C or D using the 

HAdV species-specific qPCR are shown in Table 5.9. The samples positive for HAdV-F but 

negative for HAdV-A, C or D, are not shown. A summary of the prevalence of HAdV-F in 35/39 

river water samples is given in section A of this chapter. In total, 22/39 samples were positive for 

HAdV-F by qPCR. This compared to three samples positive for HAdV-A, and four samples 

positive for HAdV-C. No samples were positive for HAdV-D. Analysis using sequence-based 

typing of 17 of the HAdV positive river water samples, showed that HAdV-F were identified 

most frequently. Using this approach, HAdV-41 was identified in 11 samples. In addition, 

HAdV-40 (n=1), HAdV-31 (HAdV-A) (n=1), HAdV-12 (HAdV-A) (n=1), and HAdV-B (unable 

to type further) (n=1) were also identified. Both HAdV-A (both HAdV-31) and HAdV-F (HAdV-

41) were identified in a further two samples (#O5 and #O30). For both these samples, HAdV-A 

(and C) were not detected by qPCR. All the river water samples that were identified as HAdV-F 

by sequence-based PCR were also positive using the HAdV-F qPCR. 

 

Table 5.9. HAdV identification in selected river water samples 

Sample 

number 

Log10 genome copies/L HAdV type or 

species using 

sequence-based 

typing 

HAdV-

A 

HAdV-

C 

HAdV-

D 

HAdV-

F 

W48 - 2.80 - - HAdV-41  

O14 3.19 1.70 - 2.14 - 

O19 - 1.70 - - HAdV-B  

O32 - 1.70 - 3.38 Not done 

O52 3.24 - - - - 

O54 3.66 - - - HAdV-31  

Note: Samples that were only HAdV-F positive are not included in this table. 

Urban stream samples. Following sequence-based typing of seven urban stream water 

samples, HAdV-41 (n=3), HAdV-40 (n=1), HAdV-12 (n=1) and HAdV-2 (n=2) were identified.  

5.4.4.2. HAdV typing following culture 

Two urban stream water samples were HAdV-positive. Infectious HAdV-3 was detected 

in one sample (#11-182), and infectious HAdV belonging species D detected in another (#11-

186). C-qPCR failed to detect any infectious viruses in the selected river water samples tested 

(n=8). Methods were as described in Appendix G.2.5, method #2; data not shown). 
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5.4.5. Discussion 

As potential indicators or indices, knowledge of the HAdV species (enteric (HAdV-F) vs. 

non-enteric HAdVs) is useful as it can inform on human health risks. Although HAdV are 

commonly detected in environmental surface water including river water and urban stream 

waters, relatively little is known about their diversity. Although a literature review of publications 

from 2009-2013 showed that HAdV-F was predominantly detected, multiple types can be 

detected, but those detected are largely dependent on the method used (Table 5.8).  

In this study, a limited range of HAdV types/species were detected using qPCR and 

sequence-based typing. As observed for wastewater samples and in agreement with other studies, 

the findings presented here showed that HAdV-F were predominately detected in the surface 

waters. Therefore, if one assay was to be chosen, the use of a specific qPCR assay for HAdV-F, 

seems the logical choice. Even though HAdV species A, B, and C were detected, including 

occasionally in the absence of HAdV-F, based on the knowledge of their occurrence and 

concentration, the extra effort required in identifying other HAdV species is not justified for 

routine testing. For a few samples, PCR could detect a particular HAdV species/type which was 

not detected using another method (e.g. for sample #W48, HAdV-F was detected by sequence-

based typing but was negative using the HAdV-F specific qPCR). It is likely that such 

inconsistencies would be due mainly to the low virus concentration in the samples resulting in 

variable results. However, this highlights that different methods can give different outcomes. 

While C-PCR failed to detect any infectious viruses in the river water samples, two urban 

stream samples were positive for infectious HAdV (interestingly that neither were HAdV-F), 

possibly reflecting recent sewage contamination. Although the data presented are limited, it does 

add to the knowledge base and could form the basis of future studies which would be of use for 

risk assessments, including QMRA.  
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CHAPTER 6. ASSESSMENT OF HUMAN VIRAL 

CONTAMINATION OF BIVALVE MOLLUSCAN 

SHELLFISH 

6.1. Introduction 

The first report of HAdV detection by PCR in bivalve molluscan shellfish suggested 

that these viruses may be suitable as a molecular index of human virus contamination (Pina et 

al., 1998). This suggestion was based on their prevalence in wastewater, persistence in the 

environment, host specificity and the correlation observed between the presence of HAdVs 

and EVs in shellfish, albeit in a limited number of samples. Interestingly, there are no reports 

of HAdV disease outbreaks associated with the consumption of contaminated shellfish. 

Although not fully understood, this may be linked to the fact that although all are excreted in 

faeces, many HAdV types are transmitted by the aerosol rather than the faecal-oral route, and 

that the infectious dose may be higher than that present in shellfish. In addition, shellfish 

consumers who are most likely adults are unlikely to be infected through shellfish 

consumption, due to their pre-existing HAdV immunity. Conversely very young children, 

most susceptible to HAdV disease, are less likely to consume shellfish, so the likelihood of 

infection via this route is low.  

When grown in faecally contaminated waters, shellfish can quickly accumulate 

human enteric viruses, often to high concentrations (Bosch and Le Guyader, 2010). The risks 

associated with the consumption of raw or lightly cooked shellfish containing NoVs and 

hepatitis A virus are well documented (Lees, 2000) including New Zealand data sources 

(Greening et al., 2010; Simmons et al., 2007). Predicting viral contamination of shellfish 

using bacterial indicators in shellfish or growing waters has long been known to be 

ineffective in many circumstances (Sobsey, 1982). Although correlations between human 

enteric viruses and faecal indicator bacteria have been reported in shellfish, these correlations 

are only really observed following recent heavy impact by untreated or inadequately treated 

wastewater. In many situations, the cause of contamination is from a non-point source 

contamination event. In such instances, there are often little or no correlations observed 

between human enteric viruses and faecal indicator bacteria (Campos and Lees, 2014; Gerba 
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et al., 1980; Le Guyader et al., 2000; Lees, 2000). F-RNA or somatic bacteriophages have 

been suggested as alternative faecal indicators and while potentially useful in waters recently 

contaminated with wastewater (as above), bacteriophages often have little or no correlation 

with the presence or concentration of enteric viruses either (Carducci et al., 2006; Dore et al., 

1998; Formiga-Cruz et al., 2003; Greening et al., 2010). As described in Chapters 3 and 5, 

human viruses such as HAdVs and HPyVs are frequently present in effluent wastewater 

(Hewitt et al., 2013; Lin et al., 2013) and potentially present in receiving coastal marine and 

estuarine waters, so may be more beneficial as indicators than faecal indicator bacteria or 

bacteriophages in determining health risks to consumers. When the source of faecal 

contamination is municipal wastewater, multiple human enteric viruses including HAdVs and 

NoVs may accumulate in shellfish, and indeed enteric viruses are frequently detected in 

shellfish from contaminated growing areas, including in depurated shellfish (Boxman, 2010; 

Formiga-Cruz et al., 2005). As all HAdV types are excreted in faeces and are present in 

wastewater, it is hypothesised that multiple respiratory (HAdV-A to E) and enteric (HAdV-F) 

types will be both present in shellfish. However, information on the diversity of HAdVs in 

shellfish are limited (Choo et al., 2006; Formiga-Cruz et al., 2002; Hernroth et al., 2002; 

Myrmel et al., 2004; Umesha et al., 2008; Wolf et al., 2010). The results of these studies are 

described in Section C of this Chapter (Table 6.7). 

Pina’s report described the presence of HAdVs in mussels and clams in Europe (Pina 

et al., 1998) and since then HAdV presence has been reported in a range of shellfish types 

and locations. These shellfish include oysters (Crassostrea gigas, C. madrasensis), flat 

oysters (Ostrea edulis), common blue mussels (Mytilus edulis and M. galloprovincialis), 

horse mussels (Atrina zelandica, Modiolus modiolus), clams (Corbicula japonica, Venus 

gallina, Mercenaria mercenaria, Meritrix meritrix, M. casta), cockles (Austrovenus 

stuchburyi) and pipis (Paphies australis) from several European countries, Japan, Korea, 

Brazil, India and New Zealand (Choo et al., 2006; Diez-Valcarce et al., 2012; Formiga-Cruz 

et al., 2002; Greening et al., 2007; Hansman et al., 2008; Hernroth et al., 2002; Karamoko et 

al., 2005; Muniain-Mujika et al., 2003; Myrmel et al., 2004; Rigotto et al., 2005; Rodriguez-

Manzano et al., 2014; Scholes et al., 2009; Umesha et al., 2008). Many of these shellfish 

species have been associated with disease outbreaks (notably NoVs from oysters and clams) 

(Potasman et al., 2002).  

To date, there are only two studies that include the analysis of HPyVs in shellfish. 

Bofill-Mas et al. (2006) examined mussels and oysters for the presence of HPyVs, and 

reported that 50% (5/10) of samples were positive, albeit at concentrations between 1-10 
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particles/g shellfish. In the other study, of those samples tested, HPyVs were detected in only 

one oyster sample (Souza et al., 2012).  

As described in Chapter 2, several methods are used for the recovery of human enteric 

viruses from shellfish including that described in the ISO/TS 15216 documents that describe 

the protease digestion virus recovery protocol (ISO, 2013a; ISO, 2013b). Although published 

in 2013, these methods were based on an earlier publication (Jothikumar et al., 2005b), and 

so published HAdV studies prior to 2013 have used this approach, albeit few in numbers 

(Diez-Valcarce et al., 2012; Rodriguez-Manzano et al., 2014; Scholes et al., 2009). While the 

ISO/TS documents were still in draft, the ESR EFV Laboratory (New Zealand) validated the 

method for the detection of NoVs and hepatitis A virus (funded by New Zealand MPI). The 

methods used for the recovery of NoV from shellfish (essentially ISO/TS 15216 with minor 

modifications) were published in 2008 (Greening et al., 2008). Theoretically the protease 

digestion method should recover other enteric viruses, including HAdVs and HPyVs, in 

addition to other agents associated with disease resulting from shellfish consumption.  

Although qPCR assays for HAdVs were published in the early 2000s (Heim et al., 

2003; Hernroth et al., 2002), their use was not commonly reported in environmental studies 

(Diez-Valcarce et al., 2012; Formiga-Cruz et al., 2002; Greening et al., 2007; Hernroth et al., 

2002; Rigotto et al., 2010; Scholes et al., 2009). Instead, most reported studies used 

conventional (primary or nested) PCR assays developed or based on those published in the 

1990s (Allard et al., 1992; Allard et al., 2001; Allard et al., 1990). Although these methods 

are sensitive and reliable, they do not give information on quantitation. 

To understand better the suitability of HAdVs and HPyVs as faecal indicators and/or 

pathogen indices, it is important that sufficient data on their prevalence and concentration in 

shellfish are available. As recovery and detection methods differ between studies, comparing 

published data are difficult, particularly as few studies report recovery data (Rodriguez-

Manzano et al., 2014) or use process controls (Diez-Valcarce et al., 2012). As the use of 

qPCR assays have been limited, quantitative data have been also lacking. The publication of 

the ISO/TS 15126 for enteric virus recovery and quantification from shellfish in 2013, and 

probably acceptance as ISO standard methods (currently 15126-1 and 2) in the future, will 

help address these two issues. Of note is that these methods specifically relate to the recovery 

and detection of NoVs and hepatitis A virus, but not HAdVs or any other enteric viruses 

(ISO, 2013a; ISO, 2013b). 

In the New Zealand context, results from three studies on the prevalence of enteric 

viruses, including NoVs and HAdVs, in shellfish harvested over the period 2004 to 2008 in 
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New Zealand are publically available (Greening et al., 2010; Greening et al., 2007; Scholes et 

al., 2009). Viral analyses in those studies, carried out by the ESR EFV Laboratory, used 

recovery based on two methods; acid adsorption-elution (used by Greening et al., 2007) and 

protease digestion (used by Scholes et al., 2009). In those studies, PCR (Allard et al., 1992; 

Allard et al., 2001; Allard et al., 1990) and/or qPCR (Heim et al., 2003) were used for the 

detection of HAdVs (Appendix D, Primers and Probes). 

One New Zealand study was carried out over a two-year period (2004-2006) 

(Greening et al., 2007). Shellfish were analysed for HAdVs, NoVs and EVs from mainly two 

areas; one in close proximity to a WWTP discharge point. In total, 360 samples were 

analysed from 28 sites. Most (88.3%) samples were tested for culturable F-RNA 

bacteriophages using a plaque assay overlay method. E. coli was analysed in 63.6% of 

samples. Overall, no correlations were observed between virus presence and E. coli or F-

RNA bacteriophages, except for samples close to the wastewater discharge point. The 

frequency of HAdVs (106/360, 29.4%) and NoVs (107/360, 29.7%) were similar but as no 

correlation analyses were reported, it is not possible to ascertain the degree of their co-

occurrence. EVs were less commonly detected (62/360, 17.2%) than HAdVs or NoVs. 

Overall, no significant seasonal patterns in virus occurrence were observed, although more 

viruses were detected from April to November, months generally colder and wetter than 

others in New Zealand. A second New Zealand study (Scholes et al., 2009) investigated the 

prevalence of HAdVs and NoVs from seven sites with monthly sampling over one year 

(2007-2008) and following two adverse pollution events: overflow sewage discharge and 

rainfall. Faecal indicator bacteria and F-RNA bacteriophages were also monitored in most 

samples. Overall, HAdVs were detected less frequently than NoVs. For the monthly 

sampling, HAdVs and NoVs (GI and/or GII) were detected in 7/72 (9.7%) and 23/72 (32%) 

of samples respectively. For the samples taken following sewage spills, HAdVs (5/20, 20%) 

were detected less commonly than NoVs (19/25, 76%). For the rainfall events, HAdVs were 

detected in 4/49 (8.2%) samples compared with 13/49 (26.5%) samples that were NoV 

positive. While the report commented that there was no correlation between bacterial 

indicators and virus presence, as in the first New Zealand report (Greening and Lewis, 2007), 

no correlation analyses between the presence of the two enteric viruses were reported. 

Although it is acknowledged that the shellfish species and sites chosen for these studies were 

different, a comparison between the results showed that prevalence of HAdVs were much 

lower than NoVs in the study where the protease digestion method was used. To understand 

better if this is the only factor contributing to this observation, more information using 
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different samples are required. As the data and archived samples were available from these 

two studies, the samples and data were used in combination with additional data collected in 

this study so that an alternative data set could be analysed.  

6.2. Knowledge gaps 

A number of knowledge gaps were identified that would otherwise assist in 

determining the role of HAdVs and HPyVs as faecal indicators, and to predict the risk of 

contamination with NoVs. These were: 

 a lack of data on HAdVs and HPyVs presence in shellfish, particularly those 

sourced from New Zealand 

 little evidence of the role of HAdVs and HPyVs as viral indicators in bivalve 

molluscan shellfish, especially for the presence of and correlation with NoVs  

 paucity of data on HAdV types (both respiratory and enteric) detected in 

shellfish. 

 

 

Chapter 6 is divided into three sections.  

Section A describes the presence of HAdVs and HPyVs in shellfish, and compares 

with the presence of NoVs.  

Section B investigates the use of the protease digestion method for the recovery of 

HAdVs from shellfish. 

Section C describes HAdV diversity in a selection of New Zealand shellfish samples. 

 

 



 

173 

6.3. Section A: HAdV and HPyV presence in shellfish 

6.3.1. Objectives and strategy  

 To determine the presence of HAdVs and HPyVs in shellfish using the validated 

protease digestion method. To do this, archived viral nucleic acid extracted from 

shellfish (oysters, mussels, cockles, pipis and surf clams; n=340) collected from sites 

around New Zealand between 2006 and 2013 and that had been previously analysed for 

NoV GI and GII were selected mainly on the basis of the NoV results. New data 

obtained were combined and anlaysed with that derived from the Scholes’ study (2009).  

 To evaluate the co-occurrence and correlation between HAdVs/HPyVs and NoVs, 

qPCR data on the concentration of NoV GI and GII in shellfish were collected and 

compared to the presence of HAdVs and HPyVs. The possible relationships in terms of 

virus concentrations between different viruses were investigated.  

6.3.2. Methods 

6.3.2.1. Samples and processing  

A total of 340 samples collected by ESR clients to provide information for 

shellfish/water quality monitoring programmes or as part of shellfish-associated outbreak 

investigations were used for the study. Half of the samples analysed for HAdVs and HPyVs 

were NoV positive. 

6.3.2.2. Protease digestion method 

Shellfish had been processed by ESR EFV Laboratory staff who prepared 

homogenates using the protease digestion method (Greening et al., 2008) as described: 

Shellfish were first washed to remove any mud/sediment and shucked. The digestive gland 

tissue (stomach and digestive diverticula) was dissected and placed in a sterile container, 

finely chopped with sterile knives and weighed. A minimum weight of 2 g was processed 

from a minimum of six shellfish. The process control MNV (10 µL of 10
6
 copies/mL per g 

digestive tissue)
 
was added to chopped shellfish tissue and left to adsorb for a minimum 

period of 15 min prior to processing. For each gram of tissue, an equal volume (w/v) of Tris-

ethylenediaminetetra-acetic acid disodium salt (Tris-EDTA) buffer, pH 8.5, containing 200 

μg/mL proteinase K (Roche Molecular Biochemicals Ltd.) was added and mixed with the 
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sample (Appendix C, Table C.12). The pH was checked and adjusted to 8.0–8.3, if necessary. 

The tissue/buffer mixture was incubated at 37°C for 60 min with shaking at 300 rpm 

(Unimax 1010 Shaker, Heidolph). This was followed by incubation at 60°C (modified from 

65
o
C as described in Greening and Hewitt, 2008) for 15 min on a heating block with 

inversions at 5-min intervals
4
. The mixture was then centrifuged at 10,000 x g for 10 min at 

room temperature, and the supernatant (digested homogenate) collected. Approximately 2 mL 

supernatant was obtained from 1 g tissue. Viral nucleic acid was then extracted from 2 x 500 

µL supernatant using the High Pure Viral Nucleic Acid Kit (Roche Molecular Biochemicals 

Ltd.) as per manufacturer’s instructions. Armored RNA® was used as an extraction and PCR 

inhibition control (Appendix F.1).  

Note: This method, endorsed by IANZ under ISO17025 for the ESR EFV Laboratory, 

differs slightly to the ISO/TS15126 (ISO technical specifications) (ISO, 2013a; ISO, 2013b). 

There are two main differences: Firstly, the ISO/TS methods specify that the centrifugation 

step is 3,000 x g for 5 min (rather than 10,000 × g for 10 min as used in this method). During 

validation work, the higher centrifugation step improved the clarity of the resulting 

supernatant (Greening and Hewitt, 2008). Secondly, in the ISO/TS15126 methods, the 

proteinase K digestion buffer was prepared in water rather than in Tris-EDTA buffer in the 

method above. The use of Tris-EDTA buffer was described in a draft version of ISO/TS 

documents - a version used as a base for validation work (Greening and Hewitt, 2008). 

 

6.3.2.3. Virus detection 

HAdV prevalence was determined for 185 NoV-positive and 155 NoV-negative 

selected shellfish samples. Four PCR replicates were analysed for each virus in each assay. 

To evaluate the role of HPyVs (JC and BK) as indicators, HPyV analyses were also 

performed on 60 of the 340 shellfish samples. Of these 60 samples, 44 were NoV-positive 

(GI and/or GII) and 16 were negative for both NoV GI and GII. Fifteen of the selected 

samples were HAdV-positive. Of these selected, no samples negative for NoVs were positive 

for HAdVs. At least two replicates per assay were analysed for HPyVs. 

6.3.2.4. Virus quantitation 

The quantities of HAdVs, HPyVs and NoVs present in shellfish were determined 

using appropriate plasmid standard curves. The theoretical limit of quantification for shellfish 

                                                 
4
 Samples processed by this method may be unsuitable for analyses by culture due to a heat step of 60

o
C that 

may adversely affect virus viability 
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samples using the protease method and extracting 500 µL was 80 genome copies/g digestive 

tissue. Assuming four replicates were tested, the theoretical limit of detection was 20 genome 

copies/g digestive tissue.  

For shellfish samples, a concentration scale was also used to indicate the relative 

levels of virus present as determined using qPCR and was based on information using four 

replicates tested per sample. Samples were determined to be negative if no target was 

detected in any of the four replicates. Otherwise, the following applied: 

 Low level: Not all replicates positive < 80 genome copies/g digestive gland (below 

the limit of quantitation) 

 Moderate level: 80-159 genome copies/g digestive gland 

 High level: 160-1,000 genome copies/g digestive gland 

 Very high level: > 1,000-10,000 (3-4 log10) genome copies/g digestive gland 

 Extremely high level: > 10,000 (> 4 log10) genome copies/g digestive gland 

The concentration of NoV GII in each sample was allocated a one of these ‘levels’. 

These were plotted against HAdV presence or absence using Excel (Microsoft). 

6.3.3. Results 

In total, 60/340 (17.6%) samples were HAdV positive. Of the 185 NoV-positive 

samples, 52 were HAdV positive. Of the 155 NoV-negative samples, 8 were HAdV positive, 

with 147 samples negative for both HAdV and NoV (Table 6.1). A range of shellfish species 

(cockles, oysters, mussels, surf clams) were positive for HAdV and NoV. 

 

Table 6.1. Prevalence (%) of HAdVs vs. NoVs in shellfish (n= 340) 

NoV 

GI and/or GII 

HAdV Totals 

Positive Negative 

Positive  52 (15.3%) 133 (39.1%) 185 

Negative  8 (2.4%) 147 (43.2%) 155 

Totals 60 280 340 

 

As shown in Figure 6.1, 30/60 (50%) of HAdV-positive samples occurred when the 

NoV GII levels were classified as high to extremely high (>1,000 genome copies/g), 

compared to 36.7% when NoV levels <1,000 genome copies/g (NoV GI data not shown). 

When NoV GII levels were classified as low (< 80 genome copies/g), a similar percentage of 

samples were HAdV-positive (28.3%) and HAdV-negative (30.4%). Based on the number of 
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replicates that were positive (< 4 replicates), the concentration of HAdV in most (57/60, 

95.0%) of the samples were <80 genome copies/g. Two samples contained moderate levels of 

HAdV, where NoV GII levels were both very high (1,000-10,000 genome copies/g), and one 

sample contained high levels of HAdV for which the NoV GII was extremely high (>10,000 

genome copies/g).  

Of the subset of shellfish samples tested for HPyVs (n=60), 3 (5.0%) samples were 

positive, all of which were NoV-positive (Table 6.2). Of these 60 samples tested, only one 

sample was positive for all 3 viruses (NoV, HAdV and HPyV). HPyVs were detected in 

mussels (x2) and surf clams (x1). In the three HPyV-positive samples, the concentration of 

HPyVs varied between 200 and 1,300 genome copies/g. Two of those samples contained 

moderate concentrations (80-160 genome copies/g) of HAdV and very high (1,000-10,000 

genome copies/g) concentrations of NoV GII. The 3
rd

 sample contained high concentrations 

of HAdVs and extremely high (>10,000 genome copies/g) concentrations of NoV GII. 

 

Figure 6.1. HAdV-positive and HAdV-negative (%) samples related to NoV GII levels 

(genome copies (gc)/g) 
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Table 6.2. Prevalence (%) of HPyVs vs. NoVs in shellfish (n= 60) 

NoV 

GI and/or GII 

HPyV  

Positive Negative Totals 

Positive  3 (5.0%) 41 (68.3%) 44 

Negative  0 (0%) 16 (26.7%) 16 

Totals 3 57 60 

 

6.3.4. Discussion 

The lack of correlation between enteric viruses and bacterial indicators in shellfish has 

meant alternative approaches to evaluate human health risks associated with the consumption 

of shellfish need to be considered. HAdVs have been proposed as a both an indicator of 

faecal pollution and as an indices of pathogen presence, so their suitability in the New 

Zealand environment was evaluated here. The presence of HPyVs (JC/BK), another potential 

human indicator was also examined.  

In this New Zealand study, although samples were selected based on their potential 

exposure to human wastewater contamination (varying from low to high risk) and on their 

NoV result (54.4% samples selected were NoV-positive), the comparative low prevalence of 

HAdVs and HPyVs compared with NoVs was unexpected. This contrasts with reports that 

not only detected HAdVs frequently but detected them at least as often as other enteric 

viruses (Diez-Valcarce et al., 2012; Formiga-Cruz et al., 2002; Greening et al., 2007; 

Hansman et al., 2008; Le Guyader et al., 2000; Muniain-Mujika et al., 2003; Rigotto et al., 

2005; Rigotto et al., 2010; Serracca et al., 2010). However, in many of those studies, the high 

rates (>30%) of HAdV contamination frequently reported are often in association with 

shellfish collected from waters that are very contaminated with wastewater pollution. 

In this study, not only did HAdVs (and HPyVs) not co-occur with NoVs but 

concentrations of HAdVs and HPyVs were statistical significantly lower than NoVs (GII and 

GI). These two factors are important in evaluating their suitability as indicators and/or 

indices. In this study, both HAdVs and HPyVs failed the criteria as indicators and were 

considered unsuitable indicators of human sewage contamination of shellfish. The lack of co-

occurrence between enteric virus presence has been previously reported, although 

correlations between HAdVs and enteric viruses, such as EVs, from areas of high faecal 

contamination have been documented (Formiga-Cruz et al., 2002; Le Guyader et al., 2000). 

In contrast to the finding in this research study, most studies found that HAdVs were the most 

frequently detected viral target. For example, Serracca et al. (2010) found that although 
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HAdVs were the most frequently (12/80, 15%) detected viruses in mussel samples, there was 

no correlation between HAdVs and the presence of NoVs (only detected in one (1.3%) of the 

samples tested). Similarly, in a Norwegian study, although HAdVs were detected in 18.6% 

(16/86) of samples, there was no correlation with the presence of NoVs - detected in only 

9.3% (8/86) samples (Myrmel et al., 2004). In another study, Umesha et al. (2003) reported 

that while 17/100 oyster samples were positive for HAdVs (and 37/100 samples positive for 

EVs), none were positive for NoVs. Similar results were observed for clams (Umesha et al., 

2008). A final example is that reported by Diez-Valcarce et al. (2012), where although unlike 

this study, HAdVs were detected more frequently (in 36% samples) than NoVs (detected in 

16% samples), similar to this study, the presence of HAdVs did not correlate with human 

NoVs.  

There are few published reports (with limited data) on the occurrence of HPyVs in 

shellfish with which to compare these results (Bofill-Mas et al., 2001; Souza et al., 2012). 

Bofill-Mas (2001) detected HPyV JC in 50% (5/10) shellfish samples, but noted that the 

concentrations were less than 10 virus particles/g.  

Unlike the reports above, the hypothesis that HAdVs are suitable indices for the 

presence of relevant human enteric pathogens was not supported by this study. Nor was 

the hypothesis that HPyVs are suitable indices for shellfish supported. 

The observation of a lower (18.6%) detection rate for HAdVs compared to NoVs 

(54.4%), and that when present, the concentrations of HAdVs were lower than NoVs (with 

most samples containing HAdVs at concentrations less than 80 genome copies/g) was 

interesting. PCR inhibition was excluded as a factor for the protease digestion method (due to 

the use of an external inhibition control, armored RNA®), and so inefficient HAdV recovery 

may be a major factor for these observations. In another New Zealand study (Greening and 

Lewis 2007), the number of samples positive for HAdVs and NoVs were similar, unlike in 

this study. In the Greening and Lewis study, the samples were processed using the acid 

adsorption method. It is possible that the acid adsorption was more effective for the recovery 

of HAdVs than the ESR EFV Laboratory protease digestion method. Earlier work showed 

that the protease method recovers NoVs with good efficiency (Greening and Hewitt 2008) 

but there are little information of the recovery of other enteric viruses. In addition, samples 

received by the ESR EFV Laboratory are routinely seeded with MNV as a positive process 

control that is taken through the whole process. The mean (± SD) recovery of murine 

norovirus for 150 samples tested between 2010 and 2013 was 59.2% ± 28.3 (raw data not 

shown). While low recovery is suspected in this study, others have reported good HAdV 
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recoveries (20-30%) using a protease digestion method (Rodriguez-Manzano et al., 2014). It 

was noted that the only apparent difference between the two methods was the centrifuge 

speed/time (3,000 x g for 5 min vs. 10,000 x g for 10 min) which is unlikely to explain the 

differences in the detection rates. Other variations in methods including the nucleic acid 

extraction method and qPCR assays may partly account for some differences, but further 

work was deemed necessary to investigate this further.  

In this study, the percentage recovery of HPyVs from shellfish was not investigated 

due to unavailability of stock virus. As the protease digestion method is used almost 

exclusively for the detection of all enteric viruses in shellfish by the ESR EFV Laboratory 

(except when culture is required for subsequent analyses), possible reasons for this 

observation were further investigated to understand any limitations of the method (see 

Section B of this Chapter).  

Currently E. coli are used internationally as faecal indicators for bivalve molluscan 

shellfish safety. Elevated levels of E. coli in water or shellfish flesh require harvesting 

restrictions or further shellfish processing such as purification (depuration in some countries) 

or relaying. However, NoVs, significant human pathogens in shellfish, may be present when 

E. coli concentrations are at acceptable levels. Therefore in the absence of an alternative 

indicator for shellfish, the detection of NoVs (and possibly hepatitis A virus) may be required 

to minimise health risks for consumers from contaminated shellfish. 
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6.4. Section B: Method evaluation for HAdV recovery 

6.4.1. Introduction 

As described in Section A of this Chapter, a lower than expected HAdV prevalence 

was observed in NoV-positive shellfish processed using the protease digestion method. As 

this method is routinely used for the recovery of NoV and hepatitis A virus in the ESR EFV 

Laboratory (modified from Greening and Hewitt, 2008) further evaluation of the method was 

deemed necessary if it was to be used as the standard method for the detection of HAdVs in 

shellfish in future.  

It is known that both the stable properties of viruses (e.g. viral particle size, nucleic 

acid component and size) and more importantly those that are modified (e.g. surface charge, 

hydrophobic properties) by external conditions (such as pH, ionic strength, presence of 

organics and inorganics) can greatly influence the behaviour of viruses. This includes their 

adhesion/adsorption properties and the extent of viral aggregation (Gerba, 1984; Michen and 

Graule, 2010). Viral attributes may adversely affect how well viruses are recovered from 

different matrices. Due to a multitude of factors, one recovery method may be efficient for 

one virus but inadequate for another. Specifically for HAdVs, there may be differences 

between the behaviour of different types due to differences in the functional groups in the 

protein coat structure. While the structure is basically the same between HAdV types, there 

are sufficient differences in specific virus assembly that mean their properties differ. For 

example, as part of its capsid structure, HAdV-F has two lengths of fibre while the other 

HAdV species only have one. Other differences such as in their specific binding to host 

receptors, hydrophobic properties and electrostatic charge differs, and which have 

consequences for virus recovery from complex matrices (Russell, 2009). The effectiveness of 

virus recoveries is a complex issue as many factors are involved and which can greatly 

influence recovery, but an understanding of the virus properties can aid in improving 

recoveries particularly from complex matrices. 
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6.4.2. Objective and strategy 

To determine the HAdV recovery from shellfish using the standard protease digestion 

method, seeding and recovery experiments using HAdV-2 and HAdV-41 from shellfish 

including oysters and mussels were performed. Evaluations including determining if PCR 

inhibition was a factor in the low occurrence of HAdV in shellfish. Modifications of the base 

virus recovery method were also trialled to determine if minor changes to the protease 

(proteinase K) method such as changing the pH would affect virus recovery.  

6.4.3. Methods 

6.4.3.1. Shellfish samples 

Several shellfish species were used in seeding and recovery experiments: 

 Pacific oysters (C. gigas) sourced from a New Zealand commercial oyster farm, 

New Zealand 

 Green-lipped mussels (Perna canaliculus) purchased from New Zealand retail 

outlets 

 Pipis, cockles and surf clams received by the ESR EFV Laboratory for enteric 

virus analyses. 

6.4.3.2. HAdV recovery using the standard protease digestion method 

Shellfish were processed using the standard protease digestion method (Section A of 

this chapter). Shellfish were shucked then digestive tissue dissected, placed in a sterile 

container and chopped. HAdV-2 and HAdV-41 were added to give a concentration of 10
5
 

genome copies/g digestive tissue. One gram digestive tissue (i.e. with 10
5
 genome copies 

added) was used for each replicate. Viruses were left to adsorb to the tissues for a minimum 

of 30 min prior to processing. Once the shellfish had been processed and homogenate 

clarified with the protease digestion method as, viral nucleic acid was extracted from 500 µL 

sample concentrates using the High Pure Viral Nucleic Acid Kit (Roche Molecular 

Biochemicals Ltd.) as per manufacturers’ instructions. Extracted nucleic acid was analysed 

using the following qPCR assays as described in Chapter 2, Section 2.6.4. 

 HAdV-C qPCR assay 

 HAdV-F qPCR assay 
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6.4.3.3. Evaluation of PCR inhibition  

The possible inhibitory effects of the shellfish flesh on PCR were investigated by 

adding 10
3
 genome copies of HAdV DNA plasmid in 2.5 µL to 22.5 µL nucleic acid (in 

triplicate) extracted from three shellfish samples (oysters, cockles and pipis) processed using 

the standard protease digestion method as above. The evaluation was determined by 

comparing the PCR Cq values.  

6.4.3.4. Effect of heat and proteinase K on recovery 

The recovery of HAdV-2 and HAdV-41 from a solution of proteinase K (i.e. no 

shellfish matrix) was determined with and without the heat steps of 60
o
C for 60 min and 37

o
C 

for 15 min. HAdV-2 and HAdV-41 (10
4
 genome copies each) was added to 10 mL proteinase 

K buffer (Refer to Table C.10).  

To compare to NoV, the same amount of NoV GI and GII (10
4
 genome copies per 10 

mL solution) were also added to the proteinase K solution. Extracted nucleic acid was 

analysed for HAdVs as described above and NoVs (GI and GII) detected using the following 

NoV qPCR assays: 

 NoV GI RT-qPCR assay (Wolf et al., 2010) (Appendix F.1) 

 NoV GII RT-qPCR assay #2 (Kageyama et al., 2003) (Appendix F.2). 

Results were calculated as percentage recovery. 

6.4.3.5. Effect of shellfish quantity on HAdV recovery 

The effect of the quantity (weight) of shellfish digestive tissue processed for virus 

recovery was determined. HAdV-2 and 41was added (10
5
 genome copies total) to 5 g, 2 g, 

0.5 g and 0.1 g shellfish digestive tissue. The samples were processed using the standard 

protease digestion method but the volume added varied for each sample weight. For 5 g, 2 g, 

0.5 g and 0.1 g shellfish digestive tissue, 5 mL of proteinase K digestion buffer solution was 

added to each sample (rather than 1 mL of buffer per g shellfish digestive tissue as is standard 

protocol). Results were calculated as percentage recovery. 

In addition, any virus remaining on the tube (sides) was attempted to be eluted using a 

wash of 0.75 M glycine, 0.15 M NaCl, pH 9, with shaking for 20 min at RT (as a variation to 

the standard procedure). Results were calculated as percentage recovery. 
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6.4.3.6. Effect of pH on HAdV recovery 

As pH is a major factor affecting viral adsorption to surfaces, the effect of changing 

the pH of the digestion buffer on HAdV-2 and HAdV-41 recovery was briefly investigated. 

Following the addition of HAdV-2 and HAdV-41 (10
5
 genome copies per g digestive tissue), 

virus recoveries using Proteinase K buffers at pH 7.2, 8, 9 and 9.5 were compared (pH in the 

standard protocol is 8-8.3). For two tuatua samples, the pH was also changed to pH 9 prior to 

the standard centrifugation step (10,000 x g for 10 min). 

6.4.3.7. Evaluation of dichloromethane for sample clarification 

The use of dichloromethane (DCM, a less toxic agent methodologically comparable to 

chloroform) was evaluated as an additional step in the standard proteinase K method. An 

equal volume of DCM was added to clarify the homogenate prior to extraction. Only oysters 

were used in this evaluation. 

6.4.3.8. Recovery from pellet and tube sides 

In an attempt to determine where losses could be occurring, HAdV were recovered 

from the pellet which is normally discarded following the centrifugation step, and also from 

the side of the tube following the digestion step. This was done when the supernatant was at 

pH levels of 7.5, 8, 9 and 9.5. HAdV DNA was then recovered from the pellet. Briefly, 20 µL 

of each pellet (from a total volume of approximately 200 µL) was removed using a pipette 

and added to 180 µL water. This was then extracted as normal and analysed for HAdV DNA. 

One oyster and two clam shellfish samples were also analysed for HAdV without 

centrifugation. Both the supernatant and the pellet were analysed for HAdV. 

6.4.3.9. Recovery calculations 

The evaluation of virus recovery was done using three different approaches. Firstly, 

virus recoveries were calculated by comparing the amount of virus added to that recovered 

using the formula as described in the Appendix J.1. Secondly, a direct comparison of the PCR 

Cq values (from the same PCR assay) was done. For this approach, it assumes that the same 

Cq value of two samples indicates the same amount of target DNA (for any one PCR assay). 

For samples with the same amount of DNA but with different Cq values, then a difference 

may be attributed to PCR inhibition. In this instance, the higher the Cq value, the more 

inhibition in the sample. Thirdly, total amounts of virus recovered (log10 genome copies) 

were calculated from the PCR Cq value using a DNA plasmid standard curve (Appendix F). 
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6.4.4. Results 

6.4.4.1. Virus recovery using standard method 

Recovery of HAdV-2 and HAdV-41 from seeded shellfish (10
5
 copies/g) was 

generally low (<1%) using the protease (proteinase K) digestion method. However, 

acceptable recoveries of HAdV-2 and HAdV-41 were observed for one pipi sample (up to 

37%) and for one cockle sample (up to 17%) (Table 6.3). Much variation in the virus 

recovery in samples was observed. This compared to the recovery of murine norovirus as 

described in Section A of this chapter where the mean (± SD) recovery was 59.2% ± 28.3.  

 

Table 6.3. HAdV recovery from seeded shellfish digestive tissue using the protease 

digestion method 

Shellfish 

type 

Sample 

number 

Virus recovery 

HAdV-2 HAdV-41 

Oysters  O1 0.05% 0.17% 

 O2 0.02% 0.1% 

 O3 3.0% 0.05% 

Mussels M1 1.4% 0.03% 

Pipis P1 36.9% 4.6% 

 P2 0.15% 0.11% 

Tuatuas T1 0.24% 0.17% 

 T2 0.15% 0.10% 

Cockles C1 2.1% 17.0% 

 

6.4.4.2. Evaluation for PCR inhibition  

The mean (± SD) PCR Cq for DNA plasmid in water only was 27.4 ± 0.4, compared 

to 27.9 ± 0.3, 27.8 ± 0.2 and 27.8 ± 0.5 for DNA plasmid in oysters, cockles and pipis 

samples respectively. There were no significant differences between the plasmid recovery 

between the shellfish and water. This showed that, for at least these samples tested, there was 

no PCR inhibition due to the agents co-extracted with the viral nucleic acid. Hence, it was 

determined that the low virus recovery was most likely related to the recovery method. 

6.4.4.3. Effect of heat and proteinase K on recovery 

No significant differences were observed between the recovery of HAdVs from a 

proteinase K buffer and from water (no shellfish). This showed that the presence of 

proteinase K did not have a detrimental effect on HAdV recovery. The recovery from 

proteinase K with and without heating steps was also compared and no detrimental effects on 
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virus recovery were observed (Table 6.4). Unexpectedly, the presence of proteinase K had a 

detrimental effect on the recovery of NoV GI and GII in the absence of the shellfish matrix 

(31% and 2% recovery compared to heated water only), possibly due to degradation of the 

viral capsid and consequently loss of viral RNA.  

 

Table 6.4. Virus recovery from proteinase K buffer and water (no shellfish) 

Virus Virus recovery 

(% compared to unheated water control) 

Heated proteinase K
a
 Heated water

 a
 

HAdV-2 ≥100% 93% 

HAdV-41 ≥100% 90% 

NoV GI 31% ≥100% 

NoV GII 2% ≥100% 
a
60

o
C for 60 min and 37

o
C for 15 min 

6.4.4.4. Effect of shellfish quantity on recovery 

On the basis of the experiment above, the effect on virus recovery of the amount 

(weight) of shellfish processed was determined. HAdV recovery increased significantly with 

decreasing amounts of shellfish being processed (Table 6.5).  

 

Table 6.5. HAdV recovery from different quantities of shellfish tissue processed 

Weight (g) 

added to 5 

mL water  

HAdV-2 recovery HAdV-41 recovery  

supernatant tube and 

supernatant 

supernatant tube and 

supernatant 

5 0.03% 3% 3% 6% 

2 0.2% 3% 8% 12% 

0.5 6% 9% 10% 14% 

0.1 ≥100% ≥100% 67% 67% 

 

A total of 3% of the virus load was recovered from the tube walls (difference between 

the percentage recovered in the supernatant (S/N) and that recovered in the S/N and tube).  

This is a significant finding. Although the HAdV recovery increased when less 

sample was tested (in terms of weight equivalent), the sensitivity will be compromised as the 

theoretical limit of detection will be lower due to less sample being tested. It is recommended 

that the same experiments are performed with NoV to evaluate the impact on NoV recovery 

and detection rates.  
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6.4.4.5. Effect of pH on recovery 

Changing the pH (range of 7.2 to 9.5) of the proteinase K solution had no beneficial 

effect on HAdV recovery, with recoveries of less than 1% observed (data not shown). 

Changing the pH to 9 prior to centrifugation did not improve recovery either.  

6.4.4.6. Evaluation of dichloromethane for sample clarification 

Recoveries of generally less than 0.01% were obtained using dichloromethane 

(regardless of pH) (data not shown). There was no significant difference in HAdV recovery 

for samples treated with or without dichloromethane.  

6.4.4.7. Recovery from pellet and tube sides 

In an attempt to determine where or how virus losses could be occurring, HAdV were 

recovered from the pellet, which is normally discarded following the centrifugation step, and 

also from the side of the tube following the digestion step. The total virus recovered from the 

supernatant, tube side and the pellet was added up, and compared to the virus inoculum. Only 

a small amounts of HAdVs were recovered from the sides of the tubes and pellet combined 

(Table 6.6). The majority of seeded HAdVs were not recovered and remained unaccountable. 

 

Table 6.6. Total HAdV recovery from pellet and supernatant  

pH HAdV recovered from pellet and S/N 

HAdV-2  HAdV-41  

7.2 0.2% 8.5% 

8 0.2% 3.3% 

9 0.2% 0.7% 

 9.5 0.2% 0.6% 

 

These preliminary experiments did show that increasing amounts of HAdV-41 were 

being recovered from the pellet with decreasing pH. More work would be required to 

determine the significance of this finding. HAdV recovery for the three samples analysed 

without centrifugation following the digestion step was very poor ranging from 0.01 to 0.1%. 

6.4.5. Discussion 

A number of factors may affect the virus recovery from shellfish (and environmental 

samples). The pH has an effect on the electrostatic interactions between the virus and matrix- 

in this case, shellfish material in the buffer. A pH value up to 9.5 (instead of pH 8.0-8.2 
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normally used) was trialled to determine if this would improve recovery of HAdV from 

shellfish. However, no improvements in the recovery were observed by increasing the pH 

above 7, which may indicate that a charge ‘plateau’ had been reached (i.e. no more positive 

sites on the virus at pH 9.5 than pH 8).  

As organic matter present in shellfish can provide hydrophobic binding sites for 

HAdV, a decrease in such material should result in decreased binding. Thus, a recovery 

experiment was done to determine if a decrease in shellfish material increased the recovery of 

HAdV. The results showed a significant increase in recovery, possibly as a direct result of a 

decrease in attachment. This observation is important. It is possible that HAdV binding to 

tube sides occurred due to the influence of the presence of the shellfish tissue (e.g. pH and 

ionic strength pf the overall matrix). This could be one reason for the low recovery; however 

time constraints prevented further investigative work.  

Clearly results from earlier work that showed that NoV recovery was acceptable 

(Greening and Hewitt, 2008), as was hepatitis A virus (authors own observation), and along 

with the results from the murine norovirus process control, all indicated that the method can 

recover these viruses well. However, these experiments described here indicate that the 

protease method as used in the ESR EFV Laboratory for NoV and hepatitis A virus recovery 

is not optimal for HAdVs. More work is required to investigate this and the recovery of other 

viruses such as EVs. Clearly any modification would need to be compatible with the recovery 

of NoVs and hepatitis A virus, so this would need to be addressed too. Due to low HAdV 

recovery from shellfish using protease extraction method, there is also a potential issue with 

accurate viral quantification. In the meantime, it is recommended that for public health 

investigations and risk assessment, NoVs are used as the absence of HAdVs, using the 

protease digestion method as described, does not exclude the presence of pathogens such as 

NoVs. 



 

188 

6.5.  Section C: Diversity of HAdV in shellfish  

6.5.1. Introduction 

As discussed in previous chapters, to understand fully HAdV in the environment 

including in terms of their persistence and survival, risk to human health and role as 

indicators, information on the diversity of enteric virus types, especially HAdV present in 

shellfish is useful. As with other matrices, a literature review was carried out in 2005 on 

commencing this PhD study, to establish information on HAdV presence and diversity in 

shellfish. This process was repeated during and at completion of this study. The results are 

shown in Table 6.7.  

As bivalve molluscan shellfish are filter feeders, they can bioaccumulate multiple 

viruses (different types/genotypes of NoVs, EVs and HAdVs etc.) present in the surrounding 

waters. It was hypothesised that multiple respiratory (HAdV-A to E) and enteric (HAdV-F) 

types will be present in shellfish that had been growing in waters polluted with inadequately 

treated municipal wastewater. However, information on the diversity of HAdVs in shellfish 

are limited with only six published reports identified that included HAdV typing from 

shellfish. Therefore, this study included an analysis of HAdV diversity from HAdV-positive 

shellfish.  

6.5.2. Objectives and strategy 

The objective was to determine the HAdV types or species present in a range of 

shellfish. HAdV typing was carried out using sequence-based typing and/or using one or 

more HAdV species qPCR assays. Archived nucleic acid samples, prepared from shellfish 

samples initially collected other studies, or submitted for enteric virus (notable norovirus) 

analysis, were selected for this part of the study.



 

189 

Table 6.7. HAdV diversity in shellfish published from 2002 to 2013 

Location Target for 

detection 

Method Analyses and results Key result Reference 

New 

Zealand  

HAdV-C 

and F 

Mixed shellfish types 

Protease digestion method. 

HAdV-C and F qPCR 

1/15 HAdV-C and 3/15 HAdV-F 

positive 

Low HAdV positivity rate  Wolf et al. (2010) 

India All types Oysters and clams 

Sodium acetate, pH5.5 and 

phenol based extraction. 

Nested PCR (Allard et al., 

1992) 

HAdV-41 (96% similarity)  

HAdV-40 (91% similarity) 

HAdV-F only detected Umesha et al. 
(2008) 

Korea All types Oysters 

Acid adsorption, Vertrel and 

PEG 8000 

Direct PCR and C-PCR using 

A549 and BGM cells.  

PCR (Allard et al., 2001) 

Multiple HAdV types detected.  

Enteric and non-enteric detected by: 

C-PCR: HAdV-C (types 2, 5), HAdV-D 

(type 44) and HAdV-F (types 40, 41). 

Direct PCR: HAdV-2, 5, 6, 40, 41 

HAdV-F most common 

following C-PCR 

Direct PCR resulted in more 

non-enteric HAdV detected 

 

Choo et al. (2006) 

Norway All types Mussels and oysters 

Glycine buffer. Trizol 

extraction 

Nested PCR (as paper) 

8 samples sequenced 

All HAdV-F (either 40 or 41) 

HAdV-F only detected Myrmel et al. 
(2004) 

Sweden All types Mussels. Glycine buffer, 

ultracentrifugation 

Nested PCR (Allard et al., 

2001). 

17 samples: 6 types (HAdV-1, 2, 5, 7, 

31, 41) identified 

HAdV-A, B, C and F detected Hernroth et al. 
(2002) 

Europe  All types Two methods:  

1: Glycine buffer with 

ultracentrifugation;  

2: Peptone water 

Sweden: 6 types (HAdV-1, 2, 5, 7, 31, 

41) identified from 17 samples 

Spain: HAdV-2 (n=6), HAdV-41 (n=2) 

UK: HAdV-41 (n=11), HAdV-31 (n=1) 

HAdV-F frequently detected 

Mixed HAdV identified 
Formiga-Cruz et al. 
(2002) 
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6.5.3. Methods 

6.5.3.1. Samples and analyses 

Samples were tested from a number of sources divided into Set A and Set B. 

Set A: Archived nucleic acid samples, prepared from shellfish samples initially 

collected for a prevalence study of enteric viruses and F-RNA bacteriophages, were used for 

this part of the study. The samples were oysters and mussels collected from 2 areas: ‘Area 1’ 

located in Northland, New Zealand and included recreational sites and ‘Area 2’ where 

samples were collected from 5 different sites at various distances from the WWTP discharge 

point in Dunedin. Further information on the sites can be found elsewhere (Greening et al., 

2007).
5
 Viruses were recovered from shellfish tissue using acid adsorption-elution (Shieh et 

al., 1999). Following dissection from the shellfish, digestive tissue was homogenised in water 

and by lowering the pH, viruses were allowed to adsorb to solids. Following centrifugation, 

viruses present in the pellet were eluted with glycine buffer and then concentrated using PEG 

precipitation. Viral nucleic acid was extracted from 200 µL shellfish concentrates using the 

High Pure Viral Nucleic Acid Kit (Roche Molecular Biochemicals Ltd.) as per 

manufacturer’s instructions.  

A total of 50 archived nucleic acid samples from these shellfish samples were selected 

for sequence-based typing from HAdV nested PCR assays (Chapter 2, Section 2.6.2) (Table 

6.4). HAdV-positive PCR products, derived from the conventional (nested) PCR assay 

(Allard et al., 1992; Allard et al., 2001), were purified and used as a template for DNA 

sequencing (described in Appendix H). All, except three, of these samples were also positive 

by qPCR (Heim et al., 2003). A subset of 28 samples (11 oyster and 17 mussel samples) from 

Set A was analysed using HAdV-A, C, D and F specific qPCR assays (Chapter 2, Section 

2.6.4). This included 25 HAdV-positive samples and 3 HAdV-negative samples as 

determined by qPCR (Chapter 2, Section 2.6.3) using HAdV qPCR assay method #2. 

Set B: Archived nucleic acid samples (n=96), prepared from shellfish samples 

submitted to the EFV Laboratory for NoV analysis (for various reasons), were selected for 

HAdV-F analysis using qPCR. Samples were cockles, mussels, pipis and tuatuas. Viruses 

were recovered from shellfish tissue using the protease digestion method.  

The samples tested are summarised in Table 6.8. In total 124 samples (28 from Set A 

and 96 from Set B) were tested for HAdV-F only using qPCR (Chapter 2, Section 2.6.4). In 

                                                 
5
http://www.esr.cri.nz/SiteCollectionDocuments/ESR/PDF/FoodSafety/FRSTShellfish-Report-Final-Aug07.pdf 

http://www.esr.cri.nz/SiteCollectionDocuments/ESR/PDF/FoodSafety/FRSTShellfish-Report-Final-Aug07.pdf
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addition, 28 samples (from Set A) were tested for HAdV-A, C and D by qPCR, with 

sequence-based typing performed on 50 samples (from set A). 

 

Table 6.8. Summary of shellfish samples for HAdV typing analyses  

Shellfish 

type 

Set A (Areas 1 and 2)  

(processed by the acid 

adsorption method) 

Set B  

(processed by the 

protease method) 

Total number of 

samples tested for 

HAdV-F 

Sequence-

based typing 

HAdV-A, C, D 

and F species- 

specific qPCR 

HAdV-F 

assay only 

Oysters 24 11 35 46 

Cockles - - 11 11 

Mussels 26 17 5 22 

Pipis - - 21 21 

Tuatuas - - 24 24 

Totals 50 28 96 124 

6.5.4. Results 

6.5.4.1. HAdV identification by sequence-based typing 

Multiple HAdV types were detected from shellfish samples using the conventional 

PCR assay followed by sequencing. The HAdV type or species was successfully identified 

from the majority (44/50) of samples. Both enteric (HAdV-F) and non-enteric (e.g. 

respiratory) HAdV were detected, including HAdV types 1, 2, 6, 31, 40 and 41, and from 

HAdV-B species (unable to be typed) (Tables 6.9 and 6.10). In oysters collected from Area 1 

(n=24), HAdV-2 was the most commonly identified HAdV type. In mussels (n=26) collected 

from Area 2, an area impacted by wastewater effluent, HAdV-41 was the most frequently 

detected type (15/26), followed by HAdV-2 (5/26) and HAdV-40 (3/26). Overall, six samples 

also contained unidentified HAdV (due to poor-alignment with HAdV sequences available in 

GenBank). 
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Table 6.9. HAdV sequence-based typing from shellfish collected from Area 1 (10 sites) 

Site HAdV-1 HAdV-2 HAdV-6 HAdV-B HAdV-41 Unidentified Total 

1A      1 1 

1B      1 1 

1C  1     1 

1D  1  1  1 2 

1E  3     3 

1F 1 2   1  4 

1G  3 1  1 1 6 

1H  2   2  4 

II  1     1 

IJ      1 1 

Totals 1 13 1 1 4 5 24 

 

Table 6.10. HAdV sequence-based typing from mussels collected from Area 2 (5 sites) 

Site  HAdV-1 HAdV-2 HAdV-31 HAdV-40 HAdV-41 Unidentified Total 

2A 1 1   4  6 

2B  1  1 5  7 

2C  1 1 1 4  7 

2D  1  1 2 1 5 

2E  1     1 

Totals 1 5 1 3 15 1 26 

6.5.4.2. HAdV-A, C, D and F detection using qPCR  

Multiple enteric and non-enteric HAdV species were detected from 28 shellfish 

samples (Set A samples: Areas 1 and 2 using HAdV species-specific qPCR assays (Table 

6.11).  

 

Table 6.11. HAdV-A, C, D and F in shellfish collected from Area 1 and 2 

HAdV species 

detected by 

qPCR 

Number of samples positive/ 

total number tested 

Totals  

(% positive) 

Area 1 (oysters) 

(n=11) 

Area 2 (mussels) 

(n=17) 

HAdV-A 2/11 5/17 7/28 (25.0%) 

HAdV-C 3/11 4/17 7/28 (25.0%) 

HAdV-D 1/11 0/17 1/28 (3.6%) 

HAdV-F 1/11 12/17 13/28 (46.4%) 

 

Interestingly, one of the samples negative for HAdV-A, C, D or F by qPCR was 

positive for HAdV-B using sequence-based typing (data not shown). Three negative samples 
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were also HAdV-negative using the generic qPCR (Heim et al., 2003). One negative sample 

was positive by the generic HAdV qPCR, it was also negative by the conventional nested 

PCR, implying a low level of contamination. Overall, for the 28 samples tested for A, C, D 

and F, HAdV-F was the most frequently detected species (13/28, 46.4% samples) (Table 

6.11). In oysters collected from Area 1, HAdV-F was only detected in one sample; with 

HAdV-C the most commonly identified HAdV type. In mussels collected from Area 2, an 

area impacted by wastewater effluent, HAdV-F was detected with the highest frequency, 

followed by HAdV-A (5/17, 29.4%). Using qPCR, HAdV-F was detected in 33/124 (26.6%) 

samples from a wide variety of shellfish types (Table 6.12).  

 

Table 6.12. HAdV-F detected in shellfish collected from Set A and Set B 

Sample set Shellfish type HAdV-F Totals 

Negative Positive 

Set A samples Mussels (Area 1) 5 12 17 

  Oysters (Area 2) 10 1 11 

Set A Total 

 

15 13 28 

Set B samples Cockles 6 5 11 

  Mussels 4 1 5 

  Oysters 32 3 35 

  Pipis 19 2 21 

  Tuatuas 15 9 24 

Set B Total 

 

76 20 96 

Grand Total 

 

91 33 124 

 

6.5.5. Discussion 

As potential faecal indicators or indices in shellfish, it is important to understand the 

incidence of HAdVs and if possible, the predominant species (‘enteric’ HAdV-F vs. the ‘non-

enteric’ HAdV A-E), as this information may inform on relative human health risks. 

Although all HAdV types are excreted in faeces, HAdV-F are transmitted primarily by the 

faecal-oral route (rather than other routes). One potential transmission route of HAdV-F is via 

food and shellfish- important in the context of this study. It would be reasonable to assume 

that the presence of HAdV-F would present more of a risk to shellfish consumers than the 

presence of HAdV species A to E which, although likely to be present in shellfish too due to 

the presence in wastewater, are essentially transmitted through direct person to person 

transmission and/or via respiratory route, rather than the faecal-oral route. In addition, 

although not directly related to human health risk necessarily, the relative high occurrence 
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and concentration of HAdV-F compared to non-HAdV-F viruses in waters suggest that these 

viruses may be more significant.  

It is interesting that considering the prevalence of HAdVs in many studies, there are no 

reports of HAdV infection following the consumption of shellfish. The reasons for this are 

not known but may be associated with pre-existing immunity in the host, as discussed in the 

chapter introduction.  

To date, the information on the types of HAdV present in shellfish are very limited. In 

this research study, the HAdV diversity in shellfish was established using two approaches: 

sequence-based tying and HAdV species-specific qPCR assays (A, C, D and F only). As 

HAdV-F is the predominant HAdV species in wastewater (or at least the most frequently 

detected), then assuming that virus uptake (bioaccumulation) and other factors are equal, 

HAdV-F would also be expected to predominate in shellfish contaminated by wastewater 

effluent. It would also be expected that other HAdV types would be present and that the 

extent of diversity would be dependent on the source of the pollution. For example, greater 

diversity of HAdV would be expected in shellfish contaminated through municipal 

wastewater (especially but not exclusively those serving larger populations) than through 

sources such as septic tank and land runoff where only one or limited HAdV types/species 

may be present. 

HAdV-F (and specifically HAdV-41) was more commonly detected HAdV species in 

shellfish impacted by a WWTP effluent than the areas with low impact from wastewater. 

Although various HAdV types/species were identified, the high frequency of detection of 

HAdV-F in shellfish from sites impacted from wastewater may be expected considering the 

predominance in influent and effluent wastewater (Chapter 3). The frequency of HAdV-41 

was more in Area 2 (WWTP impacted) than Area A, where the most commonly HAdV 

species was C and not F. This may be a consequence of the source of contamination (i.e. non-

municipal wastewater source), and probably reflecting the HAdV strain circulating within a 

smaller community at the time of sampling (HAdV-C, types 1, 2, 5 and 6 are commonly 

identified in New Zealand from clinical samples. Refer to Table 1.5). 

Typing of viruses using sequencing can be problematic. In this PhD study there were 

a number of isolates that could not be identified due mainly to poor sequence data. One 

reason may be due to mixed amplification PCR products. Cloning of PCR products allow the 

sequencing of individual PCR products which would resolve the issue. Although this was 

done for a number of samples, the expense, in terms of time and reagents, did not allow for 

extensive cloning to be performed. Even though cloning is useful, the technique will still be 
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biased towards the identification of the most abundant target. There were also a number of 

samples which were positive by qPCR but were unable to be sequenced because they failed 

to produce a PCR product using the conventional nested PCR. This was probably because 

qPCR is more sensitive than the conventional nested PCR that is required for subsequent 

sequencing. The use of specific qPCR assays (e.g. HAdV-A) negates the need to use PCR 

assays that may be less sensitive, and specific assays also perform well with samples 

containing mixed targets. 

Overall the results showed that, where detected, mixed HAdV species (enteric and 

non-enteric HAdV types) were present in shellfish and similar to other studies (Table 6.3), 

HAdV-F was the most commonly detected species, particularly from sites impacted by 

municipal wastewater. 
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CHAPTER 7. CONCLUSIONS 

The main aim of this research study was to assess the use and applicability of human 

adenoviruses (HAdVs) as indicators of faecal contamination and as occurrence indicators 

(pathogen indices) of human enteric viruses in environment and shellfish. The second aim 

was to consider human polyomaviruses (HPyVs) for the same roles. As previously suggested, 

HAdVs and HPyVs are potential candidates due to key properties related to their prevalence 

in the population and their stability in the environment. HAdVs and HPyVs are excreted in 

high concentrations by humans in faeces and urine respectively, and are present over wide 

geographical regions. Both viruses have similar properties: they contain dsDNA and are more 

resistant to UV disinfection than RNA enteric viruses such as norovirus (NoVs) and 

enteroviruses (EVs). Importantly HAdVs in particular have demonstrated excellent survival 

characteristics in the environment. 

It is well accepted that while faecal indicator bacteria are useful for assessing 

microbial water quality, they fail to predict human health risk from enteric viruses, due 

mainly to their different survival properties in the environment. Relationships between 

HAdVs/HPyVs and NoVs, important water and shellfish-borne pathogens, were examined in 

a range of environmental samples, rather than focus on the relationship between viruses and 

faecal indicator bacteria, where much work has been already been done. This study focused 

on the quantity, infectivity and diversity (specifically HAdV species /types) of enteric viruses 

in the New Zealand aquatic environment and in biosolids. In wastewater and biosolids, the 

comparable prevalence and concentrations of HAdVs/HPyVs and EVs were also evaluated. 

To determine the quantity, infectivity and diversity of enteric viruses in the New 

Zealand aquatic environment and in biosolids, it was first necessary to develop and/or verify 

suitable methods. Most of the development work was focused on HAdVs, reflecting the main 

aim of the study. The method development included: recovery methods (e.g. the validation of 

an ultrafilter for virus concentration from water samples); detection methods including 

development and use of integrated culture-PCR (C-PCR) using generic HAdV and HAdV 

species-specific qPCR assays, and comparing different cell lines to inform on the most 

suitable approach to determine virus infectivity; and assessment of guanidine hydrochloride to 

inhibit EV growth in various cell lines and assays.  
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The integration of guanidine hydrochloride in the HAdV cell culture assays was 

addressed as a priority in this study as the overgrowth of EVS could grossly underestimate 

HAdV concentrations. Although guanidine hydrochloride had previously been found useful in 

suppressing EV growth in HAdV cell culture assays for wastewater samples, its applicability 

for both conventional quantitative and C-qPCR culture methods was evaluated in this study. 

A variety of environmental matrices were analysed for HAdVs, HPyVs and NoVs. In 

some matrices (wastewater and biosolids), the detection of EVs were also included. Sample 

types used in this study were: influent and effluent wastewater (in Chapter 3 which excluded 

HPyVs and Chapter 5); biosolids (in Chapter 4); environmental waters (estuarine, river and 

urban stream in Chapter 5); and bivalve molluscan shellfish (e.g. oysters, mussels in Chapter 

6). These represented matrices with either the largest impact on water quality (i.e. point-

source contamination from wastewater treatment plants, WWTP) or associated with human 

health risks through their exposure to humans. Examples of risk would be NoV infection 

following consumption of faecally contaminated shellfish, or risk of viral infection from 

contaminated recreational waters through aerosol and faecal-oral transmission. To understand 

better the ecology of HAdVs in the environment with respect to their persistence and survival, 

risk to human health and role as indicators, their diversity in terms of the types present was 

evaluated using qPCR, culture and C-PCR for a number of matrix types: influent and effluent 

wastewater, river water, estuarine waters, biosolids and shellfish. For HPyVs, qPCR was only 

used due to limitations in the culture of HPyVs. To maximise the amount of data collected, 

samples collected for various research studies and for other projects over several years were 

selected for further analyses in this study.  

 

The major findings of this study are summarised in Table 7.1. 
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Table 7.1. Suitability of human adenoviruses and human polyomaviruses as indicators of faecal contamination and as pathogen indices 

Occurrence and methodology are rated as low to high using a 4 point qualitative scale: Low +, ++, +++, ++++ High 

 

Occurrence 

and 

frequency of 

indicator 

Recovery 

methods 

Suitability of detection 

by: 

 

Major findings (pros and cons) 

 

 

Recommendations for application 

and/or future research 

 

Confidence rating 

as an indicator 

and pathogen 

indices 

efficiency 

& cost 

PCR-

based 

methods 

Culture-based 

methods 

(HAdV only) 

Wastewater (influent and effluent) 

++++ ++++ ++++ ++++ High prevalence and concentration of both viruses. 

Effluent wastewater, 4-6 log10/L; HAdV-F dominant.  

- ++++  HAdV 

++++  HPyV 

Biosolids 

++++ ++++ ++++ ++++ High prevalence and concentration of both viruses 

(5-6 log10/g HAdV; 4-5 log10/g HPyV). HAdV-F 

dominant HAdV species. HPyVs at a lower 

concentration than HAdVs. Composts negative for 

HAdVs by qPCR. EV detection (by culture) as 

relevant as HAdV. 

HAdVs: Application of C-qPCR using 

HEK-293 cells for infectivity studies. To 

assess effectiveness of viral pathogen 

removal through treatment processes using 

qPCR method 

++++  HAdV 

+++    HPyV 

 

 

River water, estuarine water, urban stream 

++ +++ ++++ ++ Medium prevalence and low-medium concentration 

(River water, 2-3 log10/L, estuarine water, 2-3 

log10/L).  

Neither virus necessarily correlates with NoV 

presence. Higher prevalence of NoVs than the other 

viruses in estuarine water.  

Recommend ‘toolbox’ approach (use of at 

least HAdVs and HPyVs).  

Investigate the high prevalence of NoVs in 

estuarine waters compared to HAdVs and 

HPyVs.  

+++    HAdV 

+++    HPyV 

  

Bivalve molluscan shellfish 

+ 

 

+ ++++ + Low HAdV (and presumed HPyV) recovery. (No 

PCR inhibition noted). 

Occurrence and concentration of NoVs were 

significantly higher than HAdVs and HPyVs. 

Development of improved recovery 

methods, aligned with those to recover 

NoVs; further consideration of the 

properties (including hydrophobicity) of 

HAdVs required. Good recovery required 

for not only detection but for accurate 

quantification. Note: ISO/TS 15126 method 

is not suitable for culture assays. 

 +     HAdV 

 +     HPyV 
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 The study commenced with the analysis of wastewater samples. Many overseas 

studies, some of which are referenced in Chapter 3, have shown that HAdVs are prevalent in 

human municipal wastewater influent. However, there was a lack of information on virus 

concentrations in wastewater from WWTP that serve smaller communities and use a range of 

treatment processes - and no data for New Zealand. In terms of their treatment processes and 

the population size they serve, there is a wide variety of WWTP in New Zealand. It was 

therefore important to evaluate the possible influence of the size of the population on 

prevalence and concentration of enteric viruses in influent to ensure that as potential 

indicators, they are frequently present and at a high concentration regardless of WWTP size 

and treatment process. As wastewater from municipal WWTP is the main sources of enteric 

viruses in the aquatic environment, it is important there is an understanding of the expected 

effluent concentrations to predict their detection following dilution in the receiving waters. In 

Chapter 3, it was shown that HAdVs were frequently present and at high concentrations in the 

influent from a variety of WWTP. By using MDS
6
, it was also shown that the influent virus 

profiles were generally independent of the WWTP size. This confirmed that there was a 

similar epidemiological distribution of these enteric viruses
7
 (HAdVs, EVs and NoVs) across 

New Zealand - important when considering potential viral indicators. HAdVs were also 

present consistently in effluent samples and by using MDS analysis, the virus profiles in 

effluent samples were shown to be independent of the treatment process. Again, this was 

considered important when assessing the suitability of viruses as indicators as their presence 

in, at least, non-disinfected effluent would be irrespective of treatment type. It was noted, 

however, that there was less variation in concentrations in samples from WWTP serving 

larger populations and that smaller WWTP were characterised by variable virus 

concentrations. Further work described in Chapter 5 (Section A) showed that, in addition to 

HAdVs, HPyVs were also prevalent and at concentrations at least as high in influent and 

effluent wastewater from a variety of New Zealand WWTP. This information was the first 

step in assessing the role of HPyVs as an indicator of human sewage pollution.  

 The results presented in this study showed that, depending on the method used, the 

predominant HAdV identified in both influent and effluent wastewater varied. Overall, 

combining the qPCR and culture results strongly suggested that HAdV-F was the 

predominant HAdV species detected in both influent and effluent wastewater. However most 

                                                 
6
 The ‘multi-dimensional scaling (MDS) analyses’ tool is used extensively in bacterial ecology but had not been 

used previously to analyse environmental enteric virus concentration data. 
7
 At this stage in the study, the HPyV qPCR assay was not in use and so samples were tested later with results 

included in Chapter 5. 
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species (i.e. A, B, C and D) of HAdVs were detected, albeit at much lower concentrations 

than HAdV-F. 

 Few studies describe the analyses of biosolids for human viruses. As products of the 

wastewater treatment process to which enteric viruses will bind strongly, high virus 

concentrations would be expected in biosolids prior to pathogen inactivation treatments. The 

biosolids results were similar to wastewater in that the prevalence of HAdVs and HPyVs were 

comparable to EVs (Chapter 4). All viruses (EVs, HAdVs and HPyVs) were detected more 

frequently than NoVs, although it is acknowledged that the sample size was relatively small. 

To understand further HAdV stability in environmental matrices and to enhance confidence in 

methodologies used to determine virus infectivity, biosolids were chosen as a suitable matrix 

to evaluate infectivity assays. Biosolids represent one of the more complex matrices and so 

would be a particularly suitable test for methodological robustness. Using the same approach 

as trialled on wastewater samples (Chapter 2), the enterovirus inhibitor, guanidine 

hydrochloride, was evaluated for use with the C-qPCR assay and a range of cell lines. The use 

of guanidine hydrochloride was found to be useful in both qualitative and quantitative culture 

assays. The most effective approach for the detection of infectious HAdV from a range of 

samples, including biosolids, was using HEK-293 cells in the C-qPCR assay. This approach 

was deemed suitable as an alternative method for the NZWWA 2003 biosolids guidelines 

(NZWWA, 2003), for which anomalies had previously been identified and which needed 

addressing. The finding from this study therefore could be directly applied and so improve the 

guidelines. An additional outcome of the biosolids study was that the use of direct HAdV 

PCR may be suitable to test Grade A biosolids without the cost of performing cell culture 

assays. Further Grade A samples would be needed to validate this finding. 

 In urban streams, rivers and estuaries, although present in over 50% samples, 

neither HAdVs nor HPyVs were dominant in terms of their prevalence. This was not 

unexpected as the concentrations are much lower and presence more sporadic due to the effect 

of dilution in the aquatic environment. Therefore while HAdVs and HPyVs would be useful 

for faecal source tracking applications, as part of a multi-tool system, their use as sole viral 

indicators of human sewage contamination in the wider environment may be limited. Of 

particular note was that in the estuarine water samples, NoVs were more prevalent than 

HAdVs and HPyVs, which is significant because the persistence of NoVs in such waters 

could have potential consequences for both shellfish safety if the shellfish are grown nearby 

and health risk for recreational water users.  
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 The final matrix studied was bivalve molluscan shellfish. The data presented in this 

study from analyses of wastewater effluent and estuarine waters indicated that HAdVs and/or 

HPyVs would be present (for at least some of the time) alongside the presence of NoVs. 

Hence it was expected that the potential viral indicators, HAdVs and HPyVs, would be 

present, albeit not always concurrently, in shellfish contaminated with NoVs. However, a low 

prevalence of HAdVs and HPyVs was observed, as determined by qPCR. The ESR EFV 

Laboratory has great confidence in the recovery and detection methods for NoVs and hepatitis 

A virus from shellfish using a modification of the current ISO/TS 15126 protocols
8
 mainly 

through the NoV analysis of over 1000 shellfish samples over 10 years. The methods are fully 

validated for NoV and hepatitis A virus detection, but further investigations on the application 

of this recovery method for HAdVs and HPyVs were found to be problematic. It was 

concluded from subsequent seeding and recovery experiments that a major reason for the 

observed low prevalence was poor recovery of HAdVs (and presumably HPyVs) from 

shellfish. Further studies are required to investigate this, including persistence studies of 

HAdVs and HPyVs compared to NoVs, and modifications to the current recovery methods 

used for NoV and hepatitis A virus. Any modifications need to take into account the effects 

on the recovery efficiencies for NoVs and hepatitis A virus. Personal communication from 

other researchers indicated that HAdV and NoV recoveries were similar using methods based 

on those used in this study (i.e. ISO/TS 15126 protocols), but it was noted that there are few 

published data on enteric virus recovery currently in the literature. The combined finding that 

NoVs were more prevalent than HAdV and HPyV in estuarine waters, albeit with limited 

samples, and taking into account low virus recovery from shellfish, was interesting and 

should be considered in future work. 

 The diversity of HAdV in the different matrices was determined with the results 

showing that the choice of assay heavily influenced the results, independent of the matrix. For 

the non-species-specific PCR assays, the most prevalent target is generally amplified. In cell 

culture, the cell line used will influence the types detected (e.g. HEK-293 are more likely to 

isolate HAdV-F than A549 cells but is dependent on the relevant concentrations). Using 

methods that do not preferentially detect HAdV-F (e.g. species-specific qPCR assay and non-

HEK-293 cell lines) other types present can be readily detected in a range of matrixes. This is 

important with respect to risk assessments where the role of HAdV transmitted by the aerosol 

route (i.e. non-HAdV-F types) may be important, as for example in recreational waters.  

                                                 
8
 In addition, the EFV Laboratory obtain the ‘expected’ results from international quality assurance panels  
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 As HAdVs (and HPyVs) are increasingly regarded as suitable indices for viral 

contamination from human faecal sources, there is a need for robust, reproducible, standard 

quantitative methods that can be used in routine analysis of these viruses and for which the 

results can readily provide information for risk assessments. While it is recognised that more 

research and development regarding virus detection methods is required, equally important is 

the need to make improvements at the sample concentration step. The results from Chapter 6 

(shellfish) highlighted that need, showing that recoveries of different enteric viruses cannot be 

assumed to be equal. Apart from shellfish, methods used for virus recovery were robust and 

provided consistent and reproducible results but improvements can be made. One is to 

consider the simultaneous detection of viral and bacterial targets, including those (such as 

Bacteroides spp.) suggested for microbial source tracking. Concentration methods (such as 

the ultrafiltration as validated in Chapter 2 and used in Chapter 5) where the first step is 

essentially a ‘catch all’ technique can be adapted to recover both bacterial and viral targets. 

This will reduce costs and to allow for the simultaneous concentration of targets of interest. 

As well as standardised, robust concentration /recovery and detection methods, the 

demonstration of infectivity, or at least an understanding of how PCR results relates to 

infectivity is always a priority for risk assessments (e.g. PCR detection methods may give 

‘false positives’ which indicate high risk where the risk may be low). The C-qPCR assays 

described here are quicker and more sensitive than the conventional C-PCR assays. In 

addition, through the use of an MPN approach using multiple wells and multiple dilutions, the 

method can be adapted to obtain quantitative data.  

 As direct laboratory costs and turnaround time are more than for faecal indicator 

bacteria (used for regular compliance monitoring despite their limitations), these two factors 

are potential barriers in using them. However, as discussed in Chapter 1, the continued use of 

faecal indicator bacteria alone for many applications is no longer justified, despite the low 

cost and standardised methods, as reliable virus methods are now available that could be used 

for the testing of water. The use of cell culture alone as a means of determining the quantity of 

infectious viruses in environmental samples is perhaps restricted but until an effective 

molecular method can be used to assay infectivity, the use of C-qPCR appears the best 

available approach for culturable enteric virus detection and quantitation.  
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 Overall, the results of this study complement previous studies, both in New Zealand 

and overseas, describing HAdVs and HPyVs prevalence in a range of matrices (Bofill-Mas et 

al., 2010a; Dong et al., 2010; Kirs et al., 2011; Kokkinos et al., 2011; Lin et al., 2013; Wong 

et al., 2010). Due to their prevalence, concentration and stability in the environment, these 

viruses are most suited as ‘faecal’ (or more accurately ‘human sewage’ when referring to 

HPyVs) indicators. If the factors described above are combined with their human host 

specificity, these viruses also have potential as microbial source tracking tools when sources 

of human contamination are being investigated. As with other indicators and faecal source 

tracking targets, it is unlikely that the detection of a just one target using one method will be 

sufficient to identify health risks and (human) faecal contamination sources. The relationship 

between indices and illness is not clear cut, and at best variable, so the use of HAdVs and 

HPyVs as indicators will always have limitations. In addition, the interpretation of positive 

PCR results is difficult for pathogens especially for those such as NoVs for which there is no 

reproducible culture method (Papafragkou et al., 2013). Determining the human health risks 

and the circumstances for closing a recreational beach on the basis of a positive qPCR result 

for HPyV in recreational waters is even more difficult.  

 In summary, whether a single indicator or a tool-based approach that incorporates 

different indicators is used, it is imperative that indicators are fully evaluated and validated in 

a range of situations. The use of viruses, such as HAdVs, as indicators may be considered 

unconventional as their prevalence is dependent either on human infection in the community 

or on persistent excretion into sewage rather than being present as the ‘natural flora’. The key 

advantage of using HAdVs is principally their persistence in the environment. Methods will 

be required to be standardised before being used extensively. qPCR is now widely used in 

laboratories and has become a routine detection method. Inclusion of appropriate controls 

ensures that the results are reliable. For laboratories with cell culture facilities and expertise, 

the addition of C-qPCR to determine HAdV infectivity would be optimal. HAdVs are ideal as 

indicators as they can provide information on infectivity and quantification. Ideally indicators 

should be able to be used in accurate modelling or in real-time monitoring. For this, qPCR or 

new methods such as digital PCR are ideal. Looking to the future, real-time monitoring assays 

that could evaluate potential infectivity will be introduced, standardised and be flexible 

enough to be useful in different situations which allow for risk evaluation of new pathogens. 
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The results of the study supported the hypothesis that HAdVs and HPyVs are suitable 

indices for viral contamination from faecal sources and due to their prevalence in the 

environment, these viruses also have potential as microbial source tracking tools. 

However, one caveat identified was the difficulty in recovering HAdVs, and 

presumably HPyVs, from shellfish and this needs to be resolved. In conclusion, HAdVs 

and HPyVs together are a good option for viral indicators of faecal contamination and 

as pathogen indices in the environment.
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APPENDIX A. Viruses 
 

Table A.1. Viruses used in this study 

Virus Source  

HAdV-2 (ATCC VR-846) adenoid 6 ATCC
9
  

HAdV-41 (ATCC VR-930) Tak ATCC 

HAdV types 1, 3- 5, 8, 9, 12, 13, 15, 17, 19, 21, 22, 29, 31, and 37 ESR
10

 

Animal adenoviruses MPI
11

 

HPyV JC Wastewater  

Norovirus GI and GII ESR 

Sabin poliovirus type 2 LSc ab (monovalent Pfizer vaccine strain) WHO 
 

 NoV GI and GII strains derived from human faecal samples included GI.3, GII.3 and 

GII.4. To prepare and identify NoV, 0.2 g faecal material was resuspended in 2 mL virus 

transport medium (VTM) (Appendix C) and 200 µL chloroform, vortexed, and centrifuged at 

12,000 x g for 10 min at 4°C. The supernatant was stored at 4°C or at -80°C for long-term 

storage (≥ 2 weeks). Following viral RNA extraction of 200 µL supernatant, NoV was detected 

and genogrouped using a one-step NoV GI or GII specific reverse transcription (RT)-qPCR 

assay (Kageyama et al., 2003) and genotyped using sequence data as previously described 

(Greening et al., 2012). Refer to Appendix F for details on viral nucleic acid extraction and one-

step NoV RT-qPCR assays. 

 Sabin poliovirus type 2 (PV2) LSc ab was used as a positive control for the EV assays. 

Other EVs including human echoviruses, human coxsackievirus A and B, were isolated from 

clinical samples submitted to ESR Ltd for virus testing and /or identification. Refer to Appendix 

F for details on viral nucleic acid extraction and EV RT-qPCR assay. 

  

                                                 
9
 ATCC, Manassas, VA, US 

10
 Sourced from clinical and environmental samples submitted to the Institute of Environmental Science and 

Research (ESR Ltd) for virus testing and /or identification. 
11

 The Animal Health Laboratories, MPI Investigation and Diagnostic Centre, National Centre for Biosecurity and 

Infectious Disease (NCBID), Wallaceville, New Zealand. 
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APPENDIX B. Cell lines 

  
 Table B.1. Epithelial cell lines used in this study  

Cell line ATCC number Description Passage 

number 

range used 

HEK-293
12

  CRL-1573 Human embryonic kidney  28-45 

A549 CCL-185 Human epithelial lung carcinoma 85-104 

BGM
13

 Not applicable Buffalo green monkey kidney 85-110 
  

                                                 
12

 The HEK-293 cell line is a transformed cell line (transformed with sheared HAdV-5 DNA) and is a genetically 

modified organism requiring Biosafety Level 2 containment. It must be handled in a Class II biological safety 

cabinet.
  

13
 First isolated at State University of New York at Buffalo 
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APPENDIX C. Reagents (non-PCR) 

 

C.1 Cell culture growth/maintenance media 

Cell culture growth and maintenance media comprises a base media (e.g. Medium 199 or minimum 

essential medium (MEM), Gibco) supplemented with other reagents. The components for the growth 

media for HEK-293, A549 and BGM are shown in Tables C.2, C.3 and C.4. Between 5-10% (v/v) heat-

inactivated FCS (Invitrogen) was added to prepare a growth media. To prepare maintenance media, 10 

mL heat inactivated FCS (to give 2% (v/v)) was added instead of the amount used for the growth media. 

Maintenance media was used for short term maintenance of cells once confluent or for use in quantitative 

assays. All cell culture media was supplemented with 100 units of penicillin G sulphate, 100 µg/mL 

streptomycin sulphate (Gibco) and 50 µg/mL gentamicin (Pfizer, Quebec, Canada) (P/S/G) to assist in the 

prevention of bacterial contamination (Appendix C.7). Media for HEK-293 cells was supplemented with 

non-essential amino acids (NEAA) (Gibco). Prepared media was stored at 5 ± 3
o
C and used within 3 

months of preparation. Prior to media preparation, FCS was heated to 56
o
C for 30 min to inactivate 

complement present, aliquoted and stored at -30 ± 5
o
C. 

 

Table C.1. Growth media for HEK-293 cells 

Reagent Volume Supplier Cat no. Storage 

DMEM (Dulbecco’s Modified Eagle 

Medium High Glucose 1x)  

500 mL  Gibco  12430    5 ± 3
o
C 

Heat inactivated FCS 50 mL  Gibco 10091-148 -30 ± 5
o
C 

100 x NEAA solution  5 mL Gibco 11140    5 ± 3
o
C 

P/S/G solution 2.5 mL NA NA -30 ± 5
o
C 

 

Table C.2. Growth media for A549 cells 

Reagent Volume Supplier Cat no. Storage 

Medium 199  500 mL  Gibco 12340     5 ± 3
o
C 

Heat inactivated FCS 50 mL Gibco 10091-148 -30 ± 5
o
C 

P/S/G solution 2.5 mL NA NA -30 ± 5
o
C 

 

Table C.3. Growth media for BGM cells 

Reagent Volume Supplier Cat no. Storage 

Medium 199  500 mL  Gibco 12340    5 ± 3
o
C 

Heat inactivated FCS  25 mL  Gibco 10091-148 -30 ± 5
o
C 

P/S/G solution 2.5 mL NA NA -30 ± 5
o
C 
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C.2. Base media and agar for ACS assay 

Table C.4. 2 x 199 media 

Reagent Volume Supplier Cat no. Storage 

Medium 199 powder  60 g Gibco 31100-019 5 ± 3
o
C 

Ct values greater than 32 RT-

PCR 

8 g  Sigma S-5761 room temperature 

Penicillin/streptomycin (10,000 

U/mL) 

20 mL  Gibco 15140 -30 ± 5
o
C 

Distilled water Up to 4 L On site NA NA 

The reagents were mixed, filter sterilised (0.2 µm filter) using a large filter unit. The media was then 

aliquoted in 200 ml glass bottles and stored at -30 ± 5
o
C for long-term storage (≥ 2 weeks). 

 

Table C.5. 2% Noble agar 

Reagent Volume Supplier Cat no. Storage 

Noble Agar 2 g Difco 0142-01 room temperature 

Distilled water 100 mL On site NA NA 

The agar was added to the water and sterilised by autoclaving at 121
o
C for 15 min. Stored at room 

temperature for a maximum of 6 months. 

 

Table C.6. 2% Low melting point agar 

Reagent Volume Supplier Cat no. Storage 

Low melting point agar 2 g Sigma  A9414 room temperature 

Distilled water 100 mL On site NA NA 

The agar was added to the water and sterilised by autoclaving at 121
o
C for 15 min. Stored at room 

temperature for a maximum of 6 months. 

 
Other reagents  

Table C.7. Penicillin streptomycin/gentamicin solution (P/S/G) 

Reagent Volume Supplier Cat no. Storage 

Penicillin/streptomycin (10,000 U/mL) 25 mL Gibco 15140  5 ± 3
o
C 

Gentamicin sulfate BP (80 mg/2 mL) 50 mL Pfizer NA  5 ± 3
o
C 

The reagents were mixed in a sterile container, aliquoted in 5 mL sterile plastic containers. Stored at -30 ± 

5
o
C for long-term storage (≥ 1 week). 
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Table C.8. Viral Transport Media (VTM) 

Reagent Volume Supplier Cat no. Storage 

MEM with Earles Salts and L- Glutamine  500 mL Gibco 11095 5 ± 3
o
C 

Bovine serum albumin (BSA) (7.5%) 33.3 mL Gibco 15260 5 ± 3
o
C 

HEPES buffer solution 12.5 mL Gibco 15630 5 ± 3
o
C 

P/S/G solution  2.5 mL NA NA -30 ± 5
o
C 

Nysatin/Mycostatin (50,000 units/mL) 2.5 mL Sigma N3503 -30
 
± 5

o
C 

The reagents were mixed in a sterile container and pH adjusted to 7.3. The media was aliquoted in 2 mL 

sterile plastic containers. Stored at 5 ± 3
o
C, or at -30 ± 5

o
C for long-term storage (≥ 3 months). 

Nysatin/Mycostatin (50,000 U/mL) solution was prepared by adding 50,000, 000 units to 100 mL 

RNase/DNase free water. 

 

Table C.9. Phosphate-buffered saline (PBS) 

Reagent Amount Supplier Cat no. Storage 

PBS tablet
a
 1 tablet Oxoid BR0014G 5 ± 3

o
C 

Distilled water 100 mL On site NA NA 
a
160 mM NaCl, 3 mM KCl, 1 mM KH2PO4, 8 mM Na2HPO4 

Each PBS tablet was dissolved in 100 mL distilled water and sterilised by autoclaving at 121
o
C for 15 

min. Stored at room temperature or 5 ± 3
o
C for a maximum of 6 months. 

 

Table C.10. Proteinase K solution (10 mg/mL) 

Reagent  Amount Supplier Cat no. Storage 

Proteinase K  250 mg Roche 3115852001 room temperature 

DNase/RNase free water 25 mL Roche 11858874001  room temperature 

The proteinase K powder was dissolved in water and aliquoted in 1 mL volumes. Stored at -20 ± 5
o
C for a 

maximum of 12 months. 

 

Table C.11. EDTA (0.5 M) solution, pH 8.0 

Reagent Amount Supplier Cat no. Storage 

EDTA 186.1 g Sigma E-5134 room temperature 

NaOH pellets 22 g BDH 10252 room temperature 

Distilled water 1000 mL In house NA NA 

EDTA and NaOH pellets were dissolved in 800 mL of distilled water with gentle heat applied. The pH 

was adjusted to pH 8.0, by the addition of NaOH pellets. The volume was made up to 1000 mL and 

dispensed in smaller aliquots (2 x 400 mL, 2 x 100 mL). The solution was sterilised at 121
o
C for 15 min. 

Stored at 5
 
± 3

o
C for a maximum of 2 years. 
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Table C.12. Proteinase K digestion buffer solution  

Reagent Amount Supplier Cat no. Storage 

Proteinase K 10 mg/mL 0.2 mL See Proteinase K 

solution above 

NA -30 ± 5
o
C 

0.5 M EDTA 0.1 mL See EDTA solution 

above 

NA 5 ± 3
o
C 

1 M Tris-HCl pH 8.0 0.25 mL Invitrogen 15567-027 5 ± 3
o
C 

DNase/RNase free water 9.45 mL Gibco NA NA 

The reagents were mixed in a sterile container and immediately used for the shellfish protease digestion 

method. The final concentration of Proteinase K was 200 µg/mL. 
 

Table C.13. 0.05 M Glycine/0.15 M sodium chloride pH 9.0 

Reagent Amount Supplier    Cat no. Storage 

Glycine  1.88 g LabServ BSPGL673-500 room temperature 

Sodium chloride  4.38 g LabServ BSPGL944-500 room temperature 

Distilled water 500 mL In house NA NA 

The reagents were mixed, pH adjusted to 9.0 and autoclaved at 121
o
C for 15 min. Stored at 5 ± 3

o
C for a 

maximum of 6 months. 

 

Table C.14. 3% Beef extract/0.05 M glycine pH 9.0 

Reagent Amount Supplier    Cat no. Storage 

Beef extract 30 g Oxoid LP0029 room temperature 

Glycine 3.76 g LabServ BSPGL673-500 room temperature 

Distilled water 1000 mL In house NA NA 

The reagents were mixed, pH adjusted to 9.0 and autoclaved at 121
o
C for 15 min. Stored at 5 ± 3

o
C for a 

maximum of 6 months. 

 

Table C.15. 3% Beef extract/2 M sodium nitrate, pH 5.5 

Reagent Amount Supplier    Cat no. Storage 

Beef extract 30 g Oxoid LP0029 room temperature 

Sodium nitrate  170 g BDH 102554U room temperature 

Distilled water 1000 mL In house NA NA 

The reagents were mixed, pH adjusted to 9.0 and sterilised at 121
o
C for 15 min. Stored at 5

 
± 3

o
C for a 

maximum of 6 months. 

 

Table C.16. Sodium polyphosphate (0.01%) solution 

Reagent Amount Supplier    Cat no. Storage 

Sodium polyphosphate 0.1 g Riedel-de Haen  S1609993 room temperature 

Distilled water 1000 mL In house NA NA 

The reagents were mixed. Stored at room temperature for a maximum of 1 month. 
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APPENDIX D. Primers and probes 

 
Primers and probes were sourced from Life Technologies New Zealand Ltd. (Auckland, 

New Zealand) and Biosearch Technologies Inc. (Petaluma, California, US) respectively. To 

illustrate the extent to which the HAdV primers had been used in environmental virology studies, 

references to each study published to 2014 are shown beneath each table. 

 

Table D.1. HAdV conventional endpoint PCR primers 

Name Sequence 5’ to 3’ Size 

(bp) 

Reference 

AV1/hexAA1885 

AV2/ hexAA 1913 

AV3/ hexAA 1893 

AV4/ hexAA 1905 

GCCGCAGTGGTCTTACATGCACATC 

CAGCACGCCGCGGATGTCAAAGT 

GCCACCGAGACGTACTTCAGCCTG 

TTGTACGAGTACGCGGTATCCTCGCGGTC 

301 

 

143 

Allard et al. (1990)
14

 

 

Allard et al. (1992) 

 

hex1deg 

hex2deg 

nehex3deg 

nehex4deg 

GCCSCARTGGKCWTACATGCACATC 

CAGCACSCCICGRATGTCAAA 

GCCCGYGCMACIGAIACSTACTTC 

CCYACRGCCAGIGTRWAICGMRCYTTGTA 

301 

 

171 

Allard et al. (2001) 

 

Allard et al. (1990) (primary PCR) and by Allard et al. (1992) (nested PCR): Girones et al. (1993), 

Girones et al. (1995), Puig et al. (1994), Pina et al. (1998), Castignolles et al. (1998), Vantarakis and 

Papapetropoulou (1998), Schvoerer et al. (2000), Cho et al. (2000), Chapron et al. (2000a), Jiang et al. 

(2001), Lee et al. (2002), Formiga-Cruz et al. (2002), Greening et al. (2002), Muniain-Mujika et al. 

(2003). Noble et al. (2003), Komninou et al. (2004), Lee et al. (2004a), Fong et al. (2005a), Karamoko et 

al. (2005), Rigotto et al. (2005), Formiga-Cruz et al. (2005), Lee et al. (2005), Carducci et al. (2006), 

Hundesa et al. (2006), Jiang et al. (2007), Lee et al. (2008), Till et al. (2008), Umesha et al. (2008), Dong 

et al. (2010), Fong et al. (2010), Kokkinos et al. (2010), Rigotto et al. (2010), Schlindwein et al. (2009), 

Wyn-Jones et al. (2011) 

 

Allard et al. (2001): van Heerden et al. (2005a), Hundesa et al. (2006), Ogorzaly et al. (2009), Bofill-Mas 

et al. (2010a) Sdiri-Loulizi et al. (2010), Serracca et al. (2010), Prado et al. (2011), Calgua et al. (2013)  

 
Table D.2. HAdV qPCR primers and probes 

Name Sequence 5’ to 3’ Reference 

AQ1  

AQ2 

Probe 

GCCACGGTGGGGTTTCTAAACTT 

GCCCCAGTGGTCTTACATGCACATC 

TGCACCAGACCCGGGCTCAGGTACTCCGA 

Heim et al. (2003)
a
 

HAdVfor  

HAdVrev 

ACDEFprobe 

Bprobe 

CWTACATGCACATCKCSGG 

CRCGGGCRAAYTGCACCAG 

CCGGGCTCAGGTACTCCGAGGCGTCCT 

CCGGACTCAGGTACTCCGAAGCATCCT 

Hernroth et al. (2002)
b
 

a
referred to as generic HAdV #1 in Chapter 5; 

b
referred to as generic HAdV #2 in Chapter 5. 

 

Generic HAdV qPCR assay method #1 Heim et al. (2003): van Heerden et al. (2005a), Haramoto et al. 

(2005a), Bofill-Mas et al. (2006), Katayama et al. (2008), Hamza et al. (2009), Dong et al. (2010), Jurzik 

et al. (2010), Hamza et al. (2011b), Prado et al. (2011), Williamson et al. (2011), Wong and Xagoraraki 

(2011), Ye et al. (2012), Prado et al. (2013). 

 

Generic HAdV qPCR assay method #2 Hernroth et al. (2002): Formiga-Cruz et al. (2002), Albinana-

Gimenez et al. (2006), Bofill-Mas et al. (2006), Calgua et al. (2008), Carducci et al. (2008), Albinana-

                                                 
14

 Allard (1990) primers have mismatches to species B1 members and were redesigned (Allard et al., 2001). 
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Gimenez et al. (2009b), Ogorzaly et al. (2009), Kuo et al. (2010), Bofill-Mas et al. (2010a), Ogorzaly et 

al. (2010), Rigotto et al. (2010), Schlindwein et al. (2010), Wong et al. (2010), Calgua et al. (2011), 

Guerrero-Latorre et al. (2011), Kokkinos et al. (2011), Souza et al. (2012),Wyn-Jones et al. (2011), 

Garcia et al. (2012), Rodriguez-Manzano et al. (2012), Fongaro et al. (2013), Rodriguez-Manzano et al. 

(2014). 

 

Table D.3. HPyV JC and BK qPCR primers and probe 

Name Sequence 5’ to 3’ Reference 

SM2  

P6  

KGJ3 probe 

AGTCTTTAGGGTCTTCTACCTTT 

GGTGCCAACCTATGGAACAG 

TCATCACTGGCAAACAT 

McQuaig et al. (2006) 

 

Mc Quiag et al. (2009) 

 
Table D.4. NoV GI and GII qPCR primers and probes 

Name Sequence 5’ to 3’
 a
 Reference 

NoV-VTB GI for  

NoV-VTB GIrev 

NoV-VTB GIprobe 

GCYATGTTCCGYTGGATGC 

GTCCTTAGACGCCATCATCATT 

TCGGGCAGGAGATYGCGRTCYC 

Wolf et al. (2010) 

NoV-VTB GII for  

NoV-VTB GIIrev 

NoV-VTB GIIprobe 

ATGTTYAGRTGGATGAGRTTYTC 

TMGAYGCCATCWTCATTCAC 

CACRTGGGAGGGCGATCGCAATC 

Wolf et al. (2010)
b
 

COG1F   

COG1R 

RING1a-TP 

RING1b-TP 

CGYTGGATGCGNTTYCATGA 

CTTAGACGCCATCATCATTYAC 

AGATYGCGATCYCCTGTCCA 

AGATCGCGGTCTCCTGTCCA 

Kageyama et al. (2003) 

COG2F  

COG2R  

RING2-TP 

CARGARBCNATGTTYAGRTGGATGAG 

TCGACGCCATCTTCATTCACA 

TGGGAGGGCGATCGCAATCT 

Kageyama et al. (2003)
c
 

a
mixed bases in degenerate primers and probes: B = C/G/T; K = G/T; R = A/G; S = C/G; W = A/T; Y = 

C/T; N = any. 
b
referred to as NoV GII #1 in Chapter 5; 

c
referred to as NoV GII #2 in Chapter 5. 

 
Table D.5. EV qPCR primers and probe 

Name Sequence 5’ to 3’ Reference 

Entfor  

Entrev 

Entprobe 

GGCCCCTGAATGCGGCTAAT 

CACCGGATGGCCAATCCAA 

GGACACCCAAAGTAGTCGGTTCCG 

Donaldson et al. (2002) 
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APPENDIX E. Virus recovery methods from waters 

E.1. Influent and effluent wastewater (pre-2005) 

Sodium nitrate/beef extract elution and PEG precipitation  

For wastewater samples processed prior to 2005, the virus recovery method as described 

in Chapter 3 and as previously published (Hewitt et al., 2011) was used. The method was 

modified from previously published work (Green et al., 1995; Greening et al., 2002; Lewis et al., 

1988; Wait et al., 1983).  

The sample was centrifuged at 2,400 x g for 20 min at 4
o
C. While the supernatant was 

retained (SN1), viruses from the pellet were eluted using 2M sodium nitrate in 3% (v/w) beef 

extract (Oxoid Ltd., Hampshire, England) (pH 5.5) at a 3:1 ratio (v/w). (Table C.15). Following 

mixing for 1 hr at room temperature, the material was centrifuged at 10,000 x g for 20 min at 

4
o
C, and supernatant added to the stored SN1. The pellet was then discarded. Viruses were then 

concentrated using PEG 6000 precipitation. The pH was checked and adjusted to 7.2 if required. 

PEG 6000 (10% (w/v) final concentration) and sodium chloride (2% (w/v) final concentration) 

was added and allowed to dissolve. Following at least 2 hr (or overnight) incubation on a 

horizontal shaker (120 rpm) at 5 ± 3
o
C, the material was centrifuged at 10,000 x g for 25 min. 

The pellet was resuspended in 10 mL PBS (pH 7.4-8.0). The pH was checked and adjusted to 

8.0, if required. The sample was placed in a sonicating waterbath for 2 min and eluted for 1 hr at 

room temperature with occasional vortexing (at least every 15 min). This was followed by a 

further 2 min sonication and centrifuged at 10,000 x g for 20 min at 4
o
C. An equal volume of 

chloroform was added to the supernatant, and left to stand for 15 min at room temperature, with 

occasional mixing by inversion. The sample was centrifuged at 1,000 x g for 5 min at 4
o
C, 

supernatant and interfacial layer recovered and 10 mL chloroform added. Following standing for 

15 min at room temperature, with occasional mixing by inversion, the mixture was centrifuged at 

10,000 x g for 20 min. The supernatant was recovered and unless analysis could commence 

within 24 hr, the sample was stored at -80
o
C until required. Antibiotics (P/S, Gibco) were added 

prior to cell culture. Viruses from 1 L wastewater (influent and effluent samples) were 

concentrated to 10 mL. 
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E.2. Influent wastewater (from 2006) 

Beef extract elution and PEG precipitation  

 From 2006 to present, wastewater samples of volumes less than or equal to 2L were 

concentrated using PEG 6000 precipitation following the elution of viruses from solids using 

beef extract solution. If solid material was evident, samples were first centrifuged at 5,000 x g 

for 20 min at 4
o
C. While the supernatant (SN1) was retained, viruses from the pellet were eluted 

using 3% (w/v) beef extract /0.05 M glycine solution, pH 9.0 at a 5:1 ratio (v/w). (Table C.14). 

Once the pellet had resuspended, the pH was checked and adjusted to 9, if required. Following 

mixing for 1 hr at room temperature, the material was centrifuged at 10,000 x g for 20 min at 

4
o
C, and supernatant added to SN1. The pellet was then discarded. Viruses from the supernatant 

were concentrated using PEG 6000 precipitation. The pH was checked and adjusted to 7.2, if 

required. PEG 6000 (10% (w/v) final concentration) and sodium chloride (2% (w/v) final 

concentration) was added and allowed to dissolve. Following at least 2 hr (or overnight) 

incubation on a horizontal shaker (120 rpm) at 5 ± 3
o
C, the material was centrifuged at 10,000 x 

g for 25 min. The pellet was resuspended in a minimum volume of 5 mL PBS (pH 7.5). The 

volume of PBS used was dependent on the size of the pellet. The sample was placed in a 

sonicating waterbath for 2 min and eluted for 1 hr at room temperature with occasional vortexing 

(at least every 15 min). This was then centrifuged at 10,000 x g for 20 min at 4°C and 

supernatant transferred to a fresh sterile vial. Unless analysis was to commence within 24 hr, the 

sample was stored at -80
o
C until required. Antibiotics (P/S, Gibco) were added prior to cell 

culture. Typically viruses from water samples were concentrated from a volume of 1- 2 L to 5-10 

mL, depending on the extent of solid material present.
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E.3. Concentration of water using hollow-fibre ultrafiltration 

 From 2006, water samples including wastewater of volumes > 1 L were concentrated by 

hollow-fibre ultrafilters using Hemoflow® HF80S dialysis filters (Fresenius Medical Care, Bad 

Homberg, Germany). From 2011, water samples > 1 L were concentrated using the FX80 

dialysis filters (Fresenius Medical Care). The methods used were based on that described by Hill 

et al. (2005). Modifications were that PEG 6000 precipitation was used to further concentrate the 

viruses from the sample with the inclusion of an optional step that involved the use of beef 

extract solution to elute viruses from sample solids. For chlorinated tap water, prior to filtration 

sodium thiosulphate (Sigma) was added to give a final concentration of 20 mg/mL (5 mL of 40 

mg/mL to 10 L water and mixed well).  

Once the apparatus was set up (Figure E.1), a 0.01% (w/v) solution of sodium 

thiosulphate was first recirculated through the filter for 15 min using a peristaltic pump (PD5006 

model, Heidolph, Schwabach, Germany). During this time, sodium thiosulphate was added to the 

sample to give a final concentration of 0.01% (w/v).  

 

Figure E.1. Set up of filter and peristaltic pump for of sodium polyphosphate recirculation 

 

Excess sodium thiosulphate was removed from the filter and tubing, and the sample was 

pumped through the filter using the peristaltic pump at a permeate rate of 120 to 300 mL/min. 

For most samples, this involved the retentate being recirculated back to the original container 

(Figure E.2).  
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Figure E.2. Set up of filter, peristaltic pump and sample 

 

 

For samples containing a high amount of solid materials, the sample was left to stand for 

at least 1 hr to allow for substantial solid sedimentation. The sample was then processed 

avoiding disturbing the bottom 1/3 to1/4 of the sample which was done by diverting the filtered 

retentate into a clean container. The remaining liquid with a high amount of solids was retained 

and added to the sample following the next step of back flushing. For most samples, the sample 

volume was reduced to 0.3-0.5 L and filtration completed within 1-2 hr. The filter was then 

backflushed, by reversing the flow to enhance release of viruses adsorbed to the filter, with a 

solution of 0.5% (v/v) Tween 80 and 0.01% (w/v) NaPO3 after which the total volume recovered 

was approximately 0.5 L.  

The sample was then visually examined to determine the extent of suspended solids.  

For samples with visible suspended solids only, the sample was first centrifuged at 10,000 x g 

for 20 min at 4
o
C. While the supernatant was retained (SN1), viruses from the pellet were eluted 

using 3% (w/v) beef extract/0.05 M glycine solution, pH 9, at a 5:1 ratio (v/w). Once the pellet 

had resuspended, the pH was adjusted to 9. Following mixing for 1 hr at room temperature, the 

material was centrifuged at 10,000 x g for 20 min at 4
o
C, and supernatant added to the stored 

SN1. The pellet was then discarded.  

For all samples, viruses were further concentrated using PEG precipitation. The pH of the 

sample was checked and adjusted to 7.2, if required. PEG 6000 (10% (w/v) final concentration) 

and sodium chloride (2% (w/v) final concentration) were added and dissolved. Following at least 

2 hr (or overnight) incubation on a horizontal shaker (120 rpm) at 5 ± 3
o
C, the material was 
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centrifuged at 10,000 x g for 25 min. The pellet was resuspended in a minimum of 5 mL PBS 

(pH 7.5). The volume of PBS added was dependent on the size of the pellet. The sample was 

placed in a sonicating waterbath for 2 min and eluted for 1 hr at room temperature with 

occasional vortexing (at least every 15 min). This was then centrifuged at 10,000 x g for 20 min 

at 4°C and supernatant transferred to a fresh container. Unless analyses were to commence 

within 24 hr, the sample was stored at -80
o
C until required. Antibiotics (P/S/G, Gibco) were 

added prior to cell culture.  

Typically, water samples were concentrated from 5-100 L to 5-20 mL depending on the 

extent of solid material present, but smaller volumes (e.g. 2 L) were also suitable. 
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APPENDIX F. Viral nucleic acid extraction and PCR methods 

  

Quality controls 

Precautions were taken to avoid cross contamination and nucleic acid degradation. This 

included the use of DNase/RNase free reagents, filter tips and designated separate areas for 

different stages (viral nucleic acid extractions, PCR reagent preparation and PCR assays).  

These designated separate were:  

 area 1 for preparation of RT and PCR mastermixes 

 area 2 for the preparation of viral nucleic acid and set up of RT and PCR/qPCR assays 

 area 3 for PCR/qPCR, nested PCR and post-amplification procedures such as gel 

preparation, product purification and PCR cloning. 

 

Effective quality control procedures were included in each step including procedures to 

avoid false negative or false positive results. For each assay, a negative extraction control 

(usually water), and a non-template control (water) were used. All PCR assays included 

appropriate controls including at least one known concentration of the appropriate positive virus 

control. For RNA viruses, titrated RNA standards (1000, 100 and 10 copies per reaction) was 

also included as controls for the RT step. For qPCR assays, at least one DNA plasmid standard 

was included where available (at least 1000 genome copies per reaction).  

 

Viral nucleic acid extraction 

Viral DNA and RNA were extracted from virus stocks, cell culture lysates and samples 

using the High Pure Viral Nucleic Acid Kit (Roche Molecular Biochemicals Ltd.) as per 

manufacturer’s instructions. Between 20 and 500 µL of samples were generally extracted. Viral 

nucleic acid extracts comprising of viral RNA or DNA (50 µL) were stored at -80
o
C until 

required.  

 

PCR assays 

The PCR/qPCR assays used for HAdV and HPyV detection and/or typing are as 

described in Chapter 2. For NoV GI and GII detection, separate two step RT-qPCR assays were 

used (rather than one-step RT-qPCR assays) as they had been previously demonstrated to be 

more sensitive using the conditions as described below (Greening et al., 2008). The NoV GI and 

GII duplex one-step RT-qPCR assay was used only for clinical samples. Primers and probes 

sequences used are shown in Appendix D. 
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The following RT and qPCR reagents were used for the NoV and EV qPCR assays: 

 SuperScript™ III-First Strand Synthesis System for RT-PCR (Invitrogen) was used for all 

reverse transcriptions to convert viral RNA to complementary DNA (cDNA) prior to qPCR 

 Platinum® Quantitative PCR SuperMix-UDG (Invitrogen, Life Technologies) containing a 

2x times concentration of reagents [40 mM Tris-HCl (pH 8.4), 100 mM KCl, 6 mM 

MgCl2, 40 units/mL uracil DNA glycosylase (UDG), 60 units/mL Platinum® Taq DNA 

Polymerase, dNTPs and stabilisers] was used for amplification of cDNA or DNA using 

qPCR. 

 

Viral quantification 

For quantification of viruses in the samples (genome copy numbers), the PCR cycle 

threshold (Cq) value in the ‘unknown’ sample was compared against the appropriate external 

standard curve generated from serial 10-fold dilutions of DNA plasmids (e.g. 10-10
7
 genome 

copies per reaction). Raw data were analysed using the qPCR machines software. The qPCR 

titres were then calculated by applying the Cq value to the standard curve.  

F.1. Norovirus GI and GII RT-qPCR (two-step) 

Two RT-qPCR assays were used for detection of NoV GI and two assays used for the 

detection of NoV GII. The NoV GI and GII reverse transcription reactions were mainly 

performed in one reaction, with the addition of specific reverse primers for both NoV GI and 

GII. The detection of armored RNA® as an extraction and PCR inhibition control is included in 

this section.  

 

Reverse Transcription. The RT mix comprised the specific reverse primer for NoV GI or GII, 

100 U Superscript™ III reverse transcriptase (Invitrogen), 10 units RNase inhibitor 

(RNaseOUT™, Invitrogen), 10 mM DTT, 1 mM of dNTPs, and 1x First Strand RT buffer 

(Invitrogen). Each RT reaction contained 2.5 µL RNA and 2.5 µL RT mix to give 5 µL cDNA. 

The RT reactions were carried out at 50°C for 30 min followed by 95°C for 4 min. For the 

generation of cDNA from armored RNA®, the reverse primer for armored RNA® was included 

in the RT reaction mix.  

 

qPCR: qPCR assays were carried out using Rotor-Gene™ 6000 real-time thermocycler (GI 

assay, Wolf; GII assay#1, Wolf et al., 2010) or 3000 real-time thermocycler (GII assay #2, 

Kageyama et al., 2003) real-time rotary analyzers (Corbett Life Science). For the detection of 

armored RNA®, 0.1 µM aNV GI probe and 0.1 µM aNV GI primers were included in the 

reaction mix as previously described (Greening et al., 2008). 
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Norovirus GI RT-qPCR assay 

Following the RT step, NoV GI detection was performed using primers (NoV-GI VTB 

rev, NoV-GI VTB rev) and probe (NoV-GI VTBprobe) (Wolf et al., 2010). The probe was 

labelled with FAM. Each 25 μL reaction contained 5 μL of cDNA, 12.5 μL of 2x Platinum® Taq 

Quantitative PCR Supermix-UDG (Invitrogen), 0.4 μM primers and 0.2 μM probe. The PCR 

consisted of an initial denaturation step for 5 min at 95ºC, followed by 45 cycles of 95ºC for 15 

sec, and 57ºC for 1 min. 

 

Norovirus GII RT-qPCR assay method #1  

Following the RT step, NoV GII detection was performed using primers (NoV-GII VTB 

rev, NoV-GII VTB rev) and probe (NoV-GII VTBprobe) (Wolf et al., 2010). The probe was 

labelled with FAM. Each 25 μL reaction contained 5 μL of cDNA, 12.5 μL of 2x Platinum® Taq 

Quantitative PCR Supermix-UDG (Invitrogen), 0.4 μM primers and 0.2 μM probe 

(Primers/probes, Appendix D). The PCR consisted of an initial denaturation step for 5 min at 

95ºC, followed by 45 cycles of 95ºC for 15 sec, and 57ºC for 1 min. 

 

Norovirus GII RT-qPCR assay method #2  

 Following the RT step, NoV GII detection was performed using primers (COG2R, 

COG2F) and probe (RING2) (Kageyama et al., 2003) (Primers/probes, Appendix D). The probe 

was labelled with FAM. Each 25 μL reaction contained 5 μL of cDNA, 12.5 μL of 2x Platinum® 

Taq Quantitative PCR Supermix-UDG (Invitrogen), 0.4 μM primers and 0.2 μM probe. The PCR 

consisted of an initial denaturation step for 5 min at 95ºC, followed by 45 cycles of 95ºC for 15 

sec, and 56ºC for 1 min. 

 

Interpretation of Armored RNA® control RT-PCR 

 To monitor for RT-PCR inhibition of environmental samples, diluted armored RNA® 

(Asuragen, Texas, US) was used and was frequently used in the two-step NoV assays as a duplex 

reaction. This has been previously described (Greening et al., 2008). The extent of RT-qPCR 

inhibition was determined by the difference in the Cq values obtained for the sample and 

nuclease-free water in the RT-qPCR assay. When a sample was negative for the target virus in 

all replicates and there was a difference of 3 Cq cycles (i.e. > 1 log) for the armored RNA® 

between the sample and the water, then the assay was repeated using NA dilutions. Differences 

of < 3 Cq cycles were not considered significant if all controls amplified accurately.  
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F.2. Norovirus RT-qPCR (one-step duplex qPCR for GI and GII) 

A one-step assay was used for the identification of NoV GI and GII in clinical samples. 

The assay was performed on the Rotor-Gene™ 3000 real-time thermocycler (Corbett Life 

Science) using primers (COG1R, COG1F, COG2R, COG2F) and probes (RING1a, RING1b, 

RING2) (Kageyama et al., 2003). RING1a and RING1b probes were labelled with FAM, and the 

RING2 probe was labelled with Red 610. Each 25 μL reaction contained 2.5 μL of RNA, 12.5 

μL of 2x One-Step Reaction Mix (Invitrogen), 20 units RNase inhibitor (RNaseOUT™, 

Invitrogen), 0.4 μM of each primer, 0.3 μM of RING1a probe, and 0.2 μM each of RING1b 

probe and RING2 probe. The RT-qPCR consisted of a RT step of 50ºC for 15 min and 

denaturation for 5 min at 95ºC, followed by 45 cycles of 95ºC for 15 sec, and 56ºC for 1 min. 

F.3. Enterovirus RT-qPCR (two-step) 

Reverse Transcription. The RT mix comprised specific reverse primers for EV, 100 U 

Superscript™ III reverse transcriptase (Invitrogen), 10 units RNase inhibitor (RNaseOUT™, 

Invitrogen), 10 mM DTT, 1 mM of dNTPs, and 1x First Strand RT buffer (Invitrogen). Each RT 

reaction contained 2.5 µL RNA and 2.5 µL RT mix to give 5.0 µL cDNA. The RT reactions 

were carried out at 50°C for 30 min followed by 95°C for 4 min. 

qPCR: The assay was performed on the Rotor-Gene™ 3000 real-time thermocycler (Corbett 

Life Science). EV detection was performed using primers (Entrev, Entfor) and probe (Entprobe) 

(Donaldson et al., 2002). The probe was labelled with FAM. Each 25 μL reaction contained 5 μL 

of cDNA, 12.5 μL of 2x Platinum® Taq Quantitative PCR Supermix-UDG (Invitrogen), 0.6 μM 

primers and 0.25 μM probe. The PCR consisted of an initial denaturation step for 5 min at 95ºC, 

followed by 45 cycles of 95ºC for 20 sec, and 60ºC for 1 min. 

 

 F.4. Enterovirus RT-qPCR (one-step) 

Used in Chapter 3, Section A and as in Hewitt et al., 2011. The assay was performed on 

the Rotor-Gene™ 3000 real-time thermocycler (Corbett Life Science) using primers (Entrev, 

Entfor) and probes (Entprobe) and the Platinum® Quantitative RT-PCR ThermoScript™ One-

Step System (Invitrogen). The EV probe was labelled with FAM. Each 25 μL reaction contained 

2.5 μL of RNA, 12.5 μL ThermoScript™ Reaction Mix, 0.5 μL ThermoScript™ Plus/Platinum® 

Taq Mix, 20 units RNase inhibitor (RNaseOUT™, Invitrogen), 0.6 μM of each primer and 0.25 

μM of EV probe (Donaldson et al., 2002). The RT-qPCR consisted of a RT step of 60ºC for 30 

min and denaturation for 5 min at 95ºC, followed by 45 cycles of 95ºC for 20 sec, and 60ºC for 1 

min. 
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APPENDIX G. Cell culture methods 

 

G.1. Growth and maintenance of cell lines 

 Cells were grown at 37
o
C at 5% CO2. For passage or plating of cells, cell culture media 

was removed from the cell culture flasks and sufficient PBS added to just cover the cells. The 

PBS was then removed and 0.25% trypsin-EDTA (1x) solution with phenol red (Gibco) was 

added. Once the cells were detached from the surface, the cells were recovered by adding 10% 

(v/v) FCS growth media and counted. 

G.2. Virus propagation and determination of titre 

 

G.2.1. HAdV culture and determination of titre 

 

To generate stocks of HAdV-2 and HAdV-41, confluent cell monolayers (e.g. A549 for 

HAdV-2 and HEK-293 for HAdV-41) were inoculated with a multiplicity of infection (MOI) of 

0.01 respectively. The viruses were incubated for 2 hr at 37
o
C, inoculum removed and replaced 

with appropriate maintenance media (2% (v/v) FCS). The cells were incubated until 80-100% 

CPE was observed. The cells were then subjected to three freeze-thaw lysis cycles at -80°C 

followed by sonication at room temperature for 3 min in an Ultrasonic Cleaner (Model FX10, 

Unisonics Pty, Ltd., Sydney, Australia). Lysates were extracted by the addition of an equal 

volume of chloroform, clarified by low speed centrifugation (400 x g, 5 min) to remove cell 

debris and then filtered through a 0.22 μm membrane filter (pre-treated with FCS) to remove 

large viral aggregates. The preparations were aliquoted and stored at -80˚C. The infectivity titre 

of each HAdV stock preparation was determined as the TCID50/mL using serial 10-fold dilutions 

in triplicate 96-well microtitre tissue culture plates. Following trypsinisation, cells were plated at 

a concentration of 10
4
 cells per well in 2% (v/v) FCS in appropriate media, followed 

immediately by the addition of 100 μL of serial dilutions per well of virus, with 8 replicates per 

dilution. The virus was diluted in the same 2% (v/v) FCS maintenance media. Plates were 

incubated for 14 and 30 days for HEK293 and A549 respectively at 37ºC in a humidified 5% 

CO2 atmosphere. Wells were examined for CPE characteristic of HAdV regularly.  

 

G.2.2. Enterovirus culture 

 

PV2 stock inoculum was prepared as for HAdV but propagated using BGM cells in 

medium 199 (Gibco). The preparations were aliquoted and stored at -80°C. The PV2 stock titre 

was determined by the ACS plaque assay (Appendix G.2.3). 
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G.2.3. Enterovirus agar cell suspension (ACS) plaque assay 

 

For the determination of titre of PV2 stock (prepared as above) of infectious EVs in 

environmental samples, ACS plaque assay using BGM cells was used (Dahling et al., 1974). 

BGM cells (1 mL of 10
7
 cells/mL) in 10% (v/v) FCS in 199 medium (Gibco) was added to 1 mL 

sample diluted in 199 medium, and mixed with 1 mL of 2% (w/v) low melting point (LMP) agar 

(SeaPlaque Agarose, Cambrex BioScience, Rockland, ME, US) and 1 mL of double strength 199 

medium (Gibco). The mixture was then poured over pre-prepared layer of 2% Noble agar/2 x 

199 medium (Difco, Detroit, Michigan, US) in 10 cm sterile petri dishes. (Refer to Appendix C, 

for preparation of 2 x199 medium). Once set, the plates were incubated at 37
o
C in 5% CO2 for 4 

days. Plates were examined daily for plaque formation characteristic of EVs (lytic zones). 

Samples were assayed at least in triplicate and the average PFU calculated. Where necessary, 

several sample dilutions were tested to give no more than 30 PFU per plate. PV2 was used as a 

positive control for the ACS plaque assay and for seeding experiments. 
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APPENDIX H. PCR product purification and DNA sequencing 

 
PCR products from the conventional endpoint PCR assays were purified using the QIA 

quick PCR purification kit (Qiagen), High Pure PCR Product Purification Kit (Invitrogen) or 

ExoSAP-IT (Affymetrix Inc., Cleveland, OH, US). The purified product was then used as a 

template for DNA sequencing in both directions using the BigDye-Terminator cycling 

methodology (Applied Biosystems Corp., Foster City, CA). This was performed on an 

automated ABI 3130XL DNA sequencer (Applied Biosystems) according to manufacturer’s 

instructions*.  

Consensus sequences using reverse and forward primers were assembled using 

Bionumerics software version 5.1 (Applied Maths, Kortrijk, Belgium). The sequences were 

identified by comparing with reference sequences in GenBank using Basic Local Alignment 

Search Tool (BLAST) on the National Centre for Biotechnology Information website 

(http://www.ncbi.nlm.hih.gov/BLAST/). In addition, pairwise alignment using unweighted pair-

grouping clustering was performed using DNA sequences from environmental samples (direct 

PCR or following culture) and reference adenovirus sequences.  

 

*The DNA sequencing step from purified DNA was performed by Marilyn Piercy, Kenepuru 

Science Centre, ESR Ltd. 

http://www.ncbi.nlm.hih.gov/BLAST/
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APPENDIX I. DNA plasmid preparation and quantification  

 

I.1. Viral nucleic acid extraction, PCR and purification 

 

Viral nucleic acid was extracted from 200 µL cell culture lysates or other viral 

preparation using the High Pure Viral Nucleic Acid Kit (Roche Molecular Biochemicals Ltd.) 

DNA extracts (50 µL) were stored at -80
o
C until required. Specific PCR products were generated 

for each virus using a specific Taq polymerase PCR assay. The presence of a single, discreet 

band of the PCR product of the expected size was confirmed by running 5-10 µL product on a 

2% (w/v) agarose gel. DNA products were then purified using different methods: Using either 

QIA quick PCR purification kit (Qiagen) or High Pure PCR Product Purification Kit (Invitrogen) 

or ExoSAP-IT (Affymetrix Inc) according to specific manufacturer’s instructions.  

I.2. TOPO
®
-Cloning Reaction 

 

PCR product (4 µL) was added to 1 µL salt solution (200 nM sodium chloride, 10 mM 

magnesium chloride) and 1 µl TOPO
®
 plasmid vector (pCR

®
4-TOPO or pCR 2.1-TOPO), and 

mixed gently. The 6 µL reaction volume was spun briefly and the mix was then incubated for 25 

min at RT and placed on ice. Pre-prepared Luria broth (LB) selective plates were placed at 37
o
C 

for 30 min prior to the next step. 

 

Table I.1. Preparation of LB media and LB/ampicillin agar plates. 

Reagent Volume Supplier   Cat no. 

Bacteriological agar 15 g BD  214010 

Tryptone  10 g OXOID  LP0042  

Yeast extract  5 g  BD  212750 

NaCl  10 g  LabServ BSPSL944.500 

Distilled water  to 1L In house  NA 

Plates: Ampicillin (see note below) - - - 

 

Reagents were added to 950 mL water, mixed and the volume made up to 1L with water, 

pH adjusted to 7.0, autoclaved at 121
o
C for 15 min and placed in a 55ºC water bath. Once cooled 

to 55
o
C, ampicillin was added to give a final concentration of 100 µg/mL. The LB media was 

stored at 5 ± 3
o
C for a maximum of 6 months. 

The plates were prepared as the LB media but 15 g/L agar added before autoclaving at 

121
o
C for 20 min. Ampicillin was added when cooled to 55

o
C, plates poured, allowed to set and 
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stored at 5 ± 3
o
C in the dark (for a maximum of 2 months). LB selective plates were placed at 

37
o
C for 30 min prior to plating. 

I.3. Transformation of pCR
®
4/pCR 2.1 construct into competent E. coli 

 

A vial of One Shot Chemically Competent E. coli was gently defrosted on ice and 2 µL 

TOPO Cloning Reaction added. This was mixed by gentle flicking and incubated on ice for 30 

min. The cells were then heat shocked by placing in a 42
o
C water bath for 30 sec before 

immediately returning to ice for 1-2 min. SOC medium (250 µL) was added and the mixture 

shaken (200 rpm) horizontally for 1 hr at 37
o
C. Following the incubation step, 10 µL (plus 20 µL 

SOC medium) and 50 µL of each transformation was spread at least in duplicate on the pre-

warmed LB plates containing 50-100 µg/mL ampicillin. The plates were then incubated 

overnight at 37
o
C.  

I.4. Analysis of transformants 

 

At least two discreet colonies were picked and a small amount inoculated onto half of 

another LB plate to preserve the colony. The remaining colony that had not been transferred to 

the second plate was added to a PCR reaction mix containing specific primers used to generate 

the plasmid. A PCR was carried either on a Perkin Elmer 9700 thermal cycler or Rotor-Gene™ 

3000/6000 real-time thermocycler (Corbett Life Science) at conditions specific for the amplicon. 

PCR products were run on a 2% (w/v) agarose gel and visualised by UV light. One colony, from 

the screened colonies that had produced PCR products of the expected size, was inoculated from 

the plate into 3 mL LB broth containing 50 µg/mL ampicillin and incubated overnight at 37
o
C at 

200 rpm. The plasmids were then extracted from 1.5 mL cultured cells using High Pure Plasmid 

DNA Isolation Kit (Roche Molecular Biochemicals Ltd.) as per manufacturers’ instructions. The 

remaining cells were centrifuged at 1,000 x g for 5 min. The pellet was then resuspended in 1 

mL LB medium containing 20% glycerol and placed at stored at -80
o
C for long-term storage. 

Plasmid DNA was amplified using Qiagen PCR Mastermix, 0.4 µM M13 reverse and 0.4 

µM M13 forward primers in a 25 µL reaction volume. PCR conditions were 95
o
C for 5 min, 

followed by 40 cycles of 95
o
C for 30 sec, 55

o
C for 30 sec and 72

o
C for 60 sec with a final 

extension of 72
o
C for 10 min. Products were visualised by gel electrophoresis. Products were 

then cleaned up using QIAquick PCR Purification Kit (Qiagen) and sequenced using T3 and T7 

primers to confirm the correct product had been generated.  
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APPENDIX J. Determination of virus recovery 

 

To determine percentage recovery using qPCR  

 

The PCR Cq is the ‘cycle threshold’ and is a relative measure of the amount of target 

DNA in the qPCR reaction. The Cq value varies between 1 and the total number of PCR 

cycles (usually 45 cycles). In theory, a difference of one Cq value corresponds to a 

concentration difference of a factor of 2, i.e. the higher the Cq value, the less DNA in the 

sample. A difference in the expected Cq values can also indicate PCR inhibition. To 

determine recovery, the difference between Cq value of the seeded sample minus the Cq 

value of the control (ΔCt) was determined.  

The recovery (%) compared to the control was then determined by raising 2 to the 

ΔCq power and multiplying by 100 (i.e. 1/2
ΔCq

 x 100%) using the equation (1/POWER(2, 

ΔCq))*100 in Excel (Microsoft). This equation assumes a PCR amplification efficiency of 

100%, so that with each PCR cycle, the PCR copies will double. Hence a difference in one 

cycle (one Cq value) is equal to a 2-fold difference in genome copy number so that higher Cq 

values correspond to a lower genome copy number. For example, a difference in a Cq value 

of 1 between the control and sample, would give a recovery efficiency of 50% 

 

To determine percentage recovery using cell culture 

 

Virus recovery (%) was calculated by dividing the amount of total virus recovered, 

following the procedure to be evaluated, by the total amount virus seeded and multiplying by 

100. For each sample, an unseeded (backgound) sample was processed at the same time (with 

the exception of drinking water) and analysed for the target viruses. If positive, the 

concentration was subtracted from those detected in the seeded sample, prior to the 

percentage recovery calculation. 
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APPENDIX K. Statistics  
 

K.1. Coefficient of determination, R
2
 and Spearman rank correlation 

The coefficient of determination, R
2
, was calculated in Excel (Microsoft). The 

Spearman rank correlation (r; index from -1 to +1) were calculated in Excel (XL Stat, 

Microsoft). Spearman rank correlation coefficients of 0.8-1.0 were considered to be a strong 

correlation (association) between the virus concentrations, r values of 0.3-0.5 showed a low 

correlation and r values < 0.3 were considered a weak or negligible correlation.  

 

K.2. Student’s t test 

Student’s t test using Excel (Microsoft) was performed to compare the means of two 

concentration data sets. Results with p values of less than 0.05 were considered significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

232 

REFERENCES 
 

 

1. Abad, F.X., R.M. Pintó and A. Bosch. 1994. Survival of enteric viruses on 

environmental fomites. Appl Environ Microbiol 60(10):3704-3710. 

2. Abbaszadegan, M., M. LeChevallier and C. Gerba. 2003. Occurrence of viruses in 

US groundwaters. AWWA 95(9):107-120   

3. Adrian, T. and R. Wigand. 1989. Genome type analysis of adenovirus 31, a 

potential causative agent of infants' enteritis. Arch Virol 105(1-2):81-87. 

4. Ahmed, W., C. Wan, A. Goonetilleke and T. Gardner. 2010. Evaluating sewage-

associated JCV and BKV polyomaviruses for sourcing human fecal pollution in a 

coastal river in Southeast Queensland, Australia. J Environ Qual 39(5):1743-1750. 

5. Albert, M.J. 1986. Enteric adenoviruses. Brief review. Arch Virol 88(1-2):1-17. 

6. Albinana-Gimenez, N., P. Clemente-Casares, S. Bofill-Mas, A. Hundesa, F. Ribas 

and R. Girones. 2006. Distribution of human polyomaviruses, adenoviruses, and 

hepatitis E virus in the environment and in a drinking-water treatment plant. Environ 

Sci Technol 40(23):7416-7422. 

7. Albinana-Gimenez, N., P. Clemente-Casares, B. Calgua, J.M. Huguet, S. 

Courtois and R. Girones. 2009a. Comparison of methods for concentrating human 

adenoviruses, polyomavirus JC and noroviruses in source waters and drinking water 

using quantitative PCR. J Virol Methods 158(1-2):104-109. 

8. Albinana-Gimenez, N., M.P. Miagostovich, B. Calgua, J.M. Huguet, L. Matia 

and R. Girones. 2009b. Analysis of adenoviruses and polyomaviruses quantified by 

qPCR as indicators of water quality in source and drinking-water treatment plants. 

Water Res 43(7):2011-2019. 

9. Allard, A., B. Albinsson and G. Wadell. 1992. Detection of adenoviruses in stools 

from healthy persons and patients with diarrhea by two-step polymerase chain 

reaction. J Med Virol 37(2):149-157. 

10. Allard, A., B. Albinsson and G. Wadell. 2001. Rapid typing of human adenoviruses 

by a general PCR combined with restriction endonuclease analysis. J Clin Microbiol 

39(2):498-505. 

11. Allard, A., R. Girones, P. Juto and G. Wadell. 1990. Polymerase chain reaction for 

detection of adenoviruses in stool samples. J Clin Microbiol 28(12):2659-2667. 

12. Allwood, P.B., Y.S. Malik, C.W. Hedberg and S.M. Goyal. 2003. Survival of F-

specific RNA coliphage, feline calicivirus, and Escherichia coli in water: a 

comparative study. Appl Environ Microbiol 69(9):5707-5710. 

13. Alum, A., C. Rock and M. Abbaszadegan. 2014. A unified method to process 

biosolids samples for the recovery of bacterial, viral, and helminths pathogens. J 

Environ Sci Health 49(6):679-684. 

14. Ambinder, R.F., W. Burns, M. Forman, P. Charache, R. Arthur, W. Beschorner, 

et al. 1986. Hemorrhagic cystitis associated with adenovirus infection in bone marrow 

transplantation. Arch Intern Med 146(7):1400-1401. 

15. Amdiouni, H., A. Faouzi, N. Fariat, M. Hassar, A. Soukri and J. Nourlil. 2012. 

Detection and molecular identification of human adenoviruses and enteroviruses in 

wastewater from Morocco. Lett Appl Microbiol 54(4):359-366. 

16. Aoki, K., M. Benko, A.J. Davison, M. Echavarria, D.D. Erdman, B. Harrach, et 

al. 2011. Toward an integrated human adenovirus designation system that utilizes 

molecular and serological data and serves both clinical and fundamental virology. J 

Virol 85(11):5703-5704. 



 

233 

17. Aoki, K., M. Kato, H. Ohtsuka, K. Ishii, N. Nakazono and H. Sawada. 1982. 

Clinical and aetiological study of adenoviral conjunctivitis, with special reference to 

adenovirus types 4 and 19 infections. Br J Ophthalmol 66(12):776-780. 

18. Arnberg, N., K. Edlund, A.H. Kidd and G. Wadell. 2000. Adenovirus type 37 uses 

sialic acid as a cellular receptor. J Virol 74(1):42-48. 

19. Arnold, J., M. Janoska, A.E. Kajon, D. Metzgar, N.R. Hudson, S. Torres, et al. 

2010. Genomic characterization of human adenovirus 36, a putative obesity agent. 

Virus Res 149(2):152-161. 

20. Ashbolt, N.J., W.O.K. Grabow and M. Snozzi 2001. Indicators of microbial water 

quality. pp. 289-316 In L. Fewtrell and J. Bartram (eds), Water quality: guidelines, 

standards and health. Risk assessment and management for water-related infectious 

disease. IWA Publishing, London 

21. Aslan, A., I. Xagoraraki, F.J. Simmons, J.B. Rose and S. Dorevitch. 2011. 

Occurrence of adenovirus and other enteric viruses in limited-contact freshwater 

recreational areas and bathing waters. J Appl Microbiol 111(5):1250-1261. 

22. ASTM. 2009. Standard practice for recovery of viruses from wastewater sludges. 

ASTM D4994. West Conshohocken, PA, US. 

23. Atmar, R.L., F.H. Neill, J.L. Romalde, F. Le Guyader, C.M. Woodley, T.G. 

Metcalf and M.K. Estes. 1995. Detection of Norwalk virus and hepatitis A virus in 

shellfish tissues with the PCR. Appl Environ Microbiol 61(8):3014-3018. 

24. Aw, T.G. and K.Y. Gin. 2011. Prevalence and genetic diversity of waterborne 

pathogenic viruses in surface waters of tropical urban catchments. J Appl Microbiol 

110(4):903-914. 

25. Bean, C.L., J.J. Hansen, A.B. Margolin, H. Balkin, G. Batzer and G. Widmer. 

2007. Class B alkaline stabilization to achieve pathogen inactivation. Int J Environ 

Res Public Health 4(1):53-60. 

26. Bellou, M., P. Kokkinos and A. Vantarakis. 2013. Shellfish-borne viral outbreaks: 

A systematic review. Food Environ Virol 5(1):13-23. 

27. Benabbes, L., J. Ollivier, J. Schaeffer, S. Parnaudeau, H. Rhaissi, J. Nourlil and 

F.S. Le Guyader. 2013. Norovirus and other human enteric viruses in moroccan 

shellfish. Food Environ Virol 5(1):35-40. 

28. Berg, G. 1973. Removal of viruses from sewage, effluents and waters. 2. Present and 

future trends. Bull World Health Organisation 49(5):461-469. 

29. Berg, G., R.S. Safferman, D.R. Dahling, D. Berman and C.J. Hurst 1984. Manual 

of methods for virology, EPA-600/4-84/013 (R-8). Revised 1986. USEPA 

Environmental Monitoring and Support Laboratory, Cincinnati, Ohio, US. 

30. Bergelson, J.M., J.A. Cunningham, G. Droguett, E.A. Kurt-Jones, A. Krithivas, 

J.S. Hong, et al. 1997. Isolation of a common receptor for coxsackie B viruses and 

adenoviruses 2 and 5. Science 275(5304):1320-1323. 

31. Bertucci, J.J., C. Lue-Hing, D. Zenz and S.J. Sedita. 1977. Inactivation of viruses 

during anaerobic sludge digestion. J Water Pollut Control Fed 49(7):1642-1651. 

32. Bibby, K. and J. Peccia. 2013. Identification of viral pathogen diversity in sewage 

sludge by metagenome analysis. Environ Sci Technol 47(4):1945-1951. 

33. Bibby, K., E. Viau and J. Peccia. 2011. Viral metagenome analysis to guide human 

pathogen monitoring in environmental samples. Lett Appl Microbiol 52(4):386-392. 

34. Bofill-Mas, S., N. Albinana-Gimenez, P. Clemente-Casares, A. Hundesa, J. 

Rodriguez-Manzano, A. Allard, et al. 2006. Quantification and stability of human 

adenoviruses and polyomavirus JCPyV in wastewater matrices. Appl Environ 

Microbiol 72(12):7894-7896. 



 

234 

35. Bofill-Mas, S., B. Calgua, P. Clemente-Casares, G. La Rosa, M. Iaconelli, M. 

Muscillo, et al. 2010a. Quantification of human adenoviruses in European 

recreational waters. Food Environ Virol 2(2):101-109. 

36. Bofill-Mas, S., P. Clemente-Casares, E.O. Major, B. Curfman and R. Girones. 

2003. Analysis of the excreted JC virus strains and their potential oral transmission. J 

Neurovirol 9(4):498-507. 

37. Bofill-Mas, S., M. Formiga-Cruz, P. Clemente-Casares, F. Calafell and R. 

Girones. 2001. Potential transmission of human polyomaviruses through the 

gastrointestinal tract after exposure to virions or viral DNA. J Virol 75(21):10290-

10299. 

38. Bofill-Mas, S., A. Hundesa, B. Calgua, M. Rusinol, C. Maluquer de Motes and R. 

Girones. 2011. Cost-effective method for microbial source tracking using specific 

human and animal viruses. J Vis Exp 3(58):pii: 2820. doi: 2810.3791/2820. 

39. Bofill-Mas, S., S. Pina and R. Girones. 2000. Documenting the epidemiologic 

patterns of polyomaviruses in human populations by studying their presence in urban 

sewage. Appl Environ Microbiol 66(1):238-245. 

40. Bofill-Mas, S., J. Rodriguez-Manzano, B. Calgua, A. Carratala and R. Girones. 

2010b. Newly described human polyomaviruses Merkel cell, KI and WU are present 

in urban sewage and may represent potential environmental contaminants. Virol J 

7:141. 

41. Bon, F., P. Fascia, M. Dauvergne, D. Tenenbaum, H. Planson, A.M. Petion, et al. 

1999. Prevalence of group A rotavirus, human calicivirus, astrovirus, and adenovirus 

type 40 and 41 infections among children with acute gastroenteritis in Dijon, France. J 

Clin Microbiol 37(9):3055-3058. 

42. Bonde, G.J. 1966. Bacteriological methods for estimation of water pollution. Health 

Lab Sci 3(2):124-128. 

43. Boothpur, R. and D.C. Brennan. 2010. Human polyoma viruses and disease with 

emphasis on clinical BK and JC. J Clin Virol 47(4):306-312. 

44. Bosch, A., S. Guix, D. Sano and R.M. Pintó. 2008. New tools for the study and 

direct surveillance of viral pathogens in water. Curr Opin Biotechnol 19(3):295-301. 

45. Bosch, A. and S. Le Guyader. 2010. Viruses in shellfish. Food Environ Virol 

2(3):115-116. 

46. Bosch, A., G. Sánchez, M. Abbaszadegan, A. Carducci, S. Guix, F.S. Guyader, et 

al. 2011. Analytical methods for virus detection in water and food. Food Anal Method 

4(1):4-12. 

47. Boxman, I. 2010. Human enteric viruses occurrence in shellfish from European 

markets. Food Environ Virol 2(3):156-166. 

48. Brandt, C.D., H.W. Kim, W.J. Rodriguez, J.O. Arrobio, B.C. Jeffries, E.P. 

Stallings, et al. 1985. Adenoviruses and pediatric gastroenteritis. J Infect Dis 

151(3):437-443. 

49. Brion, G., C. Viswanathan, T.R. Neelakantan, S. Lingireddy, R. Girones, D. 

Lees, et al. 2005. Artificial neural network prediction of viruses in shellfish. Appl 

Environ Microbiol 71(9):5244-5253. 

50. Brown, M. and M. Petric. 1986. Evaluation of cell line 293 for virus isolation in 

routine viral diagnosis. J Clin Microbiol 23(4):704-708. 

51. Brown, M., M. Petric and P.J. Middleton. 1984. Diagnosis of fastidious enteric 

adenoviruses 40 and 41 in stool specimens. J Clin Microbiol 20(3):334-338. 

52. Brown, M., H.L. Wilson-Friesen and F. Doane. 1992. A block in release of progeny 

virus and a high particle-to-infectious unit ratio contribute to poor growth of enteric 

adenovirus types 40 and 41 in cell culture. J Virol 66(5):3198-3205. 



 

235 

53. Calgua, B., C.R. Barardi, S. Bofill-Mas, J. Rodriguez-Manzano and R. Girones. 

2011. Detection and quantitation of infectious human adenoviruses and JC 

polyomaviruses in water by immunofluorescence assay. J Virol Methods 171(1):1-7. 

54. Calgua, B., T. Fumian, M. Rusinol, J. Rodriguez-Manzano, V.A. Mbayed, S. 

Bofill-Mas, et al. 2013. Detection and quantification of classic and emerging viruses 

by skimmed-milk flocculation and PCR in river water from two geographical areas. 

Water Res 47(8):2797-2810. 

55. Calgua, B., A. Mengewein, A. Grunert, S. Bofill-Mas, P. Clemente-Casares, A. 

Hundesa, et al. 2008. Development and application of a one-step low cost procedure 

to concentrate viruses from seawater samples. J Virol Methods 153(2):79-83. 

56. Campos, C.J. and D.N. Lees. 2014. Environmental transmission of human 

noroviruses in shellfish waters. Appl Environ Microbiol 80(12):3552-3561. 

57. Cantalupo, P.G., B. Calgua, G. Zhao, A. Hundesa, A.D. Wier, J.P. Katz, et al. 

2011. Raw sewage harbors diverse viral populations. MBio 2(5):e00180-00111. 

58. Carballal, G., C. Videla, A. Misirlian, P.V. Requeijo and C. Aguilar Mdel. 2002. 

Adenovirus type 7 associated with severe and fatal acute lower respiratory infections 

in Argentine children. BMC Pediatr 2:6. 

59. Carducci, A., P. Morici, F. Pizzi, R. Battistini, E. Rovini and M. Verani. 2008. 

Study of the viral removal efficiency in a urban wastewater treatment plant. Water Sci 

Technol 58(4):893-897. 

60. Carducci, A., M. Verani, R. Battistini, F. Pizzi, E. Rovini, E. Andreoli and B. 

Casini. 2006. Epidemiological surveillance of human enteric viruses by monitoring of 

different environmental matrices. Water Sci Technol 54(3):239-244. 

61. Casas, I., A. Avellon, M. Mosquera, O. Jabado, J.E. Echevarria, R.H. Campos, et 

al. 2005. Molecular identification of adenoviruses in clinical samples by analyzing a 

partial hexon genomic region. J Clin Microbiol 43(12):6176-6182. 

62. Cashdollar, J.L., N.E. Brinkman, S.M. Griffin, B.R. McMinn, E.R. Rhodes, E.A. 

Varughese, et al. 2013a. Development and evaluation of EPA method 1615 for 

detection of enterovirus and norovirus in water. Appl Environ Microbiol 79(1):215-

223. 

63. Cashdollar, J.L. and L. Wymer. 2013b. Methods for primary concentration of 

viruses from water samples: a review and meta-analysis of recent studies. J Appl 

Microbiol 115(1):1-11. 

64. Castignolles, N., F. Petit, I. Mendel, L. Simon, L. Cattolico and C. Buffet-

Janvresse. 1998. Detection of adenovirus in the waters of the Seine River estuary by 

nested-PCR. Mol Cell Probes 12(3):175-180. 

65. Cefas. 2014. European Union Reference Laboratory (EURL) Proficiency Testing 

Scheme. EURL PT reference: PT50, from 

https://eurlcefas.org/media/13776/pt50_final_report_version_3.pdf. 

66. Chang, S.L., G. Berg, K.A. Busch, R.E. Stevenson, N.A. Clarke and P.W. Kabler. 

1958. Application of the most probable number method for estimating concentrations 

of animal viruses by the tissue culture technique. Virology 6(1):27-42. 

67. Chapron, C.D., N.A. Ballester, J.H. Fontaine, C.N. Frades and A.B. Margolin. 

2000a. Detection of astroviruses, enteroviruses, and adenovirus types 40 and 41 in 

surface waters collected and evaluated by the information collection rule and an 

integrated cell culture-nested PCR procedure. Appl Environ Microbiol 66(6):2520-

2525. 

68. Chapron, C.D., N.A. Ballester and A.B. Margolin. 2000b. The detection of 

astrovirus in sludge biosolids using an integrated cell culture nested PCR technique. J 

Appl Microbiol 89(1):11-15. 



 

236 

69. Chen, E.C., S. Yagi, K.R. Kelly, S.P. Mendoza, R.P. Tarara, D.R. Canfield, et al. 

2011. Cross-species transmission of a novel adenovirus associated with a fulminant 

pneumonia outbreak in a new world monkey colony. PLoS Pathog 7(7):e1002155. 

70. Chew, F.T., S. Doraisingham, A.E. Ling, G. Kumarasinghe and B.W. Lee. 1998. 

Seasonal trends of viral respiratory tract infections in the tropics. Epidemiol Infect 

121(1):121-128. 

71. Chigor, V.N. and A.I. Okoh. 2012. Quantitative detection and characterization of 

human adenoviruses in the Buffalo River in the eastern cape province of South Africa. 

Food Environ Virol 4(4):198-208. 

72. Chmielewicz, B., J. Benzler, G. Pauli, G. Krause, F. Bergmann and B. Schweiger. 

2005. Respiratory disease caused by a species B2 adenovirus in a military camp in 

Turkey. J Med Virol 77(2):232-237. 

73. Cho, H.B., S.H. Lee, J.C. Cho and S.J. Kim. 2000. Detection of adenoviruses and 

enteroviruses in tap water and river water by reverse transcription multiplex PCR. 

Can J Microbiol 46(5):417-424. 

74. Choo, Y.J. and S.J. Kim. 2006. Detection of human adenoviruses and enteroviruses 

in Korean oysters using cell culture, integrated cell culture-PCR, and direct PCR. J 

Microbiol 44(2):162-170. 

75. Clarke, K.R. and R.N. Gorley 2006. PRIMER v6: User Manual/Tutorial. PRIMER-

E. Plymouth, UK. 

76. Clarke, N.A., P.W. Kabler and R.E. Stevenson. 1956. The inactivation of purified 

type 3 adenovirus in water by chlorine. Am J Hyg 64(3):314-319. 

77. Cliver, D. 2010. Early days of food and environmental virology. Food Environ Virol 

2(1):1-23. 

78. Cliver, D.O. 1975. Virus association with wastewater solids. Environ Lett 10(3):215-

223. 

79. Colford, J.M., Jr., T.J. Wade, K.C. Schiff, C.C. Wright, J.F. Griffith, S.K. 

Sandhu, et al. 2007. Water quality indicators and the risk of illness at beaches with 

nonpoint sources of fecal contamination. Epidemiology 18(1):27-35. 

80. Costan-Longares, A., L. Moce-Llivina, A. Avellon, J. Jofre and F. Lucena. 2008. 

Occurrence and distribution of culturable enteroviruses in wastewater and surface 

waters of north-eastern Spain. J Appl Microbiol 105(6):1945-1955. 

81. Couch, R.B., V. Knight, R.G. Douglas, Jr., S.H. Black and B.H. Hamory. 1969. 

The minimal infectious dose of adenovirus type 4; the case for natural transmission by 

viral aerosol. Trans Am Clin Climatol Assoc 80:205-211. 

82. Crabtree, K.D., C.P. Gerba, J.B. Rose and C.N. Haas. 1997. Waterborne 

adenovirus: A risk assessment. Water Sci Technol 35(11-12):1-6. 

83. Crawford-Miksza, L. and D.P. Schnurr. 1996. Analysis of 15 adenovirus hexon 

proteins reveals the location and structure of seven hypervariable regions containing 

serotype-specific residues. J Virol 70(3):1836-1844. 

84. Cromeans, T.L., X. Lu, D.D. Erdman, C.D. Humphrey and V.R. Hill. 2008. 

Development of plaque assays for adenoviruses 40 and 41. J Virol Methods 

151(1):140-145. 

85. D'Ambrosio, E., N. Del Grosso, A. Chicca and M. Midulla. 1982. Neutralizing 

antibodies against 33 human adenoviruses in normal children in Rome. J Hyg (Lond) 

89(1):155-161. 

86. D'Angelo, L.J., J.C. Hierholzer, R.A. Keenlyside, L.J. Anderson and W.J. 

Martone. 1979. Pharyngoconjunctival fever caused by adenovirus type 4: report of a 

swimming pool-related outbreak with recovery of virus from pool water. J Infect Dis 

140(1):42-47. 



 

237 

87. da Silva, A.K., J.C. Le Saux, S. Parnaudeau, M. Pommepuy, M. Elimelech and 

F.S. Le Guyader. 2007. Evaluation of removal of noroviruses during wastewater 

treatment, using real-time reverse transcription-PCR: different behaviors of 

genogroups I and II. Appl Environ Microbiol 73(24):7891-7897. 

88. Dahling, D.R., G. Berg and D. Berman. 1974. BGM, a continuous cell line more 

sensitive than primary rhesus and African green kidney cells for the recovery of 

viruses from water. Health Lab Sci 11(4):275-282. 

89. Dahling, D.R. and B.A. Wright. 1986. Optimization of the BGM cell line culture 

and viral assay procedures for monitoring viruses in the environment. Appl Environ 

Microbiol 51(4):790-812. 

90. Dahling, D.R., B.A. Wright and F.P. Williams, Jr. 1993. Detection of viruses in 

environmental samples: suitability of commercial rotavirus and adenovirus test kits. J 

Virol Methods 45(2):137-147. 

91. Dalianis, T. and H.H. Hirsch. 2013. Human polyomaviruses in disease and cancer. 

Virology 437(2):63-72. 

92. Davison, A.J., M. Benko and B. Harrach. 2003. Genetic content and evolution of 

adenoviruses. J Gen Virol 84(Pt 11):2895-2908. 

93. Dawson, C.R., D. O'Day and D. Vastine. 1975. Adenovirus 19, a cause of epidemic 

keratoconjunctivitis, not acute hemorrhagic conjunctivitis. N Engl J Med 293(1):45-

46. 

94. de Abreu Correa, A., A. Carratala, C.R. Barardi, M. Calvo, R. Girones and S. 

Bofill-Mas. 2012. Comparative inactivation of murine norovirus, human adenovirus, 

and human JC polyomavirus by chlorine in seawater. Appl Environ Microbiol 

78(18):6450-6457. 

95. de Jong, J.C., R. Wigand, A.H. Kidd, G. Wadell, J.G. Kapsenberg, C.J. Muzerie, 

et al. 1983. Candidate adenoviruses 40 and 41: fastidious adenoviruses from human 

infant stool. J Med Virol 11(3):215-231. 

96. de Jong, J.C., R. Wigand, G. Wadell, D. Keller, C.J. Muzerie, A.G. Wermenbol 

and G.J. Schaap. 1981. Adenovirus 37: identification and characterization of a 

medically important new adenovirus type of subgroup D. J Med Virol 7(2):105-118. 

97. Dechecchi, M.C., A. Tamanini, A. Bonizzato and G. Cabrini. 2000. Heparan 

sulfate glycosaminoglycans are involved in adenovirus type 5 and 2-host cell 

interactions. Virology 268(2):382-390. 

98. Dey, S.K., I. Hoq, S. Okitsu, S. Hayakawa and H. Ushijima. 2013. Prevalence, 

seasonality, and peak age of infection of enteric adenoviruses in Japan, 1995-2009. 

Epidemiol Infect 141(5):958-960. 

99. Diez-Valcarce, M., P. Kokkinos, K. Söderberg, M. Bouwknegt, K. Willems, A. de 

Roda-Husman, et al. 2012. Occurrence of human enteric viruses in commercial 

mussels at retail level in three European countries. Food Environ Virol 4(2):73-80. 

100. Donaldson, K.A., D.W. Griffin and J.H. Paul. 2002. Detection, quantitation and 

identification of enteroviruses from surface waters and sponge tissue from the Florida 

Keys using real-time RT-PCR. Water Res 36(10):2505-2514. 

101. Dong, Y., J. Kim and G.D. Lewis. 2010. Evaluation of methodology for detection of 

human adenoviruses in wastewater, drinking water, stream water and recreational 

waters. J Appl Microbiol 108(3):800-809. 

102. Dore, W.J., K. Henshilwood and D.N. Lees. 1998. The development of management 

strategies for control of virological quality in oysters. Water Sci Technol 38(12):29-

35. 



 

238 

103. Dore, W.J., K. Henshilwood and D.N. Lees. 2000. Evaluation of F-specific RNA 

bacteriophage as a candidate human enteric virus indicator for bivalve molluscan 

shellfish. Appl Environ Microbiol 66(4):1280-1285. 

104. Dudding, B.A., F.H. Top, Jr., P.E. Winter, E.L. Buescher, T.H. Lamson and A. 

Leibovitz. 1973. Acute respiratory disease in military trainees: the adenovirus 

surveillance program, 1966-1971. Am J Epidemiol 97(3):187-198. 

105. Duizer, E., K.J. Schwab, F.H. Neill, R.L. Atmar, M.P. Koopmans and M.K. 

Estes. 2004. Laboratory efforts to cultivate noroviruses. J Gen Virol 85(Pt 1):79-87. 

106. Echavarria, M. 2008. Adenoviruses in immunocompromised hosts. Clin Microbiol 

Rev 21(4):704-715. 

107. Eischeid, A.C. and K.G. Linden. 2011. Molecular indications of protein damage in 

adenoviruses after UV disinfection. Appl Environ Microbiol 77(3):1145-1147. 

108. Eischeid, A.C., J.N. Meyer and K.G. Linden. 2009. UV disinfection of 

adenoviruses: molecular indications of DNA damage efficiency. Appl Environ 

Microbiol 75(1):23-28. 

109. El-Senousy, W., A. Barakat, H. Ghanem and M. Kamel. 2013. Molecular 

epidemiology of human adenoviruses and rotaviruses as candidate viral indicators in 

the Egyptian sewage and water samples. World Appl Sci J 27(10):1235-1247. 

110. Enriquez, C.E., C.J. Hurst and C.P. Gerba. 1995. Survival of the enteric 

adenoviruses 40 and 41 in tap, sea, and waste water. Water Res 29(11):2548-2553. 

111. ESR. 2004a. New Zealand Public Health Surveillance Report, Volume 2, Issue 1.   

Retrieved 27 February 2011, from 

http://www.surv.esr.cri.nz/PDF_surveillance/NZPHSR/2004/NZPHSR2004Summer.p

df  

112. ESR. 2004b. New Zealand Public Health Surveillance Report, Volume 2, Issue 2.   

Retrieved 7 February 2011, from 

http://www.surv.esr.cri.nz/PDF_surveillance/NZPHSR/2004/NZPHSR2004June.pdf. 

113. ESR. 2010. Annual summary of outbreaks in New Zealand, 2009.   Retrieved 23 

August 2011, from 

http://www.surv.esr.cri.nz/PDF_surveillance/AnnualRpt/AnnualOutbreak/2009/2009

OutbreakRpt.pdf. 

114. Farthing, M.J.G. 1989. Viruses and the gut. Proceedings of the ninth BSG.SK&F 

international workshop, 1988,  Smith Kline and French, Welwyn Garden City, 

Hertforshire, UK. 

115. Favier, A.L., G. Schoehn, M. Jaquinod, C. Harsi and J. Chroboczek. 2002. 

Structural studies of human enteric adenovirus type 41. Virology 293(1):75-85. 

116. Field, K.G. and M. Samadpour. 2007. Fecal source tracking, the indicator 

paradigm, and managing water quality. Water Res 41(16):3517-3538. 

117. Fong, T.T., D.W. Griffin and E.K. Lipp. 2005a. Molecular assays for targeting 

human and bovine enteric viruses in coastal waters and their application for library-

independent source tracking. Appl Environ Microbiol 71(4):2070-2078. 

118. Fong, T.T. and E.K. Lipp. 2005b. Enteric viruses of humans and animals in aquatic 

environments: health risks, detection, and potential water quality assessment tools. 

Microbiol Mol Biol Rev 69(2):357-371. 

119. Fong, T.T., M.S. Phanikumar, I. Xagoraraki and J.B. Rose. 2010. Quantitative 

detection of human adenoviruses in wastewater and combined sewer overflows 

influencing a Michigan river. Appl Environ Microbiol 76(3):715-723. 

120. Fongaro, G., M.A. Nascimento, C. Rigotto, G. Ritterbusch, A.D. da Silva, P.A. 

Esteves and C.R. Barardi. 2013. Evaluation and molecular characterization of 

http://www.surv.esr.cri.nz/PDF_surveillance/NZPHSR/2004/NZPHSR2004Summer.pdf
http://www.surv.esr.cri.nz/PDF_surveillance/NZPHSR/2004/NZPHSR2004Summer.pdf
http://www.surv.esr.cri.nz/PDF_surveillance/NZPHSR/2004/NZPHSR2004June.pdf
http://www.surv.esr.cri.nz/PDF_surveillance/AnnualRpt/AnnualOutbreak/2009/2009OutbreakRpt.pdf
http://www.surv.esr.cri.nz/PDF_surveillance/AnnualRpt/AnnualOutbreak/2009/2009OutbreakRpt.pdf


 

239 

human adenovirus in drinking water supplies: viral integrity and viability assays. 

Virol J 10(166):1-9. 

121. Formiga-Cruz, M., A.K. Allard, A.C. Conden-Hansson, K. Henshilwood, B.E. 

Hernroth, J. Jofre, et al. 2003. Evaluation of potential indicators of viral 

contamination in shellfish and their applicability to diverse geographical areas. Appl 

Environ Microbiol 69(3):1556-1563. 

122. Formiga-Cruz, M., A. Hundesa, P. Clemente-Casares, N. Albinana-Gimenez, A. 

Allard and R. Girones. 2005. Nested multiplex PCR assay for detection of human 

enteric viruses in shellfish and sewage. J Virol Methods 125(2):111-118. 

123. Formiga-Cruz, M., G. Tofino-Quesada, S. Bofill-Mas, D.N. Lees, K. 

Henshilwood, A.K. Allard, et al. 2002. Distribution of human virus contamination in 

shellfish from different growing areas in Greece, Spain, Sweden, and the United 

Kingdom. Appl Environ Microbiol 68(12):5990-5998. 

124. Foy, H.M., M.K. Cooney and J.B. Hatlen. 1968. Adenovirus type 3 epidemic 

associated with intermittent chlorination of a swimming pool. Arch Environ Health 

17(5):795-802. 

125. Gaggar, A., D.M. Shayakhmetov, M.K. Liszewski, J.P. Atkinson and A. Lieber. 

2005. Localization of regions in CD46 that interact with adenovirus. J Virol 

79(12):7503-7513. 

126. Gallagher, E.M. and A.B. Margolin. 2007. Development of an integrated cell 

culture-real-time RT-PCR assay for detection of reovirus in biosolids. J Virol 

Methods 139(2):195-202. 

127. Garcia, L.A., A. Viancelli, C. Rigotto, M.R. Pilotto, P.A. Esteves, A. Kunz and 

C.R. Barardi. 2012. Surveillance of human and swine adenovirus, human norovirus 

and swine circovirus in water samples in Santa Catarina, Brazil. J Water Health 

10(3):445-452. 

128. Gaydos, C.A. and J.C. Gaydos. 1995. Adenovirus vaccines in the U.S. military. Mil 

Med 160(6):300-304. 

129. Genthe, B., M. Gericke, B. Bateman, N. Mjoli and R. Kfir. 1995. Detection of 

enteric adenoviruses in South African waters using gene probes. Water Sci Technol 

31:345-350. 

130. Gerba, C.P. 1984. Applied and theoretical aspects of virus adsorption to surfaces. 

Adv Appl Microbiol 30:133-168. 

131. Gerba, C.P. 2007. Virus occurrence and survival in the environmental waters. pp. 91-

108 In A. Bosch (ed), Perspectives in Medical Virology. Elsevier, Amsterdam, The 

Netherlands. 

132. Gerba, C.P., S.M. Goyal, I. Cech and G.F. Bogdan. 1980. Bacterial indicators and 

environmental factors as related to contamination of oysters by enteroviruses. J Food 

Prot 43(2):99-101. 

133. Gerba, C.P., D.M. Gramos and N. Nwachuku. 2002. Comparative inactivation of 

enteroviruses and adenovirus 2 by UV light. Appl Environ Microbiol 68(10):5167-

5169. 

134. Gerba, C.P. and J.E. Smith, Jr. 2005. Sources of pathogenic microorganisms and 

their fate during land application of wastes. J Environ Qual 34(1):42-48. 

135. Gerrity, D., H. Ryu, J. Crittenden and M. Abbaszadegan. 2008. UV inactivation 

of adenovirus type 4 measured by integrated cell culture qPCR. J Environ Sci Health 

A Tox Hazard Subst Environ Eng 43(14):1628-1638. 

136. Girones, R., A. Allard, G. Wadell and J. Jofre. 1993. Application of PCR to the 

detection of adenovirus in polluted waters. Water Sci Technol 27(3-4):235-241. 



 

240 

137. Girones, R., M.A. Ferrús, J.L. Alonso, J. Rodriguez-Manzano, B. Calgua, A. de 

Abreu Corrêa, et al. 2010. Molecular detection of pathogens in water - The pros and 

cons of molecular techniques. Water Res 44(15):4325-4339. 

138. Girones, R., M. Puig, A. Allard, F. Lucena, G. Wadell and J. Jofre. 1995. 

Detection of adenovirus and enterovirus by PCR amplification in polluted waters. 

Water Sci Technol 31(5-6):351-357. 

139. Goyal, S.M., S.A. Schaub, F.M. Wellings, D. Berman, J.S. Glass, C.J. Hurst, et 

al. 1984. Round robin investigation of methods for recovering human enteric viruses 

from sludge. Appl Environ Microbiol 48(3):531-538. 

140. Grabow, W.O., D.L. Puttergill and A. Bosch. 1992. Propagation of adenovirus 

types 40 and 41 in the PLC/PRF/5 primary liver carcinoma cell line. J Virol Methods 

37(2):201-207. 

141. Grabow, W.O., M.B. Taylor and J.C. de Villiers. 2001. New methods for the 

detection of viruses: call for review of drinking water quality guidelines. Water Sci 

Technol 43(12):1-8. 

142. Grabow, W.O.K. 2007. Overview of health-related water virology. pp. 1-25 In A. 

Bosch (ed), Human Viruses in Water. Elsevier, Amsterdam, The Netherlands. 

143. Gray, G.C., T. McCarthy, M.G. Lebeck, D.P. Schnurr, K.L. Russell, A.E. Kajon, 

et al. 2007. Genotype prevalence and risk factors for severe clinical adenovirus 

infection, United States 2004-2006. Clin Infect Dis 45(9):1120-1131. 

144. Green, D.H. and G.D. Lewis. 1995. Enzymatic amplification of enteric viruses from 

wastewaters. Water Sci Technol 31(5-6):329-336. 

145. Green, K.Y. 2007. Caliciviridae: The noroviruses. pp. 949-979 In D. M. Knipe and 

P. M. Howley (eds), Fields Virology. Lippincott Williams & Wilkins, Philadephia, 

PA, US. 

146. Greening, G. and J. Hewitt. 2008. Norovirus detection in shellfish using a rapid, 

sensitive virus recovery and real-time RT-PCR detection protocol. Food Anal Method 

1(2):109-118. 

147. Greening, G. and D.-J. McCoubrey. 2010. Enteric viruses and management of 

shellfish production in New Zealand. Food Environ Virol 2(3):167-175. 

148. Greening, G.E., J. Hewitt and G.D. Lewis. 2002. Evaluation of integrated cell 

culture-PCR (C-PCR) for virological analysis of environmental samples. J Appl 

Microbiol 93(5):745-750. 

149. Greening, G.E., J. Hewitt, M. Rivera-Aban and D. Croucher. 2012. Molecular 

epidemiology of norovirus gastroenteritis outbreaks in New Zealand from 2002-2009. 

J Med Virol 84(9):1449-1458. 

150. Greening, G.E. and G.D. Lewis. 2007. Safeguarding environmental health and 

market access for NZ foods objective 2: Virus prevalence in shellfish.   Retrieved 9 

April 2014, from 

http://www.esr.cri.nz/SiteCollectionDocuments/ESR/PDF/FoodSafety/FRSTShellfish

-Report-Final-Aug07.pdf. 

151. Griffin, D.W., K.A. Donaldson, J.H. Paul and J.B. Rose. 2003. Pathogenic human 

viruses in coastal waters. Clin Microbiol Rev 16(1):129-143. 

152. Griffin, D.W., C.J. Gibson, 3rd, E.K. Lipp, K. Riley, J.H. Paul, 3rd and J.B. 

Rose. 1999. Detection of viral pathogens by reverse transcriptase PCR and of 

microbial indicators by standard methods in the canals of the Florida Keys. Appl 

Environ Microbiol 65(9):4118-4125. 

153. Griffin, D.W., E.K. Lipp, M.R. McLaughlin and J.B. Rose. 2001. Marine 

recreation and public health microbiology: Quest for the ideal indicator. BioScience 

51(10):817. 

http://www.esr.cri.nz/SiteCollectionDocuments/ESR/PDF/FoodSafety/FRSTShellfish-Report-Final-Aug07.pdf
http://www.esr.cri.nz/SiteCollectionDocuments/ESR/PDF/FoodSafety/FRSTShellfish-Report-Final-Aug07.pdf


 

241 

154. Griffin, J.S., J.D. Plummer and S.C. Long. 2008. Torque teno virus: an improved 

indicator for viral pathogens in drinking waters. Virol J 5:112. 

155. Grohmann, G.S., N.J. Ashbolt, M.S. Genova, G. Logan, P. Cox and C.S.W. 

Kueh. 1993. Detection of viruses in coastal and river water systems in Sydney, 

Australia Water Sci Technol 27(3-4):457-461. 

156. Guerrero-Latorre, L., A. Carratala, J. Rodriguez-Manzano, B. Calgua, A. 

Hundesa and R. Girones. 2011. Occurrence of water-borne enteric viruses in two 

settlements based in Eastern Chad: analysis of hepatitis E virus, hepatitis A virus and 

human adenovirus in water sources. J Water Health 9(3):515-524. 

157. Guzman, C., J. Jofre, M. Montemayor and F. Lucena. 2007. Occurrence and 

levels of indicators and selected pathogens in different sludges and biosolids. J Appl 

Microbiol 103(6):2420-2429. 

158. Hafliger, D., P. Hubner and J. Luthy. 2000. Outbreak of viral gastroenteritis due to 

sewage-contaminated drinking water. Int J Food Microbiol 54(1-2):123-126. 

159. Hamza, I.A., L. Jurzik, A. Stang, K. Sure, K. Uberla and M. Wilhelm. 2009. 

Detection of human viruses in rivers of a densly-populated area in Germany using a 

virus adsorption elution method optimized for PCR analyses. Water Res 43(10):2657-

2668. 

160. Hamza, I.A., L. Jurzik, K. Uberla and M. Wilhelm. 2011a. Evaluation of pepper 

mild mottle virus, human picobirnavirus and torque teno virus as indicators of fecal 

contamination in river water. Water Res 45(3):1358-1368. 

161. Hamza, I.A., L. Jurzik, K. Uberla and M. Wilhelm. 2011b. Methods to detect 

infectious human enteric viruses in environmental water samples. Int J Hyg Environ 

Health 214(6):424-436. 

162. Hamza, I.A., L. Jurzik and M. Wilhelm. 2014. Development of a Luminex assay 

for the simultaneous detection of human enteric viruses in sewage and river water. J 

Virol Methods 204:65-72. 

163. Hansman, G.S., T. Oka, T.C. Li, O. Nishio, M. Noda and N. Takeda. 2008. 

Detection of human enteric viruses in Japanese clams. J Food Prot 71(8):1689-1695. 

164. Haramoto, E., H. Katayama, K. Oguma and S. Ohgaki. 2005a. Application of 

cation-coated filter method to detection of noroviruses, enteroviruses, adenoviruses, 

and torque teno viruses in the Tamagawa River in Japan. Appl Environ Microbiol 

71(5):2403-2411. 

165. Haramoto, E., H. Katayama, K. Oguma and S. Ohgaki. 2007. Quantitative 

analysis of human enteric adenoviruses in aquatic environments. J Appl Microbiol 

103(6):2153-2159. 

166. Haramoto, E., H. Katayama, K. Oguma, H. Yamashita, E. Nakajima and S. 

Ohgaki. 2005b. One-year monthly monitoring of torque teno virus (TTV) in 

wastewater treatment plants in Japan. Water Res 39(10):2008-2013. 

167. Haramoto, E., M. Kitajima, H. Katayama and S. Ohgaki. 2010. Real-time PCR 

detection of adenoviruses, polyomaviruses, and torque teno viruses in river water in 

Japan. Water Res 44(6):1747-1752. 

168. Harley, D., B. Harrower, M. Lyon and A. Dick. 2001. A primary school outbreak 

of pharyngoconjunctival fever caused by adenovirus type 3. Commun Dis Intell 

25(1):9-12. 

169. Harnett, G.B., M.R. Bucens, S.J. Clay and B.M. Saker. 1982. Acute haemorrhagic 

cystitis caused by adenovirus type 11 in a recipient of a transplanted kidney. Med J 

Aust 1(13):565-567. 

170. Harrach, B., M. Benkö, G.W. Both, M. Brown, A.J. Davison, M. Echavarría, et 

al. 2011. Family Adenoviridae. pp. 125-141 In A. M. Q. King, M. J. Adams, E. B. 



 

242 

Carstens and E. J. Lefkowitz (eds), Virus Taxonomy: Classification and nomenclature 

of viruses. Ninth report of the International Committee on Taxonomy of Viruses. 

Elsevier, San Diego, CA, US. 

171. Hartmann, N.M., M. Dartscht, R. Szewzyk and H.C. Selinka. 2013. Monitoring of 

adenovirus serotypes in environmental samples by combined PCR and melting point 

analyses. Virol J 10:190. 

172. Hartnell, R., Lowther J, Avant J, Dancer D, Lees D and R. J. 2012. The 

development of LENTICULES as reference materials for noroviruses. J Appl 

Microbiol 112(2):338-345. 

173. Harwood, V.J., M. Brownell, S. Wang, J. Lepo, R.D. Ellender, A. Ajidahun, et al. 

2009. Validation and field testing of library-independent microbial source tracking 

methods in the Gulf of Mexico. Water Res 43(19):4812-4819. 

174. Harwood, V.J., A.D. Levine, T.M. Scott, V. Chivukula, J. Lukasik, S.R. Farrah 

and J.B. Rose. 2005. Validity of the indicator organism paradigm for pathogen 

reduction in reclaimed water and public health protection. Appl Environ Microbiol 

71(6):3163-3170. 

175. Harwood, V.J., C. Staley, B.D. Badgley, K. Borges and A. Korajkic. 2014. 

Microbial source tracking markers for detection of fecal contamination in 

environmental waters: relationships between pathogens and human health outcomes. 

FEMS Microbiol Rev 38(1):1-40. 

176. Hata, A., M. Kitajima and H. Katayama. 2013. Occurrence and reduction of human 

viruses, F-specific RNA coliphage genogroups and microbial indicators at a full-scale 

wastewater treatment plant in Japan. J Appl Microbiol 114(2):545-554. 

177. Havelaar, A.H. and W.M. Hogeboom. 1984. A method for the enumeration of male-

specific bacteriophages in sewage. J Appl Bacteriol 56(3):439-447. 

178. Havelaar, A.H., M. van Olphen and Y.C. Drost. 1993. F-specific RNA 

bacteriophages are adequate model organisms for enteric viruses in fresh water. Appl 

Environ Microbiol 59(9):2956-2962. 

179. He, J.W. and S. Jiang. 2005. Quantification of enterococci and human adenoviruses 

in environmental samples by real-time PCR. Appl Environ Microbiol 71(5):2250-

2255. 

180. Heim, A., C. Ebnet, G. Harste and P. Pring-Akerblom. 2003. Rapid and 

quantitative detection of human adenovirus DNA by real-time PCR. J Med Virol 

70(2):228-239. 

181. Hennechart-Collette, C., S. Martin-Latil, L. Guillier and S. Perelle. 2014. 

Multiplex real-time RT-qPCR for the detection of norovirus in bottled and tap water 

using murine norovirus as a process control. J Appl Microbiol 116(1):179-190. 

182. Hernroth, B.E., A.C. Conden-Hansson, A.S. Rehnstam-Holm, R. Girones and 

A.K. Allard. 2002. Environmental factors influencing human viral pathogens and 

their potential indicator organisms in the blue mussel, Mytilus edulis: the first 

Scandinavian report. Appl Environ Microbiol 68(9):4523-4533. 

183. Hewitt, J., D. Bell, G.C. Simmons, M. Rivera-Aban, S. Wolf and G.E. Greening. 

2007. Gastroenteritis outbreak caused by waterborne norovirus at a New Zealand ski 

resort. Appl Environ Microbiol 73(24):7853-7857. 

184. Hewitt, J., G.E. Greening, M. Leonard and G.D. Lewis. 2013. Evaluation of 

human adenovirus and human polyomavirus as indicators of human sewage 

contamination in the aquatic environment. Water Res 47(17):6750-6761. 

185. Hewitt, J., M. Leonard and G. Greening. 2005. Diversity of adenoviruses in 

influent and effluent sewage using culture, integrated cell culture (ICC)-PCR and 



 

243 

direct sequencing. Poster. 13th International Symposium on Health-related Water 

Microbiology. Swansea, UK. 

186. Hewitt, J., M. Leonard, G.E. Greening and G.D. Lewis. 2011. Influence of 

wastewater treatment process and the population size on human virus profiles in 

wastewater. Water Res 45(18):6267-6276. 

187. Hierholzer, J.C. 1992. Adenoviruses in the immunocompromised host. Clin 

Microbiol Rev 5(3):262-274. 

188. Hill, V.R., A.L. Polaczyk, D. Hahn, J. Narayanan, T.L. Cromeans, J.M. Roberts 

and J.E. Amburgey. 2005. Development of a rapid method for simultaneous 

recovery of diverse microbes in drinking water by ultrafiltration with sodium 

polyphosphate and surfactants. Appl Environ Microbiol 71(11):6878-6884. 

189. Hilleman, M.R. and J.H. Werner. 1954. Recovery of new agent from patients with 

acute respiratory illness. Proc Soc Exp Biol Med 85(1):183-188. 

190. Horwitz, M.S. 2001. Adenovirus immunoregulatory genes and their cellular targets. 

Virology 279(1):1-8. 

191. Huang, Q.S., G. Greening, M.G. Baker, K. Grimwood, J. Hewitt, D. Hulston, et 

al. 2005. Persistence of oral polio vaccine virus after its removal from the 

immunisation schedule in New Zealand. Lancet 366(9483):394-396. 

192. Huggett, J.F., C.A. Foy, V. Benes, K. Emslie, J.A. Garson, R. Haynes, et al. 2013. 

The digital MIQE guidelines: minimum information for publication of quantitative 

digital PCR experiments. Clin Chem 59(6):892-902. 

193. Hundesa, A., C. Maluquer de Motes, S. Bofill-Mas, N. Albinana-Gimenez and R. 

Girones. 2006. Identification of human and animal adenoviruses and polyomaviruses 

for determination of sources of fecal contamination in the environment. Appl Environ 

Microbiol 72(12):7886-7893. 

194. Hurst, C.J., W.H. Benton and K.A. McClellan. 1988a. Suppression of viral 

replication by guanidine: a comparison of human adenoviruses and enteroviruses. J 

Virol Methods 22(1):1-11. 

195. Hurst, C.J., R.L. Crawford, G.R. Knudsen, M.J. McInerney and L.D. 

Stetzenbach. 2002. Manual of Environmental Microbiology. Washington, DC, US, 

American Society for Microbiology Press. 

196. Hurst, C.J. and T. Goyke. 1983. Reduction of interfering cytotoxicity associated 

with wastewater sludge concentrates assayed for indigenous enteric viruses. Appl 

Environ Microbiol 46(1):133-139. 

197. Hurst, C.J. and T. Goyke. 1986. Improved method for recovery of enteric viruses 

from wastewater sludges. Water Res 20(10):1321-1324. 

198. Hurst, C.J., K.A. McClellan and W.H. Benton. 1988b. Comparison of 

cytopathogenicity, immunofluorescence and in situ DNA hybridization as methods for 

the detection of adenoviruses. Water Res 22(12):1547-1552. 

199. ICTV. 2013. Adenovirus Taxonomy.   Retrieved 3 November 2013, from 

http://www.vmri.hu/~harrach/AdVtaxlong.htm. 

200. Ikner, L., C. Gerba and K. Bright. 2012. Concentration and recovery of viruses 

from water: A comprehensive review. Food Environ Virol 4(2):41-67. 

201. Imperiale, M.J. and E.O. Major 2007. Polyomaviruses. pp. 2263-2298 In D. M. 

Knipe and P. M. Howley (eds), Fields Virology. Lippincott, Williams and Wilkins, 

Philadelphia, PA, US. 

202. Irving, L.G. and F.A. Smith. 1981. One-year survey of enteroviruses, adenoviruses, 

and reoviruses isolated from effluent at an activated-sludge purification plant. Appl 

Environ Microbiol 41(1):51-59. 

http://www.vmri.hu/~harrach/AdVtaxlong.htm


 

244 

203. ISO. 2013a. ISO T/S. Microbiology of food and animal feed- Horizontal method for 

determination of hepatitis A virus and norovirus in food using real-time RT-PCR. Part 

1 Method for quantification. Switzerland. 

204. ISO. 2013b. ISO/TS. Microbiology of food and animal feed- Horizontal method for 

determination of hepatitis A virus and norovirus in food using real-time RT-PCR. Part 

2 Method for qualitative detection. Switzerland. 

205. Jalal, H., D.F. Bibby, J.W. Tang, J. Bennett, C. Kyriakou, K. Peggs, et al. 2005. 

First reported outbreak of diarrhea due to adenovirus infection in a hematology unit 

for adults. J Clin Microbiol 43(6):2575-2580. 

206. Jiang, M., J.R. Abend, S.F. Johnson and M.J. Imperiale. 2009a. The role of 

polyomaviruses in human disease. Virology 384(2):266-273. 

207. Jiang, S., H. Dezfulian and W. Chu. 2005. Real-time quantitative PCR for enteric 

adenovirus serotype 40 in environmental waters. Can J Microbiol 51(5):393-398. 

208. Jiang, S., R. Noble and W. Chu. 2001. Human adenoviruses and coliphages in urban 

runoff-impacted coastal waters of Southern California. Appl Environ Microbiol 

67(1):179-184. 

209. Jiang, S.C. and W. Chu. 2004. PCR detection of pathogenic viruses in Southern 

California urban rivers. J Appl Microbiol 97(1):17-28. 

210. Jiang, S.C., W. Chu and J.W. He. 2007. Seasonal detection of human viruses and 

coliphage in Newport Bay, California. Appl Environ Microbiol 73(20):6468-6474. 

211. Jiang, S.C., J. Han, J.W. He and W. Chu. 2009b. Evaluation of four cell lines for 

assay of infectious adenoviruses in water samples. J Water Health 7(4):650-656. 

212. Johne, R., C.B. Buck, T. Allander, W.J. Atwood, R.L. Garcea, M.J. Imperiale, et 

al. 2011. Taxonomical developments in the family Polyomaviridae. Arch Virol 

156(9):1627-1634. 

213. Jothikumar, N., T.L. Cromeans, V.R. Hill, X. Lu, M.D. Sobsey and D.D. 

Erdman. 2005a. Quantitative real-time PCR assays for detection of human 

adenoviruses and identification of serotypes 40 and 41. Appl Environ Microbiol 

71(6):3131-3136. 

214. Jothikumar, N., J.A. Lowther, K. Henshilwood, D.N. Lees, V.R. Hill and J. 

Vinjé. 2005b. Rapid and sensitive detection of noroviruses by using TaqMan-based 

one-step reverse transcription-PCR assays and application to naturally contaminated 

shellfish samples. Appl Environ Microbiol 71(4):1870-1875. 

215. Jurzik, L., I.A. Hamza, W. Puchert, K. Uberla and M. Wilhelm. 2010. Chemical 

and microbiological parameters as possible indicators for human enteric viruses in 

surface water. Int J Hyg Environ Health 213(3):210-216. 

216. Kageyama, T., S. Kojima, M. Shinohara, K. Uchida, S. Fukushi, F.B. Hoshino, et 

al. 2003. Broadly reactive and highly sensitive assay for Norwalk-like viruses based 

on real-time quantitative reverse transcription-PCR. J Clin Microbiol 41(4):1548-

1557. 

217. Kajon, A.E., J.M. Moseley, D. Metzgar, H.S. Huong, A. Wadleigh, M.A. Ryan 

and K.L. Russell. 2007. Molecular epidemiology of adenovirus type 4 infections in 

US military recruits in the postvaccination era (1997-2003). J Infect Dis 196(1):67-75. 

218. Karamoko, Y., K. Ibenyassine, R. Aitmhand, M. Idaomar and M.M. Ennaji. 

2005. Adenovirus detection in shellfish and urban sewage in Morocco (Casablanca 

region) by the polymerase chain reaction. J Virol Methods 126(1-2):135-137. 

219. Katayama, H., E. Haramoto, K. Oguma, H. Yamashita, A. Tajima, H. Nakajima 

and S. Ohgaki. 2008. One-year monthly quantitative survey of noroviruses, 

enteroviruses, and adenoviruses in wastewater collected from six plants in Japan. 

Water Res 42(6-7):1441-1448. 



 

245 

220. Kidd, A.H., J.E. Banatvala and J.C. de Jong. 1983. Antibodies to fastidious faecal 

adenoviruses (species 40 and 41) in sera from children. J Med Virol 11(4):333-341. 

221. Kidd, A.H., B.P. Cosgrove, R.A. Brown and C.R. Madeley. 1982a. Faecal 

adenoviruses from Glasgow babies. Studies on culture and identity. J Hyg (Lond) 

88(3):463-474. 

222. Kidd, A.H. and B.D. Schoub. 1982b. Fastidious adenoviruses. Lancet 2(8288):51. 

223. Kirs, M., V.J. Harwood, A.E. Fidler, P.A. Gillespie, W.R. Fyfe, A.D. Blackwood 

and C.D. Cornelisen. 2011. Source tracking faecal contamination in an urbanised 

and a rural waterway in the Nelson-Tasman region, New Zealand. N Z J Mar Freshw 

Res 45(1):43-58. 

224. Ko, G., T.L. Cromeans and M.D. Sobsey. 2003. Detection of infectious adenovirus 

in cell culture by mRNA reverse transcription-PCR. Appl Environ Microbiol 

69(12):7377-7384. 

225. Ko, G., T.L. Cromeans and M.D. Sobsey. 2005a. UV inactivation of adenovirus 

type 41 measured by cell culture mRNA RT-PCR. Water Res 39(15):3643-3649. 

226. Ko, G., N. Jothikumar, V.R. Hill and M.D. Sobsey. 2005b. Rapid detection of 

infectious adenoviruses by mRNA real-time RT-PCR. J Virol Methods 127(2):148-

153. 

227. Kokkinos, P., S. Filippidou, K. Karlou and A. Vantarakis. 2010. Molecular typing 

of enteroviruses, adenoviruses, and hepatitis A viruses in untreated and treated 

sewage of a biological treatment plant in Greece. Food Environ Virol 2(2):89-96. 

228. Kokkinos, P.A., P.G. Ziros, A. Mpalasopoulou, A. Galanis and A. Vantarakis. 

2011. Molecular detection of multiple viral targets in untreated urban sewage from 

Greece. Virol J 8(195):1-7. 

229. Komninou, G., A. Vantarakis, D. Venieri and M. Papapetropoulou. 2004. 

Evaluation of virological quality of sewage from four biological treatment plants by a 

nested-PCR technique. Water Sci Technol 50(1):253-257. 

230. Krikelis, V., N. Spyrou, P. Markoulatos and C. Serie. 1985. Seasonal distribution 

of enteroviruses and adenoviruses in domestic sewage. Can J Microbiol 31(1):24-25. 

231. Kukkula, M., P. Arstila, M.L. Klossner, L. Maunula, C.H. Bonsdorff and P. 

Jaatinen. 1997. Waterborne outbreak of viral gastroenteritis. Scand J Infect Dis 

29(4):415-418. 

232. Kumar, A., K. Wong and I. Xagoraraki. 2012. Effect of detection methods on risk 

estimates of exposure to biosolids-associated human enteric viruses. Risk Anal 

32(5):916-929. 

233. Kundu, A., G. McBride and S. Wuertz. 2013. Adenovirus-associated health risks 

for recreational activities in a multi-use coastal watershed based on site-specific 

quantitative microbial risk assessment. Water Res 47(16):6309-6325. 

234. Kuo, D.H., F. Simmons and I. Xagoraraki. 2009. A new set of PCR assays for the 

identification of multiple human adenovirus species in environmental samples. J Appl 

Microbiol 107(4):1219-1229. 

235. Kuo, D.H., F.J. Simmons, S. Blair, E. Hart, J.B. Rose and I. Xagoraraki. 2010. 

Assessment of human adenovirus removal in a full-scale membrane bioreactor 

treating municipal wastewater. Water Res 44(5):1520-1530. 

236. Kutyavin, I.V., I.A. Afonina, A. Mills, V.V. Gorn, E.A. Lukhtanov, E.S. 

Belousov, et al. 2000. 3'-minor groove binder-DNA probes increase sequence 

specificity at PCR extension temperatures. Nucleic Acids Res 28(2):655-661. 

237. La Rosa, G., M. Fratini, S. della Libera, M. Iaconelli and M. Muscillo. 2012. 

Emerging and potentially emerging viruses in water environments. Ann Ist Super 

Sanita 48(4):397-406. 



 

246 

238. Lambertini, E., S.K. Spencer, P.D. Bertz, F.J. Loge, B.A. Kieke and M.A. 

Borchardt. 2008. Concentration of enteroviruses, adenoviruses, and noroviruses from 

drinking water by use of glass wool filters. Appl Environ Microbiol 74(10):2990-

2996. 

239. Lamont, Y., A. Rzezutka, J.G. Anderson, S.J. MacGregor, M.J. Given, C. Deppe 

and N. Cook. 2007. Pulsed UV-light inactivation of poliovirus and adenovirus. Lett 

Appl Microbiol 45(5):564-567. 

240. Laverick, M.A., A.P. Wyn-Jones and M.J. Carter. 2004. Quantitative RT-PCR for 

the enumeration of noroviruses (Norwalk-like viruses) in water and sewage. Lett Appl 

Microbiol 39(2):127-136. 

241. Le Guyader, F., L. Haugarreau, L. Miossec, E. Dubois and M. Pommepuy. 2000. 

Three-year study to assess human enteric viruses in shellfish. Appl Environ Microbiol 

66(8):3241-3248. 

242. Le Guyader, F.S. and R.L. Atmar 2007. Viruses in shellfish. pp. 205-226 In B. 

Albert (ed), Perspectives in Medical Virology. Elsevier, Amsterdam, The 

Netherlands. 

243. Le Guyader, F.S., F. Bon, D. DeMedici, S. Parnaudeau, A. Bertone, S. Crudeli, et 

al. 2006. Detection of multiple noroviruses associated with an international 

gastroenteritis outbreak linked to oyster consumption. J Clin Microbiol 44(11):3878-

3882. 

244. Lee, C. and S.J. Kim. 2008. Molecular detection of human enteric viruses in urban 

rivers in Korea. J Microbiol Biotechnol 18(6):1156-1163. 

245. Lee, C. and S.J. Kim. 2010. Single-strand conformation polymorphism analysis for 

the study of adenoviral diversity in urban rivers. J Virol Methods 165(2):145-150. 

246. Lee, C., S.H. Lee, E. Han and S.J. Kim. 2004a. Use of cell culture-PCR assay based 

on combination of A549 and BGMK cell lines and molecular identification as a tool 

to monitor infectious adenoviruses and enteroviruses in river water. Appl Environ 

Microbiol 70(11):6695-6705. 

247. Lee, C.S., C. Lee, J. Marion, Q. Wang, L. Saif and J. Lee. 2014. Occurrence of 

human enteric viruses at freshwater beaches during swimming season and its link to 

water inflow. Sci Total Environ 472:757-766. 

248. Lee, H.K. and Y.S. Jeong. 2004b. Comparison of total culturable virus assay and 

multiplex integrated cell culture-PCR for reliability of waterborne virus detection. 

Appl Environ Microbiol 70(6):3632-3636. 

249. Lee, J.K. and G.A. Shin. 2011. Inactivation of human adenovirus by sequential 

disinfection with an alternative UV technology and free chlorine. J Water Health 

9(1):53-58. 

250. Lee, S.H. and S.J. Kim. 2002. Detection of infectious enteroviruses and adenoviruses 

in tap water in urban areas in Korea. Water Res 36(1):248-256. 

251. Lee, S.H., C. Lee, K.W. Lee, H.B. Cho and S.J. Kim. 2005. The simultaneous 

detection of both enteroviruses and adenoviruses in environmental water samples 

including tap water with an integrated cell culture-multiplex-nested PCR procedure. J 

Appl Microbiol 98(5):1020-1029. 

252. Lees, D. 2000. Viruses and bivalve shellfish. Int J Food Microbiol 59(1-2):81-116. 

253. Lees, D.N., CENWG6 TAG4,. 2010. International standardisation of a method for 

detection of human pathogenic viruses in molluscan shellfish. Food Environ Virol 

2:146-155. 

254. Lewis, G.D., F.J. Austin, M.W. Loutit and K. Sharples. 1986. Enterovirus removal 

from sewage- The effectiveness of four different treatment plants. Water Res 

20:1291-1297. 



 

247 

255. Lewis, G.D. and T.G. Metcalf. 1988. Polyethylene glycol precipitation for recovery 

of pathogenic viruses, including hepatitis A virus and human rotavirus, from oyster, 

water, and sediment samples. Appl Environ Microbiol 54(8):1983-1988. 

256. Lewis, G.D., S.L. Molloy, G.E. Greening and J. Dawson. 2000. Influence of 

environmental factors on virus detection by RT-PCR and cell culture. J Appl 

Microbiol 88(4):633-640. 

257. Li, D., M. He and S.C. Jiang. 2010. Detection of infectious adenoviruses in 

environmental waters by fluorescence-activated cell sorting assay. Appl Environ 

Microbiol 76(5):1442-1448. 

258. Lin, J. and A. Ganesh. 2013. Water quality indicators: bacteria, coliphages, enteric 

viruses. Int J Environ Health Res 23(6):484-506. 

259. Lipp, E.K., J.C. Futch and D.W. Griffin. 2007. Analysis of multiple enteric viral 

targets as sewage markers in coral reefs. Mar Pollut Bull 54(12):1897-1902. 

260. Liu, P., O. Herzegh, M. Fernandez, S. Hooper, W. Shu, J. Sobolik, et al. 2013. 

Assessment of human adenovirus removal by qPCR in an advanced water reclamation 

plant in Georgia, USA. J Appl Microbiol 115(1):310-318. 

261. Locas, A., C. Barthe, B. Barbeau, A. Carriere and P. Payment. 2007. Virus 

occurrence in municipal groundwater sources in Quebec, Canada. Can J Microbiol 

53(6):688-694. 

262. Locas, A., V. Martinez and P. Payment. 2010. Removal of human enteric viruses 

and indicator microorganisms from domestic wastewater by aerated lagoons. Can J 

Microbiol 56(2):188-194. 

263. Lodder, W.J. and A.M. de Roda Husman. 2005. Presence of noroviruses and other 

enteric viruses in sewage and surface waters in The Netherlands. Appl Environ 

Microbiol 71(3):1453-1461. 

264. Loge, F.J., D.E. Thompson and D.R. Call. 2002. PCR detection of specific 

pathogens in water: a risk-based analysis. Environ Sci Technol 36(12):2754-2759. 

265. Lopman, B., P. Gastanaduy, G.W. Park, A.J. Hall, U.D. Parashar and J. Vinjé. 

2012. Environmental transmission of norovirus gastroenteritis. Curr Opin Virol 

2(1):96-102. 

266. Madisch, I., G. Harste, H. Pommer and A. Heim. 2005. Phylogenetic analysis of 

the main neutralization and hemagglutination determinants of all human adenovirus 

prototypes as a basis for molecular classification and taxonomy. J Virol 

79(24):15265-15276. 

267. Mahl, M.C. and C. Sadler. 1975. Virus survival on inanimate surfaces. Can J 

Microbiol 21(6):819-823. 

268. Mandilara, G.D., E.M. Smeti, A.T. Mavridou, M.P. Lambiri, A.C. Vatopoulos 

and F.P. Rigas. 2006. Correlation between bacterial indicators and bacteriophages in 

sewage and sludge. FEMS Microbiol Lett 263(1):119-126. 

269. Martone, W.J., J.C. Hierholzer, R.A. Keenlyside, D.W. Fraser, L.J. D'Angelo 

and W.G. Winkler. 1980. An outbreak of adenovirus type 3 disease at a private 

recreation center swimming pool. Am J Epidemiol 111(2):229-237. 

270. Marttila, M., D. Persson, D. Gustafsson, M.K. Liszewski, J.P. Atkinson, G. 

Wadell and N. Arnberg. 2005. CD46 is a cellular receptor for all species B 

adenoviruses except types 3 and 7. J Virol 79(22):14429-14436. 

271. Matsushima, Y., H. Shimizu, A. Kano, E. Nakajima, Y. Ishimaru, S.K. Dey, et al. 

2013. Genome sequence of a novel virus of the species human adenovirus D 

associated with acute gastroenteritis. Genome Announc 1(1):e00068-00012. 



 

248 

272. McQuaig, S. 2009. The development of a human polyomavirus quantitative PCR 

assay to assess viral persistence, water quality, and human health risks. PhD, 

University of South Florida, FL, US. 

273. McQuaig, S., J. Griffith and V.J. Harwood. 2012. Association of fecal indicator 

bacteria with human viruses and microbial source tracking markers at coastal beaches 

impacted by nonpoint source pollution. Appl Environ Microbiol 78(18):6423-6432. 

274. McQuaig, S.M., T.M. Scott, V.J. Harwood, S.R. Farrah and J.O. Lukasik. 2006. 

Detection of human-derived fecal pollution in environmental waters by use of a PCR-

based human polyomavirus assay. Appl Environ Microbiol 72(12):7567-7574. 

275. McQuaig, S.M., T.M. Scott, J.O. Lukasik, J.H. Paul and V.J. Harwood. 2009. 

Quantification of human polyomaviruses JC virus and BK virus by TaqMan 

quantitative PCR and comparison to other water quality indicators in water and fecal 

samples. Appl Environ Microbiol 75(11):3379-3388. 

276. Medema, G.J., P. Payment, A. Dufour, W. Robertson, M. Waite, P. Hunter, et al. 

2003. Assessing microbial safety of drinking water: Improving approaches and 

methods. pp. 11-46 In M. S. A. Dufour, W. Koster, J. Bartram, E. Ronchi, and L. 

Fewtrell (ed), WHO Drinking Water Quality Series, OECD-WHO. IWA Publishing, 

London, UK. 

277. Mena, K.D. and C.P. Gerba. 2009. Waterborne adenovirus. Rev Environ Contam 

Toxicol 198:133-167. 

278. Metcalf, T.G., J.L. Melnick and M.K. Estes. 1995. Environmental virology: from 

detection of virus in sewage and water by isolation to identification by molecular 

biology-a trip of over 50 years. Annu Rev Microbiol 49:461-487. 

279. Metzgar, D., M. Osuna, A.E. Kajon, A.W. Hawksworth, M. Irvine and K.L. 

Russell. 2007. Abrupt emergence of diverse species B adenoviruses at US military 

recruit training centers. J Infect Dis 196(10):1465-1473. 

280. Miagostovich, M.P., F.F. Ferreira, F.R. Guimaraes, T.M. Fumian, L. Diniz-

Mendes, S.L. Luz, et al. 2008. Molecular detection and characterization of 

gastroenteritis viruses occurring naturally in the stream waters of Manaus, central 

Amazonia, Brazil. Appl Environ Microbiol 74(2):375-382. 

281. Michen, B. and T. Graule. 2010. Isoelectric points of viruses. J Appl Microbiol 

109(2):388-397. 

282. Mignotte-Cadiergues, B., C. Gantzer and L. Schwartzbrod. 2002. Evaluation of 

bacteriophages during the treatment of sludge. Water Sci Technol 46(10):189-194. 

283. Mignotte, B., A. Maul and L. Schwartzbrod. 1999. Comparative study of 

techniques used to recover viruses from residual urban sludge. J Virol Methods 78(1-

2):71-80. 

284. Ming, H.X., L. Zhu and Y. Zhang. 2011. Rapid quantification of infectious 

enterovirus from surface water in Bohai Bay, China using an integrated cell culture-

qPCR assay. Mar Pollut Bull 62(10):2047-2054. 

285. Miyamura, K., K. Takeyama, S. Kojima, S. Minami, K. Matsuyama, Y. 

Morishima and Y. Kodera. 1989. Hemorrhagic cystitis associated with urinary 

excretion of adenovirus type 11 following allogeneic bone marrow transplantation. 

Bone Marrow Transplant 4(5):533-535. 

286. Monpoeho, S., A. Maul, C. Bonnin, L. Patria, S. Ranarijaona, S. Billaudel and V. 

Ferre. 2004. Clearance of human-pathogenic viruses from sludge: study of four 

stabilization processes by real-time reverse transcription-PCR and cell culture. Appl 

Environ Microbiol 70(9):5434-5440. 

287. Monpoeho, S., A. Maul, B. Mignotte-Cadiergues, L. Schwartzbrod, S. Billaudel 

and V. Ferre. 2001. Best viral elution method available for quantification of 



 

249 

enteroviruses in sludge by both cell culture and reverse transcription-PCR. Appl 

Environ Microbiol 67(6):2484-2488. 

288. Mounts, A.W., T. Ando, M. Koopmans, J.S. Bresee, J. Noel and R.I. Glass. 2000. 

Cold weather seasonality of gastroenteritis associated with Norwalk- like viruses. J 

Infect Dis 181 Suppl 2:S284-287. 

289. Muniain-Mujika, I., M. Calvo, F. Lucena and R. Girones. 2003. Comparative 

analysis of viral pathogens and potential indicators in shellfish. Int J Food Microbiol 

83(1):75-85. 

290. Muniain-Mujika, I., R. Girones and F. Lucena. 2000. Viral contamination of 

shellfish: evaluation of methods and analysis of bacteriophages and human viruses. J 

Virol Methods 89(1-2):109-118. 

291. Myrmel, M., E.M. Berg, B. Grinde and E. Rimstad. 2006. Enteric viruses in inlet 

and outlet samples from sewage treatment plants. J Water Health 4(2):197-209. 

292. Myrmel, M., E.M. Berg, E. Rimstad and B. Grinde. 2004. Detection of enteric 

viruses in shellfish from the Norwegian coast. Appl Environ Microbiol 70(5):2678-

2684. 

293. Nappier, S.P., M.D. Aitken and M.D. Sobsey. 2006. Male-specific coliphages as 

indicators of thermal inactivation of pathogens in biosolids. Appl Environ Microbiol 

72(4):2471-2475. 

294. Noble, R.T., S.M. Allen, A.D. Blackwood, W. Chu, S.C. Jiang, G.L. Lovelace, et 

al. 2003. Use of viral pathogens and indicators to differentiate between human and 

non-human fecal contamination in a microbial source tracking comparison study. J 

Water Health 1(4):195-207. 

295. Noble, R.T., J.F. Griffith, A.D. Blackwood, J.A. Fuhrman, J.B. Gregory, X. 

Hernandez, et al. 2006. Multitiered approach using quantitative PCR to track sources 

of fecal pollution affecting Santa Monica Bay, California. Appl Environ Microbiol 

72(2):1604-1612. 

296. Nordgren, J., A. Matussek, A. Mattsson, L. Svensson and P.E. Lindgren. 2009. 

Prevalence of norovirus and factors influencing virus concentrations during one year 

in a full-scale wastewater treatment plant. Water Res 43(4):1117-1125. 

297. NSWEPA. 1998. Environmental Guidelines: Use and disposal of biosolid products. 

Sydney, Australia, NSW EPA. 

298. Nwachuku, N., C.P. Gerba, A. Oswald and F.D. Mashadi. 2005. Comparative 

inactivation of adenovirus serotypes by UV light disinfection. Appl Environ 

Microbiol 71(9):5633-5636. 

299. NZMoH. 2008. Drinking-water standards for New Zealand 2005 (Revised 2008). 

Ministry of Health, Wellington, New Zealand. 

300. NZWWA. 2003. Guidelines for the safe application of biosolids to land in New 

Zealand. New Zealand Water and Wastes Association, Wellington, New Zealand. 

301. Ogorzaly, L., I. Bertrand, M. Paris, A. Maul and C. Gantzer. 2010. Occurrence, 

survival, and persistence of human adenoviruses and F-specific RNA phages in raw 

groundwater. Appl Environ Microbiol 76(24):8019-8025. 

302. Ogorzaly, L., H.M. Cauchie, C. Penny, A. Perrin, C. Gantzer and I. Bertrand. 

2013. Two-day detection of infectious enteric and non-enteric adenoviruses by 

improved ICC-qPCR. Appl Microbiol Biotechnol 97(9):4159-4166. 

303. Ogorzaly, L., A. Tissier, I. Bertrand, A. Maul and C. Gantzer. 2009. Relationship 

between F-specific RNA phage genogroups, faecal pollution indicators and human 

adenoviruses in river water. Water Res 43(5):1257-1264. 

304. Ottoson, J., A. Hansen, T. Westrell, K. Johansen, H. Norder and T.A. Stenstrom. 

2006. Removal of noro- and enteroviruses, Giardia cysts, Cryptosporidium oocysts, 



 

250 

and fecal indicators at four secondary wastewater treatment plants in Sweden. Water 

Environ Res 78(8):828-834. 

305. Pallansch, M. and R. Roos 2007. Enteroviruses: polioviruses, coxsackieviruses, 

echoviruses and newer enteroviruses. pp. 839-893 In D. M. Knipe and P. M. Howley 

(eds), Fields Virology. Lippincott Williams & Wilkins, Philadephia, PA, US. 

306. Papafragkou, E., J. Hewitt, G.W. Park, G. Greening and J. Vinjé. 2013. 

Challenges of culturing human norovirus in three-dimensional organoid intestinal cell 

culture models. PLoS One 8(6):e63485. 

307. Papapetropoulou, M. and A.C. Vantarakis. 1998. Detection of adenovirus outbreak 

at a municipal swimming pool by nested PCR amplification. J Infect 36(1):101-103. 

308. Pauschinger, M., N.E. Bowles, F.J. Fuentes-Garcia, V. Pham, U. Kuhl, P.L. 

Schwimmbeck, et al. 1999. Detection of adenoviral genome in the myocardium of 

adult patients with idiopathic left ventricular dysfunction. Circulation 99(10):1348-

1354. 

309. Payment, P. and E. Franco. 1993. Clostridium perfringens and somatic coliphages 

as indicators of the efficiency of drinking water treatment for viruses and protozoan 

cysts. Appl Environ Microbiol 59(8):2418-2424. 

310. Payment, P. and A. Locas. 2011. Pathogens in water: value and limits of correlation 

with microbial indicators. Ground Water 49(1):4-11. 

311. Payment, P., M. White and A. Dufour 2003. Introducing parameters for the 

assessment of drinking water quality. pp. 47-77, Assessing microbial safety of 

drinking water. Improving approaches and methods. IWA publishing, London, UK. 

312. Pina, S., M. Puig, F. Lucena, J. Jofre and R. Girones. 1998. Viral pollution in the 

environment and in shellfish: human adenovirus detection by PCR as an index of 

human viruses. Appl Environ Microbiol 64(9):3376-3382. 

313. Pintó, R.M., J.M. Diez and A. Bosch. 1994. Use of the colonic carcinoma cell line 

CaCo-2 for in vivo amplification and detection of enteric viruses. J Med Virol 

44(3):310-315. 

314. Polo, C., J.L. Perez, A. Mielnichuck, C.G. Fedele, J. Niubo and A. Tenorio. 2004. 

Prevalence and patterns of polyomavirus urinary excretion in immunocompetent 

adults and children. Clin Microbiol Infect 10(7):640-644. 

315. Potasman, I., A. Paz and M. Odeh. 2002. Infectious outbreaks associated with 

bivalve shellfish consumption: a worldwide perspective. Clin Infect Dis 35(8):921-

928. 

316. Prado, T., C. Guilayn Wde, A.M. Gaspar and M.P. Miagostovich. 2013. The 

efficiency of concentration methods used to detect enteric viruses in anaerobically 

digested sludge. Mem Inst Oswaldo Cruz 108(1):77-83. 

317. Prado, T., D.M. Silva, W.C. Guilayn, T.L. Rose, A.M. Gaspar and M.P. 

Miagostovich. 2011. Quantification and molecular characterization of enteric viruses 

detected in effluents from two hospital wastewater treatment plants. Water Res 

45(3):1287-1297. 

318. Prata, C., A. Ribeiro, A. Cunha, N.C. Gomes and A. Almeida. 2012. 

Ultracentrifugation as a direct method to concentrate viruses in environmental waters: 

virus-like particle enumeration as a new approach to determine the efficiency of 

recovery. J Environ Monit 14(1):64-70. 

319. Precious, B. and W.C. Russell 1985. Growth, purification and titration of 

adenoviruses. pp. 193-205 In B. W. J. Mahy (ed), Virology: a practical approach. IRL 

Press, Oxford, UK. 



 

251 

320. Puig, M., J. Jofre, F. Lucena, A. Allard, G. Wadell and R. Girones. 1994. 

Detection of adenoviruses and enteroviruses in polluted waters by nested PCR 

amplification. Appl Environ Microbiol 60(8):2963-2970. 

321. Pusch, D., D.Y. Oh, S. Wolf, R. Dumke, U. Schroter-Bobsin, M. Hohne, et al. 

2005. Detection of enteric viruses and bacterial indicators in German environmental 

waters. Arch Virol 150(5):929-947. 

322. Quidort, W.L. 2013. Detection and infectivity of human adenoviruses in wastewater 

effluent, biosolids, and shellfish, and its persistence in estuarine water. PhD, The 

College of William and Mary, Williamsburg, Virginia, US. 

323. R Development Core Team. 2011. R: A language and environment for statistical 

computing, R Foundation for Statistical Computing, Vienna, Austria. 

324. Rafique, A. and S.C. Jiang. 2008. Genetic diversity of human polyomavirus JCPyV 

in Southern California wastewater. J Water Health 6(4):533-538. 

325. Rajal, V.B., B.S. McSwain, D.E. Thompson, C.M. Leutenegger and S. Wuertz. 

2007. Molecular quantitative analysis of human viruses in California stormwater. 

Water Res 41(19):4287-4298. 

326. Rigotto, C., T.C. Sincero, C.M. Simoes and C.R. Barardi. 2005. Detection of 

adenoviruses in shellfish by means of conventional-PCR, nested-PCR, and integrated 

cell culture PCR (ICC/PCR). Water Res 39(2-3):297-304. 

327. Rigotto, C., M. Victoria, V. Moresco, C.K. Kolesnikovas, A.A. Correa, D.S. 

Souza, et al. 2010. Assessment of adenovirus, hepatitis A virus and rotavirus 

presence in environmental samples in Florianopolis, South Brazil. J Appl Microbiol 

109(6):1979-1987. 

328. Robinson, C.M., G. Singh, C. Henquell, M.P. Walsh, H. Peigue-Lafeuille, D. 

Seto, et al. 2011. Computational analysis and identification of an emergent human 

adenovirus pathogen implicated in a respiratory fatality. Virology 409(2):141-147. 

329. Rodriguez-Manzano, J., J.L. Alonso, M.A. Ferrus, Y. Moreno, I. Amoros, B. 

Calgua, et al. 2012. Standard and new faecal indicators and pathogens in sewage 

treatment plants, microbiological parameters for improving the control of reclaimed 

water. Water Sci Technol 66(12):2517-2523. 

330. Rodriguez-Manzano, J., A. Hundesa, B. Calgua, A. Carratala, C. Maluquer de 

Motes, M. Rusinol, et al. 2014. Adenovirus and norovirus contaminants in 

commercially distributed shellfish. Food Environ Virol 6(1):31-41. 

331. Rodríguez, R., P. Gundy, G. Rijal and C. Gerba. 2012. The impact of combined 

sewage overflows on the viral contamination of receiving waters. Food Environ Virol 

4(1):34-40. 

332. Rodriguez, R.A., S. Bounty and K.G. Linden. 2013a. Long-range quantitative PCR 

for determining inactivation of adenovirus 2 by ultraviolet light. J Appl Microbiol 

114(6):1854-1865. 

333. Rodriguez, R.A., P.M. Gundy and C.P. Gerba. 2008. Comparison of BGM and 

PLC/PRC/5 cell lines for total culturable viral assay of treated sewage. Appl Environ 

Microbiol 74(9):2583-2587. 

334. Rodriguez, R.A., I.L. Pepper and C.P. Gerba. 2009. Application of PCR-based 

methods to assess the infectivity of enteric viruses in environmental samples. Appl 

Environ Microbiol 75(2):297-307. 

335. Rodriguez, R.A., P.M. Polston, M.J. Wu, J. Wu and M.D. Sobsey. 2013b. An 

improved infectivity assay combining cell culture with real-time PCR for rapid 

quantification of human adenoviruses 41 and semi-quantification of human 

adenovirus in sewage. Water Res 47(9):3183-3191. 



 

252 

336. Roelvink, P.W., A. Lizonova, J.G. Lee, Y. Li, J.M. Bergelson, R.W. Finberg, et 

al. 1998. The coxsackievirus-adenovirus receptor protein can function as a cellular 

attachment protein for adenovirus serotypes from subgroups A, C, D, E, and F. J Virol 

72(10):7909-7915. 

337. Rosario, K., E.M. Symonds, C. Sinigalliano, J. Stewart and M. Breitbart. 2009. 

Pepper mild mottle virus as an indicator of fecal pollution. Appl Environ Microbiol 

75(22):7261-7267. 

338. Roslev, P. and A.S. Bukh. 2011. State of the art molecular markers for fecal 

pollution source tracking in water. Appl Microbiol Biotechnol 89(5):1341-1355. 

339. Rowe, W.P., R.J. Huebner, L.K. Gilmore, R.H. Parrott and T.G. Ward. 1953. 

Isolation of a cytopathogenic agent from human adenoids undergoing spontaneous 

degeneration in tissue culture. Proc Soc Exp Biol Med 84(3):570-573. 

340. Russell, W.C. 2009. Adenoviruses: update on structure and function. J Gen Virol 

90(Pt 1):1-20. 

341. Rutjes, S.A., W.J. Lodder, A.D. van Leeuwen and A.M. de Roda Husman. 2009. 

Detection of infectious rotavirus in naturally contaminated source waters for drinking 

water production. J Appl Microbiol 107(1):97-105. 

342. Ryan, M.A., G.C. Gray, B. Smith, J.A. McKeehan, A.W. Hawksworth and M.D. 

Malasig. 2002. Large epidemic of respiratory illness due to adenovirus types 7 and 3 

in healthy young adults. Clin Infect Dis 34(5):577-582. 

343. Rzezutka, A. and N. Cook. 2004. Survival of human enteric viruses in the 

environment and food. FEMS Microbiol Rev 28(4):441-453. 

344. Savichtcheva, O. and S. Okabe. 2006. Alternative indicators of fecal pollution: 

relations with pathogens and conventional indicators, current methodologies for direct 

pathogen monitoring and future application perspectives. Water Res 40(13):2463-

2476. 

345. Schiff, G.M., G.M. Stefanovic, E.C. Young, D.S. Sander, J.K. Pennekamp and 

R.L. Ward. 1984. Studies of echovirus-12 in volunteers: determination of minimal 

infectious dose and the effect of previous infection on infectious dose. J Infect Dis 

150(6):858-866. 

346. Schlindwein, A.D., C. Rigotto, C.M. Simoes and C.R. Barardi. 2010. Detection of 

enteric viruses in sewage sludge and treated wastewater effluent. Water Sci Technol 

61(2):537-544. 

347. Schlindwein, A.D., C.M. Simoes and C.R. Barardi. 2009. Comparative study of 

two extraction methods for enteric virus recovery from sewage sludge by molecular 

methods. Mem Inst Oswaldo Cruz 104(4):576-579. 

348. Scholes, P., G. Greening, D. Campbell, J. Sim, J. Gibbons-Davies, G. Dohnt, et 

al. 2009. Microbiological quality of shellfish in estuarine areas.   Retrieved 9 April 

2014, from http://www.toiteorapublichealth.govt.nz/vdb/document/57. 

349. Schvoerer, E., F. Bonnet, V. Dubois, G. Cazaux, R. Serceau, H.J. Fleury and 

M.E. Lafon. 2000. PCR detection of human enteric viruses in bathing areas, waste 

waters and human stools in southwestern France. Res Microbiol 151(8):693-701. 

350. Schvoerer, E., M. Ventura, O. Dubos, G. Cazaux, R. Serceau, N. Gournier, et al. 

2001. Qualitative and quantitative molecular detection of enteroviruses in water from 

bathing areas and from a sewage treatment plant. Res Microbiol 152(2):179-186. 

351. Sdiri-Loulizi, K., M. Hassine, Z. Aouni, H. Gharbi-Khelifi, S. Chouchane, N. 

Sakly, et al. 2010. Detection and molecular characterization of enteric viruses in 

environmental samples in Monastir, Tunisia between January 2003 and April 2007. J 

Appl Microbiol 109(3):1093-1104. 

http://www.toiteorapublichealth.govt.nz/vdb/document/57


 

253 

352. Sedmak, G., D. Bina and J. MacDonald. 2003. Assessment of an enterovirus 

sewage surveillance system by comparison of clinical isolates with sewage isolates 

from milwaukee, wisconsin, collected August 1994 to December 2002. Appl Environ 

Microbiol 69(12):7181-7187. 

353. Sedmak, G., D. Bina, J. Macdonald and L. Couillard. 2005. Nine-year study of the 

occurrence of culturable viruses in source water for two drinking water treatment 

plants and the influent and effluent of a wastewater treatment plant in Milwaukee, 

Wisconsin (August 1994 through July 2003). Appl Environ Microbiol 71(2):1042-

1050. 

354. Segerman, A., J.P. Atkinson, M. Marttila, V. Dennerquist, G. Wadell and N. 

Arnberg. 2003. Adenovirus type 11 uses CD46 as a cellular receptor. J Virol 

77(17):9183-9191. 

355. Sellwood, J., J.V. Dadswell and J.S. Slade. 1981. Viruses in sewage as an indicator 

of their presence in the community. J Hyg (Lond) 86(2):217-225. 

356. Serracca, L., M. Verani, R. Battistini, I. Rossini, A. Carducci and C. Ercolini. 

2010. Evaluation of adenovirus and E. coli as indicators for human enteric viruses 

presence in mussels produced in La Spezia Gulf (Italy). Lett Appl Microbiol 

50(5):462-467. 

357. Seto, D., J. Chodosh, J.R. Brister and M.S. Jones. 2011. Using the whole-genome 

sequence to characterize and name human adenoviruses. J Virol 85(11):5701-5702. 

358. Shieh, Y.C., K.R. Calci and R.S. Baric. 1999. A method to detect low levels of 

enteric viruses in contaminated oysters. Appl Environ Microbiol 65(11):4709-4714. 

359. Si, J., M. Kim, M.Y. Lim and G. Ko. 2014. Enhancement of enteric adenovirus 

cultivation in a novel Ras-overexpressing cell line. J Gen Virol 95(Pt 1):171-178. 

360. Sibanda, T. and A.I. Okoh. 2012. Assessment of the incidence of enteric adenovirus 

species and serotypes in surface waters in the eastern cape province of South Africa: 

Tyume River as a case study. Sci World J 2012:949216. 

361. Sidhu, J.P., L. Hodgers, W. Ahmed, M.N. Chong and S. Toze. 2012. Prevalence of 

human pathogens and indicators in stormwater runoff in Brisbane, Australia. Water 

Res 46(20):6652-6660. 

362. Sidhu, J.P. and S.G. Toze. 2009. Human pathogens and their indicators in biosolids: 

a literature review. Environ Int 35(1):187-201. 

363. Silva, H., L. Wosnjuk, S. Santos, C. Vilanova-Costa, F. Pereira, E. Silveira-

Lacerda, et al. 2010. Molecular detection of adenoviruses in lakes and rivers of 

Goiânia, Goiás, Brazil. Food Environ Virol 2(1):35-40. 

364. Sima, L.C., J. Schaeffer, J.C. Le Saux, S. Parnaudeau, M. Elimelech and F.S. Le 

Guyader. 2011. Calicivirus removal in a membrane bioreactor wastewater treatment 

plant. Appl Environ Microbiol 77(15):5170-5177. 

365. Simmons, F.J. and I. Xagoraraki. 2011. Release of infectious human enteric viruses 

by full-scale wastewater utilities. Water Res 45(12):3590-3598. 

366. Simmons, G., C. Garbutt, J. Hewitt and G. Greening. 2007. A New Zealand 

outbreak of norovirus gastroenteritis linked to the consumption of imported raw 

Korean oysters. N Z Med J 120(1264):U2773. 

367. Sinclair, R.G., E.L. Jones and C.P. Gerba. 2009. Viruses in recreational water-

borne disease outbreaks: a review. J Appl Microbiol 107(6):1769-1780. 

368. Sinton, L.W., R.K. Finlay and D.J. Hannah. 1998. Distinguishing human from 

animal faecal contamination in water: a review. N Z J Mar Freshw Res 32(2):323-

348. 

369. Skraber, S., G. Christophe, H. Karim, H. Lucien and C. Henry-Michel. 2009. 

Simultaneous concentration of enteric viruses and protozoan parasites: a protocol 



 

254 

based on tangential flow filtration and adapted to large volumes of surface and 

drinking waters. Food Environ Virol 1(2):66-76. 

370. Slatter, M.A., S. Read, C.E. Taylor, B.N. Crooks, M. Abinun, T.J. Flood, et al. 

2005. Adenovirus type F subtype 41 causing disseminated disease following bone 

marrow transplantation for immunodeficiency. J Clin Microbiol 43(3):1462-1464. 

371. Sobsey, M.D. 1982. Detection of viruses in shellfish. pp. 243-259 In C. P. Gerba and 

S. M. Goyal (eds), Methods in Environmental Virology. Marcel Dekker Inc, New 

York, US. 

372. Sobsey, M.D., D.A. Battigelli, G.A. Shin and S. Newland. 1998. RT-PCR 

amplification detects inactivated viruses in water and wastewater. Water Sci Technol 

38(12):91-94. 

373. Souza, D.S., A.P. Ramos, F.F. Nunes, V. Moresco, S. Taniguchi, D.A. Guiguet 

Leal, et al. 2012. Evaluation of tropical water sources and mollusks in southern Brazil 

using microbiological, biochemical, and chemical parameters. Ecotoxicol Environ Saf 

76(2):153-161. 

374. Sriwanna, P., T. Chieochansin, C. Vuthitanachot, V. Vuthitanachot, A. 

Theamboonlers and Y. Poovorawan. 2013. Molecular characterization of human 

adenovirus infection in Thailand, 2009-2012. Virol J 10(193):1-10. 

375. Straub, T.M., I.L. Pepper and C.P. Gerba. 1993. Hazards from pathogenic 

microorganisms in land-disposed sewage sludge. Rev Environ Contam Toxicol 

132:55-91. 

376. Straub, T.M., I.L. Pepper and C.P. Gerba. 1994. Detection of naturally occurring 

enteroviruses and hepatitis A virus in undigested and anaerobically digested sludge 

using the polymerase chain reaction. Can J Microbiol 40(10):884-888. 

377. Tani, N., Y. Dohi, N. Kurumatani and K. Yonemasu. 1995. Seasonal distribution 

of adenoviruses, enteroviruses and reoviruses in urban river water. Microbiol 

Immunol 39(8):577-580. 

378. Tani, N., K. Shimamoto, K. Ichimura, Y. Nishii, S. Tomita and Y. Oda. 1992. 

Enteric virus levels in river water. Water Res 26(1):45-48. 

379. Teunis, P.F., C.L. Moe, P. Liu, S.E. Miller, L. Lindesmith, R.S. Baric, et al. 2008. 

Norwalk virus: how infectious is it? J Med Virol 80(8):1468-1476. 

380. Thompson, S.S., J.L. Jackson, M. Suva-Castillo, W.A. Yanko, Z. El Jack, J. Kuo, 

et al. 2003. Detection of infectious human adenoviruses in tertiary-treated and 

ultraviolet-disinfected wastewater. Water Environ Res 75(2):163-170. 

381. Thurston-Enriquez, J.A., C.N. Haas, J. Jacangelo and C.P. Gerba. 2003a. 

Chlorine inactivation of adenovirus type 40 and feline calicivirus. Appl Environ 

Microbiol 69(7):3979-3985. 

382. Thurston-Enriquez, J.A., C.N. Haas, J. Jacangelo, K. Riley and C.P. Gerba. 

2003b. Inactivation of feline calicivirus and adenovirus type 40 by UV radiation. Appl 

Environ Microbiol 69(1):577-582. 

383. Till, D., G. McBride, A. Ball, K. Taylor and E. Pyle. 2008. Large-scale freshwater 

microbiological study: rationale, results and risks. J Water Health 6(4):443-460. 

384. Uhnoo, I., G. Wadell, L. Svensson and M.E. Johansson. 1984. Importance of 

enteric adenoviruses 40 and 41 in acute gastroenteritis in infants and young children. J 

Clin Microbiol 20(3):365-372. 

385. Uhnoo, I., G. Wadell, L. Svensson, E. Olding-Stenkvist, E. Ekwall and R. Molby. 

1986. Aetiology and epidemiology of acute gastro-enteritis in Swedish children. J 

Infect 13(1):73-89. 

386. Umesha, K.R., N.C. Bhavani, M.N. Venugopal, I. Karunasagar, G. Krohne and I. 

Karunasagar. 2008. Prevalence of human pathogenic enteric viruses in bivalve 



 

255 

molluscan shellfish and cultured shrimp in south west coast of India. Int J Food 

Microbiol 122(3):279-286. 

387. USEPA. 1993. Part 503- Standards for use and disposal of sewage sludge. 

Washington, DC, US, Federal Register. 503:9387-9404. 

388. USEPA. 1995. Virus monitoring protocol for the Information Collection 

Requirements Rule. Cincinnati, OH, US, Government Printing Office. 

389. USEPA. 2003. Under 40 CFR Part 503, Appendix H. Method for the recovery and 

assay of total culturable viruses from sludge. Control of pathogens and vector 

attraction in sludge. Washington, DC, US. EPA/625/R-92/013. 

390. USEPA. 2009. Drinking Water Contaminant Candidate List 3 - Final. Washington, 

DC, US. 74, 194:51850-51862. 

391. USEPA. 2010. Method 1615. Measurement of enterovirus and norovirus occurence in 

water by culture and RT-qPCR. Version 1. Washington, DC, US. 

392. Vaidya, S.R., S.D. Chitambar and V.A. Arankalle. 2002. Polymerase chain 

reaction-based prevalence of hepatitis A, hepatitis E and TT viruses in sewage from 

an endemic area. J Hepatol 37(1):131-136. 

393. van den Berg, H., W. Lodder, W. van der Poel, H. Vennema and A.M. de Roda 

Husman. 2005. Genetic diversity of noroviruses in raw and treated sewage water. Res 

Microbiol 156(4):532-540. 

394. van Heerden, J., M.M. Ehlers, A. Heim and W.O.K. Grabow. 2005a. Prevalence, 

quantification and typing of adenoviruses detected in river and treated drinking water 

in South Africa. J Appl Microbiol 99(2):234-242. 

395. van Heerden, J., M.M. Ehlers, W.B. van Zyl and W.O. Grabow. 2003. Incidence 

of adenoviruses in raw and treated water. Water Res 37(15):3704-3708. 

396. van Heerden, J., M.M. Ehlers, J.C. Vivier and W.O. Grabow. 2005b. Risk 

assessment of adenoviruses detected in treated drinking water and recreational water. 

J Appl Microbiol 99(4):926-933. 

397. Vantarakis, A. and M. Papapetropoulou. 1999. Detection of enteroviruses, 

adenoviruses and hepatitis A viruses in raw sewage and treated effluents by nested-

PCR. Water Air Soil Pollut 114(1/2):85-93. 

398. Vantarakis, A.C. and M. Papapetropoulou. 1998. Detection of enteroviruses and 

adenoviruses in coastal waters of SW Greece by nested polymerase chain reaction. 

Water Res 32(8):2365-2372. 

399. Viau, E., K. Bibby, T. Paez-Rubio and J. Peccia. 2011. Toward a consensus view 

on the infectious risks associated with land application of sewage sludge. Environ Sci 

Technol 45(13):5459-5469. 

400. Viau, E. and J. Peccia. 2009. Survey of wastewater indicators and human pathogen 

genomes in biosolids produced by class A and class B stabilization treatments. Appl 

Environ Microbiol 75(1):164-174. 

401. Vilarino, M.L., F.S. Le Guyader, D. Polo, J. Schaeffer, J. Krol and J.L. Romalde. 

2009. Assessment of human enteric viruses in cultured and wild bivalve molluscs. Int 

Microbiol 12(3):145-151. 

402. VITAL. 2011. Detection and quantification of murine norovirus by real-time reverse 

transcriptase PCR.   Retrieved 26 November 2013, from 

http://eurovital.org/Documents/VITALSOP021v3.pdf. 

403. Wade, T.J., N. Pai, J.N. Eisenberg and J.M. Colford, Jr. 2003. Do U.S. 

Environmental Protection Agency water quality guidelines for recreational waters 

prevent gastrointestinal illness? A systematic review and meta-analysis. Environ 

Health Perspect 111(8):1102-1109. 

http://eurovital.org/Documents/VITALSOP021v3.pdf


 

256 

404. Wadell, G. 1984. Molecular epidemiology of human adenoviruses. Curr Top 

Microbiol Immunol 110:191-220. 

405. Wadell, G., A. Allard, M. Johansson, L. Svensson and I. Uhnoo. 1987. Enteric 

adenoviruses. Ciba Found Symp 128:63-91. 

406. Wait, D.A. and M.D. Sobsey. 1983. Method for recovery of enteric viruses from 

estuarine sediments with chaotropic agents. Appl Environ Microbiol 46(2):379-385. 

407. Walsh, M.P., J. Seto, E.B. Liu, S. Dehghan, N.R. Hudson, A.N. Lukashev, et al. 

2011. Computational analysis of two species C human adenoviruses provides 

evidence of a novel virus. J Clin Microbiol 49(10):3482-3490. 

408. Warren, D., K.E. Nelson, J.A. Farrar, E. Hurwitz, J. Hierholzer, E. Ford and 

L.J. Anderson. 1989. A large outbreak of epidemic keratoconjunctivitis: problems in 

controlling nosocomial spread. J Infect Dis 160(6):938-943. 

409. Wei, J., Y. Jin, T. Sims and K. Kniel. 2009. Survival of human adenovirus 41 in 

land-applied manure and biosolids. Food Environ Virol 1(3):148-154. 

410. Wellings, F.M., A.L. Lewis and C.W. Mountain. 1976. Demonstration of solids-

associated virus in wastewater and sludge. Appl Environ Microbiol 31(3):354-358. 

411. Wevers, D., S. Metzger, F. Babweteera, M. Bieberbach, C. Boesch, K. Cameron, 

et al. 2011. Novel adenoviruses in wild primates: a high level of genetic diversity and 

evidence of zoonotic transmissions. J Virol 85(20):10774-10784. 

412. White, M.K., J. Gordon and K. Khalili. 2013. The rapidly expanding family of 

human polyomaviruses: recent developments in understanding their life cycle and role 

in human pathology. PLoS Pathog 9(3):e1003206. 

413. Williams Jr, F.P. and C.J. Hurst. 1988. Detection of environmental viruses in 

sludge: enhancement of enterovirus plaque assay titers with 5-iodo-2'-deoxyuridine 

and comparison to adenovirus and coliphage titers. Water Res 22(7):847-851. 

414. Williamson, W.M., A. Ball, S. Wolf, J. Hewitt, S. Lin, P. Scholes, et al. 2011. 

Enteric viruses in New Zealand drinking-water sources. Water Sci Technol 

63(8):1744-1751. 

415. Wold, W.S.M. and M.S. Horwitz 2007. Adenoviruses. pp. 2395-2436 In D. M. 

Knipe and P. M. Howley (eds), Fields Virology. Lippincott Williams & Wilkins, 

Philadephia, PA, US. 

416. Wolf, S., J. Hewitt and G.E. Greening. 2010. Viral multiplex quantitative PCR 

assays for tracking sources of fecal contamination. Appl Environ Microbiol 

76(5):1388-1394. 

417. Wolf, S., J. Hewitt, M. Rivera-Aban and G.E. Greening. 2008. Detection and 

characterization of F+ RNA bacteriophages in water and shellfish: Application of a 

multiplex real-time reverse transcription PCR. J Virol Methods (149):123-128. 

418. Wolf, S., W.M. Williamson, J. Hewitt, M. Rivera-Aban, S. Lin, A. Ball, et al. 

2007. Sensitive multiplex real-time reverse transcription-PCR assay for the detection 

of human and animal noroviruses in clinical and environmental samples. Appl 

Environ Microbiol 73(17):5464-5470. 

419. Wong, K., B.M. Onan and I. Xagoraraki. 2010. Quantification of enteric viruses, 

pathogen indicators, and Salmonella bacteria in class B anaerobically digested 

biosolids by culture and molecular methods. Appl Environ Microbiol 76(19):6441-

6448. 

420. Wong, K. and I. Xagoraraki. 2011. Evaluating the prevalence and genetic diversity 

of adenovirus and polyomavirus in bovine waste for microbial source tracking. Appl 

Microbiol Biotechnol 90(4):1521-1526. 



 

257 

421. Wyn-Jones, A.P., A. Carducci, N. Cook, M. D'Agostino, M. Divizia, J. Fleischer, 

et al. 2011. Surveillance of adenoviruses and noroviruses in European recreational 

waters. Water Res 45(3):1025-1038. 

422. Wyn-Jones, A.P. and J. Sellwood. 2001. Enteric viruses in the aquatic environment. 

J Appl Microbiol 91(6):945-962. 

423. Wyn-Jones, P. 2007. The detection of waterborne viruses. pp. 177-204 In A. Bosch 

(ed), Perspectives in Medical Virology. Elsevier, Amsterdam, The Netherlands. 

424. Xagoraraki, I., D.H. Kuo, K. Wong, M. Wong and J.B. Rose. 2007. Occurrence of 

human adenoviruses at two recreational beaches of the great lakes. Appl Environ 

Microbiol 73(24):7874-7881. 

425. Xu, W.H., M.C. McDonough and D.D. Erdman. 2000. Species-specific 

identification of human adenoviruses by a multiplex PCR assay. J Clin Microbiol 

38(11):4114-4120. 

426. Yates, M.V. 2007. Classical indicators in the 21st century-far and beyond the 

coliform. Water Environ Res 79(3):279-286. 

427. Yates, M.V., J. Malley, P. Rochelle and R. Hoffman. 2006. Effect of adenovirus 

resistance on UV disinfection requirements; a report on the state of adenovirus 

science. J Am Water Works Assoc 98:93-106. 

428. Ye, X.Y., X. Ming, Y.L. Zhang, W.Q. Xiao, X.N. Huang, Y.G. Cao and K.D. Gu. 

2012. Real-time PCR detection of enteric viruses in source water and treated drinking 

water in Wuhan, China. Curr Microbiol 65(3):244-253. 

429. Yun, B.Y., M.R. Kim, J.Y. Park, E.H. Choi, H.J. Lee and C.K. Yun. 1995. Viral 

etiology and epidemiology of acute lower respiratory tract infections in Korean 

children. Pediatr Infect Dis J 14(12):1054-1059. 

430. Zhang, T., M. Breitbart, W.H. Lee, J.Q. Run, C.L. Wei, S.W. Soh, et al. 2006. 

RNA viral community in human feces: prevalence of plant pathogenic viruses. PLoS 

Biol 4(1):e3. 

431. Zhang, Y. and J.M. Bergelson. 2005. Adenovirus receptors. J Virol 79(19):12125-

12131. 

 

 


