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Abstract 

Keywords: F-RNA bacteriophage, human norovirus, infectivity, methodology, 

reverse transcription (RT), primer-independent reverse transcription, real-time 

quantitative polymerase chain reaction (qPCR), ultraviolet (UV) 

A long-range RT (loRT) qPCR assay described to estimate levels of infectious 

virus was identified in the literature and applied to human norovirus (HuNoV) 

genogroups I and II (GI and GII), and the surrogate virus F-RNA bacteriophage 

genogroup II (GA) before/after UV-treatment. qPCR assays were performed in 

parallel to the GA plaque infectivity assay to confirm levels of infectious virus in 

samples. In UV-treated virus-spiked water and wastewater, virus genome copies 

detected using loRT were significantly less than those detected using the current 

established short-range (sRT) qPCR methods and demonstrated its potential to 

estimate virus infectivity. 

sRT/loRT-qPCR was expanded into a multi-target assay and showed that loRT at 

the 5′ region of the genome better resembled levels of infectious virus than qPCR 

targets located at the middle and 3′ regions for GA. However, qPCR signal was 

observed in primer-independent RT reactions and was understood to be a universal 

emerging issue with the RT procedure, one that is severely under-reported in the 

literature. This study highlights how the choice of qPCR and RT target sites can 

influence the detection and quantification of target nucleic acids, how qPCR is 

consequently interpreted by the user and the importance of incorporating appropriate 

controls in both the RT and qPCR stages. 
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1.1. NOROVIRUS AND ITS IMPACT ON HUMAN HEALTH AND THE ENVIRONMENT 

1.1.1. Norovirus as the main causative agent of viral gastroenteritis 

Gastroenteritis is an inflammation disease of the stomach and intestines with 

symptoms such as abdominal pains, diarrhoea, vomiting and in severe cases fever 

and dehydration. In the 1960-70s several outbreaks of non-bacterial gastroenteritis 

were reported across the United States and Japan leading to the discovery of the 

Norwalk virus in 1972 (Kapikian, 2000; Kapikian et al., 1972). Kapikian et al. 

challenged a group of human volunteers with inoculum from an individual who 

exhibited diarrheal illness after exposure to the Norwalk infectious agent, then 

collected stool samples to visualise using immune electron microscopy (IEM) and 

aggregates of non-enveloped, antibody-coated 27-nm virus-like particles (VLPs) 

were observed (Kapikian, 2000) (see Figure 1). RNA sequence comparison of whole 

genomes isolated from these VLPs later identified them as members belonging to the 

family Caliciviridae. Since then, Norwalk and Norwalk-like viruses are classified in 

the genus Norovirus and have been widely recognised as the causative agent of over 

90 % of acute viral gastroenteritis cases across the world (Mead et al., 1999). While 

there is no vaccine available for human norovirus (HuNoV), multiple vaccine 

strategies are under development and have demonstrated proof of efficacy in human 

challenge studies. 

 

Figure 1 Aggregates of VLPs observed by Kapikian et al. using IEM in 1972. Adapted with permission from 

(Kapikian, 2000). Copyright © 1972, American Society for Microbiology.  

100 nm 



 Chapter 1: General Introduction 

3 

Norovirus-related gastroenteritis affecting humans include individuals from all 

age groups and isn’t considered fatal except in severe cases usually in the very young 

(< 5 years old), elderly or immunosuppressed; normally healthy individuals infected 

with HuNoV rarely require medical attention or hospitalisation as symptoms usually 

resolve in under one week (Patel et al., 2009). The infectious dose of HuNoV is 

estimated to be less than 100 virus particles and while it can be communicable 

through air and water, it is mostly recognised as a foodborne pathogen. HuNoV is 

easily transmissible from person-to-person, including by food-handlers, via fomites 

and surfaces, and via the faecal-oral route (Rodríguez-Lázaro et al., 2011). Clinical 

studies have also shown that individuals recovering from HuNoV infection can shed 

high concentrations of virus in their faeces up to two weeks post resolution of 

symptoms. As HuNoV can be reintroduced into the marine environment as municipal 

wastewater and is known to be persistent outside the human host this issue is of 

major concern in shellfish safety monitoring (Dancer et al., 2010; Ngazoa et al., 

2008; Seitz et al., 2011). 

1.1.2. Monitoring of bivalve shellfish for bacterial and viral contamination 

In the EU, shellfish harvested for the consumer market are classified into three 

categories based on the sanitary conditions of their growing areas; the grading 

system is based on the most probable number (MPN) test. For the microbial 

monitoring of food, water and environmental samples, Escherichia coli (E. coli) and 

other coliforms are widely approved for use as indicator organisms for human faecal 

contamination. However, viruses generally have a greater resistance than bacteria to 

degradation and removal thereby increasing their chances of survival and persistence 

in environmental conditions and wastewater treatment plant processes. Therefore, 

bacteria alone are inadequate at assessing the risk of viral pathogens. The Marine 

Institute is the National Reference Laboratory (NRL) in Ireland for the testing of 

bacteriological and virological contamination of bivalve molluscs and is certified by 

the Irish National Accreditation Board (INAB) to ISO/IEC 17025 standard. Bivalve 

molluscs, such as oysters and mussels, are efficient filter feeders thus if grown in 

waters impacted by HuNoV contamination they are at high risk of concentrating the 

virus within their digestive gut. As shellfish are generally consumed raw or lightly 

cooked, substantial evidence has linked several HuNoV related gastroenteritis 

incidences to the consumption of oysters (Lees, 2000).  
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1.1.3. Efforts to cultivate human norovirus for research and infectivity studies 

Since the time of its first recognition, HuNoV has failed to grow reliably in 

monolayer cell culture lines thus severely impeding our understanding of norovirus 

pathogenesis, survival and inactivation (Duizer et al., 2004). A 3D in-vitro culture 

model using human intestinal epithelial cells was the first of its kind to demonstrate 

HuNoV replication using viruses extracted from gastroenteritis patient stool samples 

(Straub et al., 2007); their research also showed the importance of certain 

components in HuNoV infection and highlighted that antigen presentation of HuNoV 

to the host cell may be stringently controlled. At the time, volunteers challenged with 

HuNoV gave a mixed response with certain individuals showing no symptoms and 

lack of VLPs in their stool samples, which complicated analysis of results. It is now 

known that individuals have a genetic susceptibility to HuNoV infection based on the 

expression/lack of specific antigens recognised by the virus. Despite this, due to the 

inability of other labs to reproduce viral replication in similar systems, the 3D culture 

model is considered unreliable (Chan et al., 2007; Takanashi et al., 2013). As 

“reproducibility, even within a single laboratory, remains problematic”, great efforts 

have been made to define mammalian cell culture conditions and reduce variability 

observed in HuNoV propagation (Straub et al., 2013). 

Researchers have explored various potential cell lines for norovirus, human 

macrophages and dendritic cells to name a few, with contradicting results as to their 

success (Lay et al., 2010; Papafragkou et al., 2013; Wobus et al., 2004). At the time 

of writing this, a recent study demonstrated that a current dominant circulating strain 

of HuNoV can replicate in human B cells in the presence of commensal enteric 

bacteria following a strict culturing protocol (Jones et al., 2015). The authors viewed 

commensal bacteria as an important co-factor for HuNoV replication and 

hypothesised that it may have been the main obstacle preventing previous researchers 

from successfully culturing HuNoV. If experimental results are shown to be 

reproducible, then this finding can be considered a major development for HuNoV 

research, perhaps even the biggest advancement since Straub’s 3D culture model. 

However, as observed, mammalian cell culturing can be fastidious, time-consuming 

(>3 days) and variable within cell lines thus it is reasonable to understand why it 

cannot be used in the current regular monitoring of HuNoV.  



 Chapter 1: General Introduction 

5 

1.1.4. Current standard method to detect and quantify human norovirus 

While IEM is still considered to be on the forefront of clinical viral diagnosis and 

a significant test method in detecting new and unusual outbreaks, many prefer to rely 

on molecular techniques such as quantitative reverse transcription PCR (RT-qPCR) 

for HuNoV detection in food, water, and environmental samples. The theory behind 

PCR is straightforward; RNA is isolated from a sample and reverse transcribed into 

complementary DNA (cDNA) to serve as a template strand for the PCR assay. 

Reverse transcription (RT) is a linear reaction so that a given number of RNA in a 

sample can only be converted into equal amounts of cDNA (assuming 100 % 

efficiency during RT). During PCR, synthetic oligonucleotides (primers) are 

designed to flank a target region on the cDNA template; each starting template is 

exponentially amplified into multiple copies using a thermostable enzyme known as 

Taq DNA polymerase. Using probe-based chemistry detection, accurate estimation 

of starting viral copy numbers can be determined, assuming that one virus contains a 

single viral genome. While there is an abundant source of manuals and guides for 

carrying out and optimising PCR assays (Kennedy and Oswald, 2011; Thornton and 

Basu, 2011), perhaps the greatest challenge is trying to balance finding a unique but 

conserved target region on the genome sequence for designing the primers and probe 

against that will result in a robust and reliable assay. 

While PCR has many advantages such as rapid runtimes typically ≤ 3 hours, 

highly specific assay design, and especially applicable in the case of HuNoV – 

detection of target samples with very low starting concentrations, it is a sensitive 

technology that can be affected by the presence of inhibitors found in the sample 

matrix. Intensive studies of HuNoV in shellfish have discovered that factors such as 

tissue type and sample number can severely influence the results obtained by PCR 

(Rodríguez et al., 2008). A standard framework by the International Organization for 

Standardization (ISO) to test HuNoV in food and water using RT-qPCR was recently 

published by a technical advisory group (TC 275/WG 6/TAG 4) on behalf of the 

European Committee for Standardization (CEN) with instructions from sample 

processing to analysis of results. The Marine Institute is a member of this TAG 4 

working group and employs the standard method ISO/TS 15216-1 to monitor 

HuNoV in shellfish samples received in the laboratory (Anonymous, 2013).  
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1.2. METHODS FOR QUANTIFYING INFECTIOUS VIRUSES 

Despite the advances made in this area, the major drawback of PCR is its 

inefficacy to distinguish between active and inactive virus (virus infectivity). 

Without the means to conduct corresponding infectivity assays for HuNoV, 

quantitative results solely based on PCR has been shown to overestimate the 

infectious population in a sample and leaves a knowledge gap worth investigating. 

1.2.1. Identifying viral components required for virus survival and infection 

A virus is a small obligate intracellular parasite that is composed of (i) a nucleic 

acid genome enclosed within (ii) a protein capsid; together they make up the 

nucleocapsid which may or may not be surrounded by (iii) a lipid bilayer envelope 

(Lodish et al., 2000); a whole mature virus particle is also known as a virion. During 

or after viral entry the virion uncoats to release the nucleic acid into the cell where it 

exploits the cell’s replication mechanisms to assist in the synthesis of structural and 

non-structural viral proteins and assembles them into new virions; cell lysis is 

incurred to release the virions from its host and continue to spread infection to 

surrounding cells. Interference at any of these steps can prevent a virus from causing 

disease, as we travel further down the process, the better we can understand and 

define the border between an infectious and non-infectious virion. 

The studies covered by this literature review look at methods that attempt to 

discriminate infectious from non-infectious virus based on damage and/or 

inactivation of its capsid, certain viral proteins, and its genome.  
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1.2.2. Use of surrogate viruses for norovirus research 

HuNoV is a non-enveloped virus with a positive-sense single-stranded RNA 

(+ssRNA) encapsulated within an icosahedral protein capsid (Hardy, 2005). Use of 

surrogate viruses as alternative models for HuNoV research is common, primarily 

other culturable members of the Caliciviridae such as the extensively studied feline 

calicivirus (FCV), and recent isolates Tulane virus (TV) and murine norovirus 

(MNV) (Alhatlani et al., 2015; Cannon et al., 2006; Cromeans et al., 2014; Farkas et 

al., 2010; Kniel, 2014; Vashist et al., 2009). 

F-RNA bacteriophage, genogroup II (GA) has also been proposed as a candidate 

surrogate virus for human enteric viruses (Doré et al., 2000; Flannery, 2007; 

Flannery et al., 2009; Havelaar et al., 1993; Leclerc et al., 2000). A rapid molecular 

RT-qPCR assay is available for GA (Wolf et al., 2008) in addition to a simple and 

inexpensive ISO-approved double-agar overlay plaque infectivity assay to estimate 

virus infectivity (Anonymous, 1995). A brief comparison of HuNoV and the 

mentioned surrogate viruses are shown below (see Table 1). 

Table 1 Comparison of human norovirus and its surrogates. 

  

Family Caliciviridae Leviviridae 

Genus 
Recoviridae 

[Unclassified] 
Vesiviridae Noroviridae Leviviridae 

Species 
TV 

Tulane virus 

FCV 

Feline 
calicivirus 

HuNoV 

Human 
norovirus 

MNV 

Murine 
norovirus 

F-RNA (GA) 

F-RNA 

bacteriophage 

(genotype II) 

Virus 

description 

Positive sense single-stranded RNA (+ssRNA) virus encapsulated in an 

icosahedral protein capsid, non-enveloped, 23-40 nm 

5′ terminal Viral protein, genome linked (VPg) Capped 

3′ terminal Poly-adenylated (poly-A) tail present No poly-A tail 

Approx. length 

(kilobase/kb) 
6.7 kb 7.3-8.3 kb 3.5 kb 

No. of ORFs 3 4 
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1.2.3. The viral capsid 

In-vivo the viral genome cannot tolerate nucleic degradation that will inevitably 

occur due to the ubiquitous presence of RNase in the environment. The viral capsid 

not only acts as the protective armour for the viral RNA, but also as the foundation 

for capsid proteins which interact with the host cell receptors for recognition, cell 

attachment and penetration via endocytosis or membrane fusion. Additionally, as 

HuNoV is a non-enveloped virus, the viral capsid is more persistent to exogenous 

stress from its surrounding environment thus emphasising its important role in the 

virion structure. While it is emphasised that the capsid is an essential component to 

the virus’ survival before it reaches the host organism, damage to the capsid can 

render the virus non-functional but its genome can consequently be detected by PCR. 

1.2.3.1 Biotin-hydrazide labelling (BHL) for oxidative damage of viral capsids 

Exogenous stresses in the natural environment directly affect non-enveloped 

capsids, modifications include oxidation of their amino acid side chains and/or 

cleavage of the polypeptides’ backbone; the result of either is accompanied by 

carbonyl formation (Mirzaei and Regnier, 2005). Biotin-hydrazide covalently binds 

to carbonyl groups thus one research study used avidin-immobilised affinity 

chromatography to try and distinguish between damaged and intact viral capsids of 

human Astrovirus (AV) using biotin-labelling (Sano et al., 2010); the unbound 

fraction was then subjected to quantification by RT-qPCR to estimate the infectious 

population. While a relationship between numbers of bound AV to the concentration 

of free chlorine used was observed, it was also shown that non-treated AV was able 

to bind to the avidin column (13 % of native sample). It can only be surmised that 

carbonyl formation is not a distinct property to inactivated viruses and that it cannot 

be used to differentiate infectious/non-infectious virus based on this attribute alone. 

Another study using the non-enteric virus surrogate F-RNA bacteriophage, 

genogroup I (MS2) attempted to identify oxidation events during disinfection with 

UV and singlet-oxygen; interestingly, the authors were able to demonstrate that both 

inactivation methods were directed to specific proteins on the viral capsid 

(Wigginton et al., 2010). Additional research is required to look at oxidative damage 

to the viral capsid as it has yet to be determined to what extent of damage renders the 

capsid non-functional. It would also be interesting to see if researchers can identify 
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the most and/or least susceptible sites on the capsid surface by predicting what order 

the viral proteins are attacked and whether they are essential to virus infectivity. An 

obvious primary target to look at would be the protruding (P) domain of the HuNoV 

major capsid protein, VP1. 

1.2.3.2 Enzyme Pre-treatment (ET) to remove damaged capsids 

An enzyme pre-treatment (ET) was developed for conventional RT-PCR so that 

inactivated viruses would not be detected as “false-positives” (Nuanualsuwan and 

Cliver, 2002). The ET is a combination of Proteinase-K (Prot-K) to attack damaged 

capsids and RNase-A to remove unprotected and free viral RNA. FCV, a model 

surrogate for HuNoV at the time, was inactivated using heat treatment, UV 

irradiation and hypochlorite (72 °C for 23 sec, 357 mW/cm2 and 1.2 mg/l-min 

respectively) and verified to be non-infectious with an available infectivity assay for 

FCV. When inactivated virus samples were treated with ET prior to viral RNA 

extraction, they found that RT-PCR always yielded a negative result for heat- and 

UV-inactivated samples compared to their untreated controls as analysed via agarose 

gel electrophoresis; inactivation by hypochlorite yielded a negative result regardless 

if ET was used or not. Based on this finding, the same authors subjected FCV to heat 

inactivation at 37 °C and analysed samples by RT-PCR with/without ET only to find 

that the capsids of the inactivated viruses were still capable of protecting their viral 

genomes from RNase (Nuanualsuwan and Cliver, 2003) (see Figure 2). In a similar 

study, MNV inactivated at 80 °C for 150 sec treated with ET also found no 

correlation between infectivity and RT-qPCR assays (Baert et al., 2007). 

 

Figure 2 FCV inactivated at (i) 72 °C and (ii) 37 °C and untreated with/without ET by Nuanualsuwan and 

Cliver. Adapted with permission from (Nuanualsuwan and Cliver, 2003, 2002). Copyright © 2003 and 2002, 

American Society for Microbiology and Elsevier Science B.V. respectively.  

Agarose gel analysis of FCV RT-PCR assays 

with/without heat-treatment at (i) 72 °C and (ii) 37 °C. 

Lane (M) 100-bp DNA ladder; (1) FCV thermally 

inactivated and treated with proteinase-K (PK) and 

RNase; (2) PK only; (3) RNase only; (4) untreated; and 

(5) Native FCV treated with PK and RNase or (6) 

untreated. Arrow indicates the amplicon of interest 

(386 bp). 

(i) 

(ii) 
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Despite this, ET can reduce the number of PCR “false-positives” and is not 

limited to any specific virus family or species, thus being able to provide a better 

temporary estimation of potentially infectious virus in any circumstance. A number 

of studies addressing the problem with virus overestimation have shown that by 

combining ET with their own novel method actually increased the likelihood of PCR 

distinguishing between infectious and non-infectious viruses (Dancho et al., 2012; 

Seitz et al., 2011). Prot-K and RNase-A are enzymes readily available from 

commercial suppliers at an economic cost and is a simple procedure to carry out, thus 

ET should be considered as part of sample preparation protocols for this reason. 

However, as ET cannot ultimately prevent amplification of non-functional virions 

with intact capsids, the use of ET alone is not adequate to clearly define viral 

infectivity. It also serves as a reminder that the resistance of the various viral 

components of HuNoV and its surrogates to any specific inactivation method is still 

uncertain. 

1.2.3.3 Propidium monoazide (PMA) to prevent nucleic acid amplification 

Propidium monoazide (PMA) intercalating dye has been successfully used in 

combination with qPCR to assess the viability of nine types of DNA bacteria 

(Nocker et al., 2006). PMA works by permeating through membranes of 

compromised/dead bacteria and, when activated by exposure to light, covalently 

links with nucleic acids to prevent it from participating in the PCR assay. Because 

assessment of viable bacteria is based on the cell membrane’s ability to repel the dye, 

it is not anticipated that PMA will be effective in removing inactivated viruses unless 

the viral capsid is extensively damaged to allow dye entry. For instance, a study that 

applied PMA to +ssRNA enteric viruses including HuNoV was carried out and while 

it was able to inhibit RT-PCR signal for samples heat treated at 37 and 72 °C it was 

not able to completely abolish signal for virus treated at 19 °C (loss of infectivity 

was assumed and not confirmed) (Parshionikar et al., 2010). Successful inhibition by 

PMA can be largely attributed to the point that heat treatment primarily degrades the 

viral protein capsid thus allowing PMA access to the viral RNA. Similar to ET, PMA 

and ethidium monoazide (EMA) require access to the RNA molecule to prevent it 

from taking part in the qPCR, however as ET is simpler, safer and more-cost-

effective and thus making it the first-choice option between the two treatments, 

further reading into PMA and EMA was not continued.  
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1.2.4. Viral proteins in Caliciviridae and HuNoV 

1.2.4.1 VPg and HBGA involvement in virus infectivity 

Caliciviruses have a viral protein covalently linked at the 5′ terminal of their 

genome (VPg); a phosphodiester bond links the tyrosine residue of the VPg to the 

RNA (Hardy, 2005; Weitz et al., 1986). The VPg-RNA complexes of Caliciviruses 

are strongly believed to be associated with infectivity; in a study with FCV, when 

either the whole VPg protein or the tyrosine residue was altered or removed, loss of 

infectivity was observed (Hardy, 2005). In another critical study dealing with 

HuNoV, treatment of viral RNA with Prot-K completely abolished the expression of 

viral proteins, suggesting that VPg plays an essential role in viral protein translation 

(Guix et al., 2007). 

While they attempted to identify the etiological agent of the Norwalk outbreak 

using volunteer challenge studies, Kapikian et al. suspected that vulnerability or 

resistance to HuNoV may be based on a genetic factor (Kapikian, 2000). Histo-blood 

group antigens (HBGAs) are the carbohydrate glycans found on cell membrane 

surfaces, primarily blood cells, and as secretions in bodily fluids; extensive research 

in this field leads us to believe that HBGAs are essential for in-vivo recognition of 

the host cell by HuNoV, in particular human ABH and Lewis HBGAs (Huang et al., 

2003; Hutson et al., 2004, 2002). Lewis B (Leb) antigens are the result of the 

expression of the enzyme fucosyltransferase (FUT2), Guix et al. demonstrated that 

non-permissive cells transfected with a plasmid expressing FUT2 showed enhanced 

HuNoV interaction compared to cells without the plasmid (Guix et al., 2007). 

However, while attempting to infect 3D human colon cells expressing Lea with 

HuNoV, Straub et al. discovered that expression of HBGAs alone was insufficient 

for virus attachment and suspected that HuNoV has a specific affinity for cells of the 

small intestines (Straub et al., 2007). 

1.2.4.2 Porcine gastric mucin (PGM) to select antigenically intact virus 

As pig duodenum cells were shown to contain a mixture of type A, H1 and Lewis 

HBGAs, Tian et al. developed a novel method for HuNoV isolation using porcine 

gastric mucin conjugated to magnetic beads (PGM-MB) (Tian et al., 2008). The 

advantages of using PGM-MB is that it does not require cell culturing, preparation 

and validation of antigens are considered easy to perform, and the use of magnetic 
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beads allows for a greater recovery yield of viral RNA from heterogeneous samples 

compared to traditional nucleic acid isolation methods. 

Dancho et al. examined if HuNoV can bind to PGM-MB under normal 

conditions, but when treated by heat, UV and high pressure processing (HPP), render 

it deficient for binding (Dancho et al., 2012). They used RT-qPCR to quantify 

unbound and bound fractions of the PGM-MB binding assay to the original HuNoV 

strain, GI.1 (genogroup 1, genotype 1) and the current dominant circulating strain 

GII.4, before/after each treatment method. After heat treatment at approximately 64 

and 73 °C, results showed reduced binding of HuNoV to PGM-MB (6 % and 

negligible detection respectively of original population) which corresponded well 

with PCR results (0.9 and 3.1 log10 units respectively). Similarly, with increasing UV 

exposure of 0.25, 0.5, 1 and 2 J/cm2 overall virus binding was reduced and the ratio 

of unbound to bound fractions increased compared to non-UV-treated samples. HPP 

treatment at 600 MPa for 5 min reduced binding by 2-3 log10 units compared to 

untreated samples, yet total RNA was reduced to only approximately 1.5 log10 units 

as detected by PCR. The authors noted that previous studies with MNV and hepatitis 

A (HAV) show that HPP inactivation is believed to be efficient at exerting damage to 

the protein capsids but not their nucleic genomes thus the latter result was expected. 

Although actual infectivity of HuNoV before/after these treatments require 

validation, this study showed that PGM-MB is a potential method for estimation of 

infectious virus subjected to heat treatment but is limited in that it cannot be used for 

other inactivation treatments. It should be noted that the various strains of HuNoV 

interact with different affinities to the same antigens and does not seem to influence 

strain prevalence. For example, PGM-MB used by Tian et al., showed 100 % 

interaction to GI.1 and only 85 % interaction to GII.4 (Tian et al., 2010); so while 

PGM-MB can offer extraction of specific viral strains it can also act as a hindrance. 

Furthermore, technical issues in assay implementation may arise such that choosing a 

suitable surrogate or process control virus is met with the obstacle of finding one that 

must have the same selectivity as the target HuNoV strain for these specific antigens. 
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1.2.4.3 Enzyme-linked immunosorbent assays (ELISA) to detect Norovirus 

The enzyme-linked immunosorbent assay (ELISA) is a colorimetric biochemical 

assay commonly used to detect and quantify peptide-based components such as 

hormones, antibodies and antigens. Various formats of ELISA exist to either test the 

presence of a specific antigen in a sample, or for antibodies that recognise an antigen. 

While ELISA is widely employed in clinical diagnostics and pathogen research, the 

lack of sufficient quantities and quality of reliable HuNoV antigens limits its 

application to this area. 

Two early commercially available ELISA kits were released for HuNoV, namely 

IDIEA NLV kit (DakoCytomation Ltd., UK) and the Ridascreen Norwalk-like virus 

EIA (R-biopharma AG, Germany). These were evaluated in one study where they 

challenged the assays to 158 samples from 23 outbreaks and showed that when 

compared to RT-PCR only a 51 % agreement was found between the three tests (de 

Bruin et al., 2006). A second panel consisting of 6, 12 and 1 strains of HuNoV 

genogroups I, II, and IV (identified by sequence data) showed that the kits were 

unreliable at discriminating between the strains and showed a degree of cross-

reaction with lower specificities (88-96 %) and sensitivities (36-38 %) than RT-PCR. 

While efforts have been made to improve the assays for later generations of IDIEA 

and Ridascreen ELISA kits, contradictory results in regards to their specificity and 

sensitivity have prevented them from being applied in the frontline of HuNoV 

monitoring (Chen and Yu, 2014; Costantini et al., 2010; Siqueira et al., 2011). 
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1.2.5. The RNA genome of HuNoV 

 

Figure 3 Diagram of HuNoV genome organisation depicted by Hardy in 2005. HuNoV ORF1 encodes the 

non-structural polyprotein, ORF2 the major capsid protein VP1 and ORF3 the minor structural protein VP2. 

Amino acid numbers denote the sites at which the polyprotein is cleaved into individual proteins. VPg is depicted 

as a circle linked to both genomic and sub-genomic RNAs. Used with permission from (Hardy, 2005). Copyright 

© 2005, Oxford University Press. 

Viral strains in Norovirus are categorised into five genogroups and the strains 

associated with humans mostly fall into GI (genogroup I), GII and to some extent 

GIV which are further divided into approximately 8, 17 and 1 genetic 

clusters/genotypes respectively (Zheng et al., 2006). As mentioned in section 1.2.2, 

HuNoV has a +ssRNA genome of approximately 7.7 kilobases (kb) with a poly-

adenylated (poly-A) tail. The genome has three open reading frames (ORFs) which 

encode a non-structural polyprotein; a major capsid protein VP1; and a minor 

structural protein VP2 while a VPg is linked to the genomic and sub-genomic 5′ 

termini (see Figure 3). 

1.2.5.1 Cells transfected with RNA can induce synthesis of new virions 

While damage to the capsid and viral proteins can render the virus non-

functional, the role that the genome plays in infectivity is of such importance that if 

the genome alone is extensively damaged it is highly anticipated that the virus will 

not be able to replicate or cause infection. Although transfection does not occur 

naturally, Guix et al. isolated HuNoV RNA from patient stool samples and 

transfected it into human intestinal and hepatoma cell lines; after 48 hours, 

immunofluorescence analysis detected expression of structural and non-structural 

proteins and RT-qPCR showed increase in RNA copy numbers suggesting synthesis 

of de novo viral RNA (Guix et al., 2007). Similar results were observed in another 

study for mouse cells incubated with MNV viral RNA as detected by RT-qPCR and 

validated by an infectivity assay (Baert et al., 2007) and for transcribed HAV viral 

RNA transfected into foetal rhesus kidney cells (Tellier et al., 1996).  

(A)n

(A)n

VP1

VP2

398 762 923 1101 1275amino acid no.
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However, Guix et al. obtained a low ratio of de novo versus input RNA after 

transfection (3 log10 units difference) without significant increase of infected cells 

over time. They concluded that while RNA transfected into cells was infectious, it 

was limited to a single cycle of viral replication and hypothesised that subsequent 

infection by newly produced virions is blocked at cell entry and/or viral uncoating. 

Regardless, this demonstrates the potent pathogenic ability of the viral RNA in the 

absence of other viral elements. 

1.2.5.2 Detection of genomes by PCR and inactivation of virus by UV254nm 

Assuming that an intact viral genome is necessary for infectivity, critics have 

long argued that detection and quantification of virus by qPCR leads to an 

overestimation of the infectious risk, as damaged genomes will inadvertently be 

tallied in the final quantitative result. However, many of these studies have not taken 

into account that the qPCR target of interest is typically a short sequence between 

100-500 nucleotides (nt) and usually comprises an area < 10 % of the total genome 

size thus qPCR using the traditional method cannot assess genome damage based on 

the integrity of the target sequence alone. 

To reiterate a point mentioned above, different treatment types (heat, UV, 

chlorine etc.) have their own mode of inactivation and detection methods by PCR 

must take into account the sensitivity/resistance of the nucleic acid to these 

treatments. In many of the inactivation studies of viruses using PCR, researchers 

mostly examine genome damage by UV254nm as it is well known to have a strong 

detrimental effect on nucleic acids. UV-inactivation primarily works by forming 

cross-links between adjacent pyrimidines that prevent the nucleic sequence being 

read for vital processes such as DNA/RNA replication, or through genomic lesions. 

Pecson et al. examined six qPCR sites on MS2 bacteriophage and demonstrated that, 

even for targets of equal size, the different regions of the genome responded to UV 

damage in a non-Poissonian distribution (Pecson et al., 2011) (see Figure 4). As a 

result, they formulated a framework and calculated that regardless of genome size, 

viruses in surface water receiving UV-treatment will incur an average of 9.21 lesions 

along the viral genome. While this damage is randomly distributed, a single cross-

link or lesion at any essential nucleotide site is expected to wholly prevent replication 

of new viral genomes or viral proteins from being transcribed.  
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Primer sets used by Pecson et al. The six targets 

accumulatively cover approx. 50 % of the total 

genome MS2 genome (3569 nt). NCBI accession 

no. NC_001417.

 Primer Set MS2 target location 

  (nt position) 

 2 344 – 678 

 3 657 – 959 

 6 1530 – 1818 

 7 1809 – 2125 

 10 2724 – 3033 

 12 3285 – 3528 

 

Figure 4 Detection of six qPCR sites on MS2 genome after UV-inactivation by Pecson et al. in 2011. 

Inactivated MS2, corresponding to 7.4 log10 units reduction using an infectivity assay, was detected by RT-qPCR 

at various levels for six different qPCR sites. Diagram and primer information adapted with permission from 

(Pecson et al., 2011). Copyright © 2011, American Chemical Society. 

1.2.5.3 Long-range reverse transcription (loRT) qPCR to infer infectivity 

As mentioned in section 1.1.4, RNA in a sample is reverse transcribed into 

cDNA; the latter is then exponentially amplified per cycle of the PCR assay. As the 

RT primer used determines the portion of the viral genome that will be converted 

into cDNA, as long as the PCR target region is downstream from the RT initiation 

site, PCR will detect and amplify a product. However, cleavages and obstructions in 

regions between the RT and PCR site will prevent the target sequence from being 

synthesised into cDNA for subsequent PCR detection. 

To investigate if loss of infectivity can be caused by genomic damage, Simonet 

and Gantzer examined PCR sites of varying sizes for MS2 and Poliovirus-1 (PV-1) 

treated with UV; RT was carried out using the reverse primer or oligo-dT primer, 

followed by qPCR targeting various locations along the genome to generate small 

and long fragments (Simonet and Gantzer, 2006). For both viruses, they recognised 

that genomes degraded proportionally to the targeted fragment size, with larger 

fragments exhibiting higher degradation rates and smaller fragments resisting 

degradation even at high doses of UV fluence delivery (see Figure 5). Interestingly, a 

comparison of the degradation slopes of MS2 and PV-1 revealed that a 145-base 

fragment on PV-1 degraded at the same rate as a 692-base fragment on MS2, and 

almost twice as fast as a 111-base fragment on MS2. Even after accounting for the 
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purine (A/G) and pyrimidine (C/T) composition of the two viruses, Simonet and 

Gantzer could not find an explanation for the difference in UV sensitivity of MS2 

and PV-1. Regardless, this study demonstrated the influence of fragment size on 

genome degradation and the sensitive dependency of PCR detection on the choice of 

RT and PCR primers used. 

 

(a)  

(b)  

Figure 5 Influence of the size of the targeted fragment on the kinetics of UV induced degradation of MS2 

and PV-1 by Simonet and Gantzer in 2006. Symbols indicate the size of MS2 and PV-1 fragments with solid 

lines symbolising the regression line for infectivity. (a) For MS2, (— —) lines indicate when reverse primers 

were used for the RT and (— – —) for when oligo-dT (loRT) was used. (b) For PV-1, primers for the 3C and 5′ 

UTR regions were used for the RT-qPCR of the 76 and 145 base fragments respectively, while the oligo-dT was 

used for the RT of the 1,869-base region followed by qPCR using the 3C primers. Two other fragment sizes of 

5,429 and 6,989 bases on PV-1 were undetected after a single dose of UV. Used with permission from (Simonet 

and Gantzer, 2006). Copyright © 2006, American Society for Microbiology.  



 Chapter 1: General Introduction 

18 

Another study using oligo-dT RT followed by qPCR at various sites was applied 

as a duplex RT-qPCR for MNV inactivated by heat at 72 °C and UV-light (dose not 

stated) (Wolf et al., 2009). The qPCR targets were ≈ 145 and 4,650 nt downstream 

from the RT initiation site and were labelled short- and long-range targets 

respectively (sRT and loRT); positive detection of sRT and loRT targets would 

indicate that fragments covering ≈ 2 and 63 % of the genome respectively were 

intact. Although there was no apparent difference between sRT- and loRT-qPCR 

results for heat inactivated MNV, and neither correlated with the infectivity assay, 

loRT for UV-inactivated MNV declined rapidly with increased exposure time 

whereas the sRT showed no significant reduction (see Figure 6). Wolf et al. then 

applied a similar approach to HuNoV however, using the oligo-dT and reverse 

primers for RT followed by amplification of the same qPCR target. While a 

relationship between infectivity and loRT cannot be verified for HuNoV, the 

contrasting behaviour between loRT and sRT in this assay coincided with those seen 

in PV-1 and MNV by Simonet and Gantzer (see Figure 7). 

While there were still discrepancies in the quantitative levels detected by loRT 

and the infectivity assays for PV-1, MS2 and MNV, the studies carried out here 

demonstrated the promising potential genome integrity has to help estimate levels of 

infectious virus. In the case of DNA viruses, amplification of near full-length 

segments of the genome by long amplicon PCR as an alternative to loRT, and 

subjection of this product to qPCR of a smaller fragment has been reported to 

demonstrate good correlation between PCR and infectivity results (Rodríguez et al., 

2008). While over the last two decades we have seen significant developments in 

overcoming PCR target length limitations, standard PCR techniques currently limits 

the maximum amplifiable sequence to under 10-12 kb, however this may not be an 

issue with viruses as the majority of them have genomes under that limit. In short, it 

can be concluded that while integrity of viral genome is not an indicator of absolute 

infectivity, a lack of its integrity can be a sign of non-infectivity. 

To mention briefly, while the RNA integrity number (RIN) software to estimate 

RNA integrity exists, this tool requires the detection and ratio comparison of the 28S 

and 18S ribosomal RNA (rRNA) to assess the RNA quality (Schroeder et al., 2006). 

As viruses do not have rRNA, RIN cannot be applied to this subject matter.  
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Figure 6 Comparison of MNV detected by duplex sRT/loRT-qPCR and infectivity assay after UV-

inactivation by Wolf et al. in 2009. The MNV sRT-qPCR target was not affected by UV exposure, in contrast 

loRT-qPCR target degraded with loss of infectivity as validated by the MNV infectivity assay. Negative detection 

by loRT and the infectivity assay were seen after 2 min as indicated by asterisks. Used with permission from 

(Wolf et al., 2009). Copyright © 2009, Springer Science + Business Media, LLC. 

 

 

Figure 7 Comparison of HuNoV detected by sRT/loRT-qPCR after UV-inactivation by Wolf et al. in 2009. 

HuNoV GI and GII sRT-qPCR targets were not affected by UV exposure, in contrast loRT-qPCR target degraded 

at a rate comparable to the MNV loRT-qPCR. Negative detection by loRT for GI and GII was seen after 3 min as 

indicated by asterisks. Used with permission from (Wolf et al., 2009). Copyright © 2009, Springer Science + 

Business Media, LLC.  
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1.3. PROJECT CONTEXT 

1.3.1. Scope of thesis 

The rationale behind this project realises that the current standard RT-qPCR 

assay for monitoring HuNoV in environmental samples can overestimate the 

population of infectious virus thus representing a significant public health risk. 

Thus, the aims of this project were: 

• To identify potential molecular approaches to help better estimate levels of 

infectious and non-infectious virus 

• To develop these methods as necessary and apply to HuNoV and F-RNA 

• To validate the efficacy of these methods to viruses before/after inactivation 

In Chapter 1, in the absence of a reliable infectivity assay, we identified various 

molecular approaches that address our issue. Due to the powerful sensitivity and 

speed of PCR to quantify a specific target from low concentrations, and 

acknowledging that the current standard method for HuNoV detection in bivalve 

shellfish is also an RT-qPCR assay, we chose to evaluate and optimise the HuNoV 

sRT/loRT-qPCR method used by Wolf et al., 2009. 

Chapter 2 outlines the application of this approach to HuNoV GI, GII and the 

surrogate virus F-RNA bacteriophage GA, which was chosen because it has both an 

RT-qPCR assay and plaque infectivity assay which can be used to validate the 

relationship between PCR results and infectivity. Our results indicated that loRT-

qPCR was a better estimator of infectious virus than the established assays. 

Chapter 3 explores the application of the sRT/loRT-qPCR to virus-spiked 

samples before/after inactivation. As mentioned, UV is primarily used to inactivate 

pathogens at the genomic level and is the tertiary stage of wastewater treatment, thus 

we chose to select UV as our inactivation method. Work carried out on secondary 

wastewater (WW) was done in collaboration with our project partners in NUIG. 

However, results from these experiments showed that loRT-qPCR still detected 

significant levels of virus even after total inactivation by UV. This fault was not 

attributed to the inability of the loRT to detect intact genomes but due to the limit of 

our assay design, which was subsequently reviewed and rectified in Chapter 4.  
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In Chapter 4, loRT-qPCR was expanded into a multi-target assay to increase the 

stringency of molecular detection. The multi-target sRT/loRT-qPCR was originally 

intended for both GII and GA as this approach had not been applied to HuNoV 

before, but due to challenges in assay design, we were restricted to develop the 

method with GA only to demonstrate proof-of-concept. While we presented the 

advantages of using multi-target loRT-qPCR to estimate infectious virus after UV-

treatment, we also came across the phenomenon of primer-independent reverse 

transcription. This issue raised many concerns, especially in regards to how casually 

it is treated as PCR “background signal” in the literature and has been applied to 

published-results without researchers understanding its full nature. The topic is 

discussed in detail within this chapter. 

Chapter 5 summarises the discussions from each section of the thesis along with 

further perspectives. Finally, Chapter 6 contains a list of works cited by the author 

and an appendix is included with a list of selected author publications, details of 

media and reagent preparation, and any extended work for the method development 

sections. 



 

 

 

 

 

 

 

 

 

Chapter 2.  

Development and optimisation of a 

sRT/loRT-qPCR assay
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2.1. CHAPTER INTRODUCTION 

2.1.1. Comparison of the established and novel RT-qPCR assays 

To assess the efficacy of the novel sRT/loRT-qPCR approach to estimate 

infectious virus, it is important to highlight its main difference to the established 

assays for HuNoV and GA, and to briefly explain the components of RT-qPCR. 

 

Figure 8 Comparison of one-step and two-step systems. sRT-qPCR utilises the reverse primer of its respective 

assay for RT followed by amplification of the qPCR target site; it can be carried out using the one-step or two-

step system. In contrast, loRT-qPCR can only be carried out as a two-step assay as RT utilises a 3′ terminal 

primer for RT followed by qPCR. 

 

Figure 9 Location of RT and qPCR primers for (a) HuNoV and (b) GA. The integrity of the qPCR site alone 

(< 4 % of the genome) is required for detection by sRT-qPCR regardless of the state of the rest of the genome. In 

contrast, integrity of the qPCR site and the region leading back to the 3′ region is required for detection by loRT-

qPCR. The size of the region encompassed by the loRT assay (- - -) corresponds to ≈ 30 and 50 % of the viral 

genome for HuNoV and GA respectively.  

AAA 

(b) GA genome ≈ 3.5 kb loRT R F 

qPCR site (≈ 50 %) 
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2.1.1.1 One-step system versus Two-step system 

The established methods for HuNoV and GA adopt a one-step RT-qPCR system 

(see Figure 8). This simply means that template RNA is added to a single tube so that 

reverse transcription (RT) followed by quantitative PCR (qPCR) occurs in the same 

reaction. While this offers minimum handling time and convenience of use, this 

limits the user in that the RT primer choice can only be the reverse primer and 

successful detection by RT and qPCR is based on the integrity of the qPCR site 

alone, typically < 10 % of the total genome length. The established methods are 

inherently one-step short-range (sRT) qPCR assays. 

The novel sRT/loRT-qPCR method adopts a two-step system. This means that 

RT and qPCR are two distinguishable steps. Two-step systems are generally used in 

laboratories where high-throughput testing is not required and although the handling 

of multiple tubes increases the opportunity of cross-contamination and is more time-

consuming as optimisation of both RT and qPCR is required, the advantage of the 

two-step system is that it grants the user greater flexibility in RT primer and enzyme 

choice. In addition to this, DNA is a far more robust molecule than RNA so test 

samples can be reverse transcribed into cDNA and archived for multiple retests 

and/or long-term storage. 

2.1.1.2 Primer choice for reverse transcription of two-step systems 

Reverse transcription is only necessary when the target template is RNA and is 

carried out with the help of an RT primer, an RT enzyme (reverse transcriptase) and 

a deoxynucleoside triphosphate (dNTP) mix. In two-step systems, the RT primer can 

be random hexamers for increased cDNA yield but low specificity; an oligo-dT, 

typically used to capture poly-A RNAs such as messenger RNA (mRNA); or a gene-

specific primer for increased specificity but low cDNA yield. 

Regarding the novel sRT/loRT-qPCR approach, short-range target (sRT) 

indicates that the reverse primer of the corresponding qPCR assay was used while 

long-range target (loRT) indicates that a 3′ terminal primer was used for the RT step, 

the former being theoretically identical to the one-step RT-qPCR (see Figure 9). A 

modified oligo-dT was used for the HuNoV loRT while a novel 3′ terminal primer 

was designed in-house for GA.  
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Since using a two-step system entails that RT and PCR do not have to occur at 

the same site, positive detection is based on the integrity of the RT site, qPCR site 

and additionally the region between them. The size of the regions covered by the 

loRT-qPCR in this chapter correspond to fragments representing ≈ 32 and 48.7 % of 

the HuNoV (GI and GII) and GA viral genomes respectively, while the regions 

amplified by sRT-qPCR represent fragments comprising ≈ 1-2 and 3.2 % of their 

genomes respectively. 

2.1.1.3 Enzyme choice for reverse transcription and its functions 

The main functions of the RT enzyme, or reverse transcriptase (RTase), are: (i) 

synthesis of a single-stranded cDNA from an RNA template, i.e. RNA-dependent 

DNA polymerase activity; and (ii) degradation of the residual complementary RNA 

(cRNA) from the RNA-DNA hybrid, i.e. RNase H activity (Reece, 2004). The 

majority of commercially available reverse transcriptases are derived from the 

Moloney murine leukaemia virus (MMLV) or Avian myeloblastosis virus (AMV). 

MMLV-RTase has a very weak RNase H activity compared to AMV-RTase thus 

giving it an advantage when synthesising cDNA from long RNA molecules. Most 

reverse transcriptases are also genetically modified to have increased enzyme 

thermostability for higher yields of specifically targeted cDNA for PCR. The reverse 

transcriptase used in both systems of this project is an MMLV-RTase mutant 

Superscript® III reverse transcriptase (Invitrogen, 18080) which can reverse 

transcribe cDNA fragments of 12.3 kb or less.  
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2.1.2. Real-time quantitative PCR (qPCR) explained 

As mentioned in section 1.1.4, PCR is the exponential amplification of a target 

sequence with the help of specific oligonucleotides (forward and reverse primers) 

and a thermostable DNA polymerase. Accurate and sensitive quantification of the 

target by qPCR is only possible when the primers and fluorescent probe bind to the 

target sequence. During each cycle of the qPCR, accumulative fluorescence is 

generated by the probe during DNA synthesis and is proportional to the amount of 

target detected in the PCR reaction. This fluorescent data is collected by the thermal 

cycler and converted into quantitative cycle (Cq) values. The Cq obtained in a PCR 

is the cycle at which the fluorescent signal in a reaction rises above the background 

and is considered a ‘positive’ test result. In theory, a difference of 1 Cq indicates a 2-

fold difference while a difference of 3.33 Cq indicates a 10-fold difference for PCR 

assays with 100 % efficiency, i.e. 2ΔCq fold difference. An early Cq signifies higher 

concentrations of target detected than a late Cq, e.g. a sample with a Cq of 20 

contains 10-fold more target than a sample with a Cq of 23.33. Real-time 

quantitation is performed by using a standard curve (absolute quantification) or via a 

reference gene (relative quantification). qPCR assays carried out in this thesis were 

quantified using absolute quantification unless explicitly stated. 

2.1.3. Measures of good assay performance 

Performance of a good qPCR assay is assessed on the following characteristics 

based on the log-linear portion of the dsDNA standard curve generated (Institute for 

Health and Consumer Protection, 2011; Smith and Osborn, 2009): 

i.) Slope of the regression line between -3.6 and -3.1, relating to a PCR 

amplification efficiency (E) between 90-110 % (see Eqn. 1) 

ii.) Coefficient of regression (R2) ≥ 0.980 to measure the linearity of the reaction 

iii.) Consistency across replicate reactions, no more than 0.5 Cq from their mean 

iv.) No amplification in non-template controls (NTC) or at least 1-fold higher (3.3 

cycles) than the lowest calibration point on the standard curve 

v.) Specificity for qPCR target 

vi.) Sensitivity represented by a late y-intercept typically around 40 Cq 
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The y-intercept is the theoretical Cq value for which one genome copy is detected 

and is a measure of assay sensitivity. A more significant measure of assay 

performance is the amplification efficiency and consistency between replicates. 

Eqn. 1 Determining PCR amplification efficiency (E) based on the standard curve. 

𝐸 =  −1 +  10
−1

𝑠𝑙𝑜𝑝𝑒  × 100 % 

The minimum information for publication of quantitative real-time PCR 

experiments (MIQE) review by Bustin et al., 2009 is a set of guidelines composed 

for authors, reviewers and editors to help researchers evaluate and reproduce qPCR 

studies, and to increase the experimental transparency. A full list of essential and 

desirable information to disclose with published qPCR data is found within the 

review and freely available at: http://clinchem.aaccjnls.org/content/55/4/611/T1. 
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2.1.4. Chapter overview 

It is in our hypothesis that while an intact viral genome does not allude to a 

functional and infectious virus particle, a virus must have an intact genome to have 

the potential to be infectious. As the goal is to examine if a correlation exists 

between genome integrity and infectivity, and not biological functions specific to any 

virus family or species, the use of F-RNA, genogroup II (GA) is suitable as a 

surrogate virus in the sRT/loRT-qPCR approach. A basic workflow explains the 

method overview for this chapter (see Figure 10). The established (one-step) RT-

qPCR assays for HuNoV and GA were included for comparison against the novel 

(two-step) assays. 

A detailed workflow for this chapter is also included (see Table 2). Preparation 

details of all media and reagents are listed in Appendix B. Methods for the 

preparation of Salmonella stocks (WG49), GA stocks and enumeration using the 

double-agar overlay plaque infectivity assay were followed according to ISO 10705-

1 (Anonymous, 1995). Due to the limited supply of HuNoV material, novel two-step 

assays were developed and optimised primarily using GA until effective assays were 

established; these conditions were then applied to GI and GII. Virus working stocks 

containing approximately 105 to 107 genome copies/ml were diluted as necessary 

with PBS. RNA extractions were carried out separately for each virus, followed by 

their respective established and novel RT-qPCR assay in parallel to GA enumeration 

using the infectivity assay. The established sRT-qPCR assays for GI and GII were 

followed according to the current standard method ISO/TS 15216-1 (Anonymous, 

2013) while for GA a published assay was followed according to Wolf et al., 2008. 

Novel two-step sRT/loRT-qPCR assays for HuNoV and GA were adapted from 

(Wolf et al., 2009). Pre- and post-optimised assays and results are covered in this 

chapter, extended results can be found in Appendix C. 

Later in Chapter 3 where samples were treated with/without UV, the sRT/loRT-

qPCR approach was applied to a virus mix (VM) composed of all three viruses 

diluted in PBS to ensure that HuNoV and GA were exposed to equal UV fluence. No 

cross-reactivity between HuNoV and GA primers was observed in the qPCR assays.  
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2.1.5. Schematics for reference 

 

Figure 10 Workflow of sRT/loRT-qPCR approach. Established sRT-qPCR assays for HuNoV and GA were 

followed according to ISO/TS 15216-1 and Wolf et al., 2008 respectively while the novel sRT/loRT-qPCR assays 

were adapted from Wolf et al., 2009. 

Table 2 Detailed workflow of methods for sRT/loRT-qPCR approach. 

Preparation of bacterial and viral starting material (see section 2.2.1) 

Preparation of molecular standards for RT-qPCR assays (see section 2.2.2) 

F-RNA bacteriophage 

enumeration using plaque 

infectivity assay 

(see section 2.2.3) 

Viral RNA extraction using NucliSENS® miniMAG® 

extraction platform (see section 2.2.4) 

One-step RT-qPCR Two-step RT-qPCR 

Established sRT-qPCR assays 

for HuNoV and F-RNA 
(see section 2.2.6.1) 

Reverse transcription for 
HuNoV and F-RNA 

short/long-range targets 

(see section 2.2.5) 

Novel qPCR assays for 

HuNoV and F-RNA 
short/long-range targets 

(see section 2.2.6.2) 

Results and Discussion (see section 2.3) 

Comparison of plaque forming units (pfu) to genome copies per sample volume 

GI, GII or GA

Plaque assay 
(GA only)

Viral RNA 
extraction

Established 
sRT-qPCR
(one-step)

Novel
sRT-qPCR
(two-step)

Novel
loRT-qPCR
(two-step)
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2.2. MATERIALS AND METHODS 

2.2.1. Preparation of bacterial and viral starting material 

2.2.1.1 Preparation of WG49 cultures for plaque infectivity assay 

Salmonella enterica serovar Typhimurium strain WG49 (NCTC 12484) was 

constructed as a host so that it can be infected by somatic Salmonella phages and by 

male-specific (F-pili) RNA bacteriophages such as GA (Havelaar et al., 1993). 

Briefly, an ampoule of WG49 was fully rehydrated in 1 ml TYGB and transferred to 

50 ml pre-warmed TYGB for 18-24 hours at 37 °C with shaking at 100 rpm. 20 % 

(v/v) glycerol (Sigma, G7893) was added to the overnight culture and mixed 

thoroughly prior to dividing it into single-use aliquots; this stock became the 

reference culture (RC) and was stored at -80 °C indefinitely for long-term storage. A 

single aliquot of RC was thawed and used to streak duplicate MacConkey agar plates 

to isolate lac-positive colonies (red). 3-5 red colonies were propagated in 50 ml 

TYGB followed by addition of 20 % (v/v) glycerol as before and dispensed into 

single-use 1.5 ml aliquots; aliquots of this working culture (WC) were stored at -80 

°C for a maximum of 2 years. Quality control (QC) was carried out according to ISO 

10705-1 to ensure each batch of WC met the acceptance criteria before use 

(Anonymous, 1995). 

2.2.1.2 Preparation of GA working stocks 

To prepare working stocks of the virus, the primary GA stock received from 

CEFAS was propagated in 100 ml TYGB using the procedure described in ISO 

10705-1:Annex C (Anonymous, 1995). 10 ml of chloroform (Sigma-Aldrich UK, 

C2432) was added to the culture, mixed thoroughly and placed overnight at 4 ± 2 °C 

loosely capped. The aqueous phase was decanted between two 50 ml universal tubes 

and spun at 3000 g-force for 20 min. The supernatant was carefully transferred to a 

flask where 10 % (v/v) glycerol was added and mixed thoroughly prior to dispensing 

into single-use 1.5 ml aliquots. Aliquots were stored at -80 °C indefinitely. 

Genotype confirmation using oligonucleotide probe hybridisation with DIG 

Wash and Block Buffer Set (Roche Diagnostics Ltd., UK) was carried on the F-RNA 

bacteriophage WC in the laboratory to confirm that it was GA by Dr. John Flannery, 

Ms. Kelly Fitzhenry, and Mr. Kevin Hunt (Flannery, 2007).  
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GA enumeration using the plaque infectivity assay (see section 2.2.3) was carried 

out for the WC and titres were shown to contain in excess of 1011 plaque-forming 

units (pfu) per ml. To reduce the risk of GA contamination in the lab and 

unnecessary repetition of diluting neat WC, an aliquot of this stock was used to 

prepare a batch of single-use 1.5 ml aliquots containing ≈ 107 pfu/ml diluted in PBS 

and stored at -20 °C for everyday experimental use; this step was repeated when 

more GA material was needed. 

2.2.1.3 Preparation of HuNoV working stocks 

Initially, convenient water-soluble LENTICULE™ discs developed from GI and 

GII positive materials containing 104 to 105 genome copies/ml were selected as the 

starting material for HuNoV RT-qPCR assays. Due to issues arising in the GII loRT 

use of LENTICULE™ was discontinued and was replaced with HuNoV faecal 

material (FM) (see Appendix C. 1). 

FMs were received in semi-solid form from University College Hospital Galway 

and University Hospital Limerick. Sample IDs and weights were recorded on the 

sample receipt log. For each sample, 0.2 g of FM was transferred to a 50 ml universal 

tube with 20 ml PBS and mixed vigorously until the sample was homogenised. 10 % 

(v/v) glycerol was added and mixed thoroughly prior to dispensing into 1.5 ml tubes 

at -80 °C indefinitely. The current standard RT-qPCR was used to identify the 

genogroup of each sample and approximate virus concentration levels (see section 

2.2.6.1); no cross-reactivity was seen in either HuNoV assay with the FM from the 

other genogroup. Working stocks were prepared by diluting GI and GII in the 

appropriate volume of PBS to a concentration of ≈ 106 to 107 copies/ml as quantified 

by the established RT-qPCR assays and stored at -80 °C indefinitely. Sequencing in 

the laboratory was subsequently used to confirm their genotypes to be GI.4 and GII.4 

by Dr. Paulina Rajko-Nenow.  
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2.2.2. Preparation of molecular standards for RT-qPCR assays 

Quantitative molecular standards for RT-qPCR were received as double-stranded 

DNA (dsDNA) plasmids containing the target insert for GI and GII from CEFAS and 

IFREMER. These plasmids were also constructed to allow the generation of 

exogenous control (EC) RNA using in-vitro (IV) transcription to identify qPCR 

inhibition; EC-RNA qualitative controls were only applied to RT-qPCR assays used 

to quantify HuNoV in faecal materials and to analyse virus in environmental samples 

in Chapter 3. 

2.2.2.1 Preparation of RT-qPCR standards for HuNoV 

Briefly, GI and GII plasmids were transformed into E. coli JM109 high 

efficiency competent cells (Sigma-Aldrich UK, J3895) and grown on LB Ampicillin 

agar (LB Amp agar) spread with 10 nmol IPTG and 1 mg X-Gal and incubated at 37 

°C overnight. Following blue/white screening, single white colonies were selected 

and gently but thoroughly suspended in 100 μl of molecular biology grade (MBG) 

water. Each inoculum was simultaneously subjected to a colony PCR; inoculated in 

an overnight LB Amp broth; and streaked on LB Amp agar. 

Each 50 μl colony PCR reaction had a final concentration of 1X AmpliTaq Gold 

PCR Buffer, 1.25 mM MgCl2, 0.2 mM dNTPs, 1 μM each pTAg primer (see Table 

3), 2.5 units AmpliTaq Gold® Polymerase (Applied Biosystems, 4311806) and 

MBG water. Inoculum was added to the PCR mix using a 1 μl sterile inoculating 

loop and mixing vigorously to release the plasmid from the cells. Tubes were briefly 

centrifuged before placing into a thermal cycler set at: (i) initial denaturation of 96 

°C for 10 min followed by (ii) 30 cycles of 94 °C, 37 °C and 72 °C for 1 min each 

and a final extension step of (iii) 72 °C for 10 min with a soak of 4 °C up to 24 hours 

prior to use or freezing. 

Agarose gel electrophoresis using a 2 % gel was used to confirm the presence 

and size of the inserts as 242 and 247 basepairs (bp) for GI and GII respectively; 

PCR products were extracted and purified from the gel and sent for sequencing to 

validate their sequence and identify insert orientation. Successful clones were picked 

from their respective LB Amp agar plates and archived in Microbank™ cryovials 

(Pro-Lab, PL.170) at -80 °C indefinitely for long-term storage following the 

manufacturer’s instructions.  
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Table 3 Primers used in colony PCR assay for HuNoV plasmids. 

Primer ID Nucleotide sequence in 5′ → 3′ direction  

pTAg 5 GCT ATG ACC ATG ATT ACG CCA A S 

pTAg 3 TGT AAA ACG ACG GCC AGT GAA A 

dsDNA was isolated from overnight broth cultures derived from successful 

clones using the GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich UK, PLN350) 

and further purified using the QIAquick PCR purification kit (QIAGEN, 28106) 

following the manufacturers’ instructions and resuspended in Tris-EDTA (TE) buffer 

supplemented with 2 ng/μl sheared salmon sperm DNA (Invitrogen, AM9680). 

Plasmid purity and concentration were checked using a UV spectrophotometer and 

accepted if A260/A280 ratios were ≈ 1.8 and a concentration ≥ 300 ng/μl was achieved. 

Plasmid sizes for GI and GII are 3287 and 3292 bp respectively and were used to 

calculate the concentration of the neat dsDNA stock (see Eqn. 3). Working stocks of 

105 dsDNA copies/μl were prepared using MBG water in single-use aliquots of 20 μl 

and stored at -20 °C for a recommended maximum of six months. 

For the generation of EC-RNA for GI and GII, dsDNA plasmids were linearised 

with the XbaI restriction endonuclease (RE) (Promega, R6181), transcribed using the 

SP6 enzyme from the Riboprobe IV transcription system SP6/T7 (Promega, P1460) 

and purified using the RNeasy Mini Kit (QIAGEN, 74104) in a final volume of 50 μl 

following the manufacturers’ instructions. A reoccurring problem associated with the 

clean-up procedure included low-yields and poor A260/A230 ratios. To resolve this 

issue, buffer RLT was warmed at 37 °C and allowed to cool down to room 

temperature prior to use; wash steps involving RW1/RPE were carried out by adding 

buffer to the tubes, securely closing the lids, and inverting and rolling the tubes so 

that the interior of the tubes were fully rinsed prior to centrifugation. QC was carried 

out according to ISO/TS 15216-1 to check for DNA contamination in the EC-RNA 

stock. Transcript purity and concentration were checked using a UV 

spectrophotometer as before and accepted if A260/A280 ratios were ≈ 2.0. Transcripts 

for GI and GII are 126 and 131 nt respectively and were used to calculate the 

concentration of the neat EC-RNA stock (see Eqn. 4). Working stocks of 107 EC-

RNA transcripts/μl were prepared using MBG water in single-use aliquots of 20 μl 

and stored at -20 °C for a recommended maximum of six months. 
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2.2.2.2 Preparation of RT-qPCR standards for GA 

A similar plasmid was required for the GA RT-qPCR assays thus design and 

construction was based on a protocol for a plasmid developed for HAV (Costafreda 

et al., 2006). The GA target sequence was modified to contain an EcoRI recognition 

site and ordered as a synthetic oligonucleotide to be cloned as an insert (GAiEcoRI) 

into the plasmid vector pGEM®-3Zf(+) (Promega, P2271) (see Figure 11; Figure 

12). EcoRI was chosen because the plasmid already contained an EcoRI recognition 

site thus both sites will later be used in an RE digestion reaction. The fragments were 

separated using agarose gel electrophoresis to identify successful clones and to 

determine the insert’s orientation for IV transcription of EC-RNA. EC-RNA controls 

were only applied to RT-qPCR assays used to analyse environmental samples in 

Chapter 3. 

 

 

Figure 11 pGEM®-3Zf(+) vector showing transcription and RE recognition sites. SmaI was used to 

introduce the GAiEcoRI insert into the plasmid vector. Digesting the GA plasmid with EcoRI will result in a 

large (>3 kb) and small (41 or 107 bp) band on an agarose gel. The size of the small band identifies the 

orientation of the insert in the plasmid, which will determine which enzyme (T7/SP6) to use for transcription of 

complementary sense EC-RNA.  
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Figure 12 Sequence of GAiEcoRI used for dsDNA plasmid. 4 nucleotides (ATTC) were added to a non-

primer/probe region within the GA target sequence so that the dsDNA plasmid can be recognised by the EcoRI 

restriction enzyme and distinguish it from the PCR product of wildtype GA. 

The GAiEcoRI oligonucleotide was first amplified using the proof-reading 

enzyme Pfu DNA polymerase (Promega, M7741) with the qPCR primers for GA 

(Wolf et al., 2008) in a final volume of 50 μl following the manufacturer’s 

instructions. 5 μl of PCR product was visualised on a 2 % agarose gel to confirm that 

a 116 bp band existed; the remaining reaction was purified using the QIAquick PCR 

purification kit mentioned following the manufacturer’s instructions and the 

concentration of the purified product was measured using a UV spectrophotometer. 

Next, 1 μg of plasmid material was linearised with the SmaI restriction endonuclease 

(Promega, R6121) following the manufacturer’s instruction which cleaved a blunt-

end opening within the multiple cloning region of the lacZ gene; unlike Taq DNA 

polymerase, Pfu DNA polymerase generates blunt-ended PCR products. The purified 

GAiEcoRI insert was ligated to the linear plasmid at an insert to vector molecular 

ratio of ≈ 5:1 using T4 DNA ligase (Promega, M1801) following the manufacturer’s 

instructions. The ligated mixture was transformed into E. coli JM109 and GA 

dsDNA material was prepared as above at working concentrations of 105 copies/μl 

and stored at -20 °C; dsDNA plasmids for GA are 3313 bp in size. 

To confirm the presence and insert orientation of GAiEcoRI assimilated by 

clones, plasmids were subjected to RE digestions containing 200 ng dsDNA, 1 μg 

bovine serum albumin (BSA), 12 units EcoRI and 1X Buffer H (Promega, R6011) in 

a final volume of 20 μl and incubated at 37 °C for 30-120 min in a conventional 

thermal cycler. Digested products were visualised on a 4 % agarose gel and a single 

band of 41 or 107 bp was expected for inserts downstream of the T7 and SP6 

transcription sites respectively; the clone with the 107 bp band was selected for 

further processing and SP6 enzyme was used for IV transcription. QC was carried 

out on resulting EC-RNA and prepared as above at a working concentration of 107 

transcripts/μl stored at -20 °C; the GA EC-RNA transcript is 116 nt in size. GA 

 PF→  EcoRI Probe→  

5′ TCTATGTATGGATCGCACTCGCGAattcTTGTGCTGTCCGATTTCACG 

 

TCTATCTTCAGTCATTGGATTTGGGGTCTTCTGATCCTCTATCTCCAG 

  PR 

ACTTTGATGGACTTGCCTAC3′ 
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plasmids corresponding to the 107 bp EcoRI digest were also sent for sequencing to 

confirm it contained the correct sequence and clones were archived in Microbank™ 

cryovials at -80 °C indefinitely for long-term storage. 

2.2.2.3 Quantification of dsDNA copies and EC-RNA transcripts per microlitre 

Quantitative numbers of single- and double-stranded nucleic acids per microlitre 

were calculated using the general formula (see Eqn. 2): 

Eqn. 2 General formula for determining nucleic acids per microlitre. 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝑁𝐴 𝑜𝑟 𝑅𝑁𝐴 (𝑛𝑔/𝜇𝑙)

𝑆𝑖𝑧𝑒 𝑜𝑓 𝑆𝑒𝑞. (𝑛𝑡) ×  𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑁𝐴 𝑜𝑟 𝑅𝑁𝐴 (𝑔) × 109 (𝑛𝑔/𝑔) ÷ 𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
 

where concentration is equal to the measured A260 value of the sample multiplied 

by 1 optical density (OD) of dsDNA (50 ng/μl) or ssRNA (40 ng/μl). The size of the 

sequence refers to length of nucleotides in the target sequence, which is multiplied 

by the molecular weight of an average dsDNA (607.4 g) or ssRNA (320.5 g) 

molecule divided by Avogadro’s constant, thus: 

Eqn. 3 Determining dsDNA copy numbers per microlitre. 

dsDNA copies/μl = 
𝐴260 × 50

(Size of Plasmid + Insert)× 607.4 × 109  ÷ (6.02 × 1023)
  

Eqn. 4 Determining EC-RNA transcripts per microlitre. 

EC-RNA transcripts/μl =
𝐴260  × 40

(Size of Transcript)× 320.5 × 109  ÷ (6.02 × 1023)
  

Preparation of dsDNA and EC-RNA working stocks from neat plasmid and 

transcripts were carried out as required, every six months, or if a Cq shift of 0.5-1.0 

was detected (Bustin et al., 2009) (see section 2.2.6.3). When dsDNA stocks were 

exhausted, a single cryovial bead was taken and directly used in the overnight culture 

step and the preparation of standards procedure was repeated.  
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2.2.3. F-RNA bacteriophage enumeration using plaque infectivity assay 

F-RNA bacteriophage was enumerated in samples using the double-agar overlay 

plaque infectivity assay, ISO method 10705-1 (Anonymous, 1995). GA working 

stocks were appropriately diluted in PBS to cover a range where expected plaque 

counts would fall between 10-200. Briefly, TYGB supplemented with 1 % volume 

CAGL was prewarmed at 37 °C then inoculated with WG49 working culture (see 

section 2.2.1.1) and returned to the 37 °C incubator with shaking at 100 rpm. At an 

OD corresponding to 106 colony forming units per ml (cfu/ml), 1 ml of WG49 

culture was added to each of duplicate 7 ml bijoux containing 1 ml of appropriately 

diluted test sample held in a 45 °C water-bath; duplicate bijoux containing only 

WG49 and PBS were used as negative controls. Approximately 2.5 ml molten 

TYGA1 held at 45 °C was added to each bijou, capped and inverted to mix, and 

poured directly onto TYGA2 medium. Plates were gently swirled and left to solidify 

for 15-30 min prior to incubation at 37 °C for 18-24 hours. 

Characteristic F-RNA bacteriophage plaques (small, opaque, circular with small 

ridges) were counted and assumed to originate from one infectious/active GA 

bacteriophage. Results were expressed as plaque forming units per millilitre (pfu/ml) 

for each dilution point (see Eqn. 5) and the average of these was taken as the result. 

Eqn. 5 Determining plaque forming units (pfu) per millilitre sample tested. 

𝑝𝑓𝑢/𝑚𝑙 =  
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒 𝑝𝑙𝑎𝑡𝑒𝑠
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2.2.4. Viral RNA extraction using NucliSENS® miniMAG® extraction platform 

As per ISO/TS 15216-1 method, RNA was extracted from neat or diluted virus 

working stocks using the NucliSENS® miniMAG® magnetic extraction platform 

and reagents (bioMérieux, Marcy l’Etoile, France) following the manufacturer’s 

instruction. Briefly, 500 μl of sample was incubated in 2 ml of lysis buffer for 10 min 

before addition of 50 μl magnetic silica solution for another 10 min. Sample tubes 

were spun at 1500 g-force for 2 min to collect the magnetic silica, decanted of 

solution and thoroughly resuspended in 400 μl wash buffer 1 (WB1). Samples were 

transferred into clean miniMAG® tubes on the extraction platform and washed in 

multiple rounds of WB1, WB2 and WB3 for 15-30 sec intervals according to 

instructions and then decanted of solution. 100 μl of elution buffer was added to each 

tube and incubated at 60 °C for 5 min with 1400 rpm shaking to release the viral 

RNA from the magnetic silica complex. Eluates were immediately transferred to 

clean 1.5 ml tubes and labelled with RNA sample ID and stored either at 4 °C for 

immediate use (up to a maximum of 4 hours) or at -80 °C for overnight/long-term 

storage. 

After establishing a good sample preparation routine and consistent virus 

extraction results, efforts were made to optimise the RT and qPCR steps with 

uniformity. High concentrations of virus samples were extracted in duplicate as 

necessary to obtain 200 μl RNA and diluted with MBG water to prepare a pool of 

RNA at a fixed concentration to work from. Furthermore, to minimise multiple 

freeze-thaw cycles, RNA was divided into smaller aliquots of 20 or 50 μl. Good 

laboratory practice with RNA was employed by thawing and keeping samples on ice 

while working, gentle mixing with a low-speed vortex to avoid RNA shearing, and 

using dedicated PCR assay pipettes with filter-barrier nuclease-free tips.  
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2.2.5. Reverse transcription for HuNoV and F-RNA short/long-range targets 

2.2.5.1 Primer design and selection for sRT/loRT 

Table 4 Primers used in GI, GII and GA RT assays. 

Primer 

detail 
ID Nucleotide sequence in 5′ → 3′ direction  

Location on 

genome 

sRT primers 

GI NV1LCR CCT TAG ACG CCA TCA TCA TTT AC A 5354-5376 

GII COG2R TCG ACG CCA TCT TCA TTC ACA A 5080-5100 

GA GA-Rev GTA GGC AAG TCC ATC AAA GTC A 1869-1889 

GI, GII and GA sRT sequences are based on genome accession numbers M87661.2 (Svraka et al., 

2007), AF145896.1 (Kageyama et al., 2003), NC_001426.1 (Wolf et al., 2008) respectively. 

loRT primers 

HuNoV NVdT T+TT+ TTT+ TTT TTT TTT TTT TTT TTT TVN A 3′ terminal 

F-RNA LV3T TGG GTG GTG ACT AG A 3′ terminal 

NVdT sequence to capture poly-A HuNoV is an LNA™ modified oligo-dT (Wolf et al., 2009); while 

the LV3T sequence is based on the 3′ terminal of the GA genome (Accession no. NC_001426.1) and 

the Levivirus 3′ signature (Friedman et al., 2009). 

Non-standard nucleotide bases: (N) any base; (V) not T; (+) LNA™ base. 

Reverse transcription primers for GI, GII and GA short- and long-range targets 

are listed above (see Table 4). sRT was carried out using the reverse primers from 

the HuNoV and GA established assays. This was done for both one- and two-step 

systems. sRT primers were ordered from Sigma-Aldrich in lyophilised form and 

resuspended with TE buffer to the required concentrations. 

loRT was carried out using the 3′ terminal primer and cDNA generated from this 

reaction was consequently added to the qPCR mastermix. For GI and GII the LNA™ 

enhanced oligo-dT (NVdT) was taken directly from Wolf et al., 2009, this RT primer 

targets the poly-A tail of the HuNoV genome. As F-RNA bacteriophages do not have 

poly-A tails, NVdT will not recognise their sequence thus a different approach had to 

be taken. The option to polyadenylate GA genomes was considered but as it was 

perceived to involve time-consuming effort with uncertain efficiency, designing a 

novel 3′ terminal RT primer for GA was examined instead. A genome sequence 
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search for GA was carried out with the intention of performing an alignment query to 

identify conserved regions at its 3′ terminal, however as only one whole genome 

sequence was retrieved from GenBank this was not possible. As an alternative, the 

complementary sequence of an eight nucleotide signature identified in Levivirus 3′ 

termini by Friedman et al., 2009 and the six nucleotides specific to GA directly 

following this signature were used to design the 3′ terminal RT primer for GA 

(LV3T). NVdT and LV3T primers were ordered from Exiqon, Denmark in 

lyophilised form and resuspended with Tris-EDTA (TE) buffer (Sigma-Aldrich, 

93283) to the required concentrations. 

2.2.5.2 Optimisation of novel sRT/loRT reverse transcription reactions 

sRT/loRT-qPCR assays from Wolf et al., 2009 were directly applied to a serial 

dilution of GA which prompted the need for minor adjustments to the RT conditions 

(see Table 5); optimisation of novel sRT/loRT reactions was carried out on GA RNA 

that was previously prepared in mass volume at a single fixed concentration (see 

section 2.2.4). sRT/loRT reactions were subjected to the same RT conditions to 

prevent bias in either treatment, however loRT cDNA was further treated with RNase 

H to remove cRNA to allow it to be more accessible during qPCR (see Figure 13). 

loRT and sRT reactions were always carried out simultaneously. Completion of the 

RT optimisation was assessed based on the assay performance of the qPCR followed 

by closeness of fit of the two-step sRT assay to its corresponding one-step sRT assay, 

and the loRT assay to the plaque infectivity assay. These finalised RT conditions 

were then applied to GI and GII sRT/loRT two-step assays. 

Table 5 Reagents and conditions used for two-step RT optimisation. 

Reagent / Condition 
Range tested 

(as recommended by the manufacturer) 

RT primer 
Final concentration of 

0.5 (sRT) or 2.5 μM (loRT) 

dNTP 
Final concentration of 

300 or 500 nM 

RT enzyme 200 or 400 U per 20 μl reaction 

RNase inhibitor 20 or 40 U per 20 μl reaction 

Temperature of RT 
50 or 55 °C 

for 30 or 60 min 
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Working optimised RT reactions were set up in microtubes containing 10 μl of 

RNA and final concentrations of: 0.5 μM sRT or 2.5 μM loRT primer, 500 nM 

dNTPs, 20 U/μl Superscript® III reverse transcriptase (Invitrogen, 180800), 2 U/μl 

RNaseOUT™ ribonuclease inhibitor (Invitrogen, 10777), 1X First Strand RT Buffer 

(50 mM Tris–HCl pH 8.3, 75 mM KCl, 3 mM MgCl2), and made up to 20 μl with 

MBG water. The RNA, RT primer, dNTPs and water were initially combined and 

heated at 65 °C for 10 min to help denature the RNA (RT-A step) and immediately 

cooled on ice for ≥ 1 min prior to the addition of the remaining RT reagents. Reverse 

transcription was carried out on the PTC-200 Thermal Cycler instrument (Bio-Rad 

MJ Research Inc., USA) at 50 °C for 60 min followed by deactivation of the RT 

enzyme at 70 °C for 15 min (RT-B step). Additionally, loRT cDNA was treated with 

2.5 units RNase H (Invitrogen, 18021) at 37 °C for 20 min. 

RT reactions were prepared in a final volume of 20 μl so that RNA was diluted to 

a final cDNA concentration of 1 in 2. As the assay developed and larger volumes of 

specific cDNA were required in later developments, the RT reaction was diluted with 

MBG water after the RNase H step to a final volume of 100 μl or as necessary and 

the new RNA to cDNA dilution factor of 1 in 10 was taken into account during 

calculations. 

 

Figure 13 Reverse transcription procedure for novel two-step sRT/loRT assays. *RNase H step was 

performed for loRT cDNA only and not for sRT cDNA.  

qPCR

cDNA used be used directly for qPCR in neat or diluted form

RNase H step: 37 °C for 20 min*

+ RNAse H

RT-B step: 50 °C for 60 min, 70 oC for 15 min

+ Superscript® III, RNaseOUTTM, First Strand RT Buffer

Immediate placement on ice for ≥ 1 min

RT-A step: 65 °C for 10 min

RNA sample + RT primer, dNTP, MBG water
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2.2.6. Quantitative PCR (qPCR) for HuNoV and F-RNA bacteriophage GA 

RT-qPCR assays were conducted using the primers and probes listed below (see 

Table 6). Primers were ordered from Sigma-Aldrich while hydrolysis probes were 

ordered from Eurogentec; primers were received in lyophilised form and 

resuspended in TE buffer to the required concentrations. Absolute quantification was 

carried out using the dsDNA standard curve method. 

Table 6 Primers and probes used in GI, GII and GA qPCR assays. 

Primer 

detail 
ID Nucleotide sequence in 5′ → 3′ direction  

Location on 

genome 

GI (Norwalk virus – M87661.2) 7654 nt genome 

PF QNIF4 CGC TGG ATG CGN TTC CAT S 5291-5308 

PR NV1LCR CCT TAG ACG CCA TCA TCA TTT AC A 5354-5376 

Probe TM9 FAM-TGG ACA GGA GAT CGC-MGB/NFQ S 5321-5335 

PF (da Silva et al., 2007); PR (Svraka et al., 2007); Probe adapted with FAM reporter dye (Hoehne 

and Schreier, 2006); PCR product 86 nt. 

GII (Camberwell virus – AF145896.1) 7555 nt genome 

PF QNIF2 ATG TTC AGR TGG ATG AGR TTC TCW GA S 5012-5037 

PR COG2R TCG ACG CCA TCT TCA TTC ACA A 5080-5100 

Probe QNIFS FAM-AGC ACG TGG GAG GGC GAT CG-TAMRA S 5042-5061 

PF (Loisy et al., 2005); PR (Kageyama et al., 2003); Probe (Loisy et al., 2005) ; PCR product 89 nt. 

GA (Enterobacteria phage – NC_001426.1) 3466 nt genome 

PF GA-Fwd TCT ATG TAT GGA TCG CAC TCG S 1778-1799 

PR GA-Rev GTA GGC AAG TCC ATC AAA GTC A 1869-1889 

Probe GA-Pro 
FAM-TGC TGT CCG ATT TCA CGT CTA TCT 

TCA-BHQ1/NFQ 
S 1805-1831 

Primers and probes (Wolf et al., 2008); PCR product 112 nt. 

Non-standard nucleotide bases: (B) not A; (D) not C, (H) not G; (K) G/T; (M) A/C; (N) any base; (R) 
A/G; (S) C/G; (V) not T; (W) A/T; (Y) C/T. Reporter Dyes: (FAM) 6’ Carboxyl-fluorescein. 

Quenchers: (BHQ1) BlackHole™ quencher 1; (MGB) minor groove binding; (NFQ) non-fluorescent 

quencher; (TAMRA) tetramethylrhodamine. 
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2.2.6.1 Established sRT-qPCR assays for HuNoV and F-RNA 

One-step sRT-qPCR assays for GI and GII were performed on viral RNA 

samples following the ISO/TS 15216-1 method, while the one-step sRT-qPCR assay 

for GA was performed following Wolf et al., 2008. RT-qPCR controls (NEC, EC-

RNA and IPC) except the dsDNA and NTC were omitted in established assays until 

Chapter 3 when the methods were applied to environmental samples. 

qPCR reactions were set up in a final volume of 25 μl with each reaction 

containing: 1X RNA UltraSense™ One-Step Quantitative RT-PCR buffer 

(Invitrogen, 11732), 500 nM of forward primer (PF), 900 nM of reverse primer (PR), 

250 nM of probe, 1.25 μl of enzyme mix (containing Superscript® III, RNaseOUT™ 

and Platinum® Taq DNA polymerase), 1X ROX reference dye and 5 μl sample 

RNA/control material. Each sample RNA was tested in duplicate on the 96-well 

optical plate (Applied Biosystems™, N8010560). qPCR was performed on the ABI® 

7500 real-time PCR instrument (Applied Biosystems™, Foster City, CA) using 

conditions: (i) RT at 55 °C for 60 min, (ii) an initial denaturation step at 95 °C for 5 

min followed by (iii) 45 cycles of denaturation at 95 °C for 15 sec, and annealing at 

58 °C for 60 sec for GA (two-stage cycling) or 45 cycles of denaturation at 95 °C for 

15 sec, annealing at 60 °C for 60 sec and an additional extension step of 65 °C for 60 

sec for GI and GII (three-stage cycling) (see Figure 14). 

 

Figure 14 Established one-step sRT-qPCR process. Viral RNA is added to the one-step RT-qPCR mastermix 

and RT followed by qPCR occurs in the same tube. During cycling, the GA assay undergoes denaturation and 

annealing only (two-stage cycling), while for the HuNoV assay an additional extension step is included in each 

cycle (three-stage cycling).  

RNA

Reverse Transcription
55 °C for 60 min

cDNA

Initial Denaturation
95 °C for 5 min

Cycling
(i) Denaturation
95 °C for 15 sec
(ii) Annealing

58 °C for 60 sec (GA) or 
60 °C for 60 sec (HuNoV)

(iii) Extension
65 °C for 60 sec
(HuNoV only)

PCR product

qPCR result
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2.2.6.2 Novel qPCR assays for HuNoV and F-RNA short/long-range targets 

Novel two-step qPCR assays for HuNoV and GA were carried out using 

conditions based on the established one-step methods with reduced concentrations of 

reverse primer and examination of two-stage and three-stage cycling for HuNoV 

assays. Optimised qPCR reactions were set up in a final volume of 25 μl containing: 

1X ready-to-use Platinum® Quantitative PCR SuperMix-UDG buffer (Invitrogen, 

11730) (containing Platinum® Taq DNA polymerase), 500 nM of each primer, 250 

nM of probe, 1X ROX reference dye and 5 μl sample cDNA generated from the 

sRT/loRT or control material. Each sample cDNA was tested in duplicate on the 96-

well optical plate. qPCR conditions were: (i) initial denaturation at 95 °C for 5 min 

followed by (ii) 45 cycles of denaturation at 95 °C for 15 sec, and annealing at 58 °C 

for 60 sec for GA or 60 °C for 60 sec for GI and GII (see Figure 15). 

 

Figure 15 Optimised two-step sRT/loRT-qPCR process. After carrying out RT in a separate tube, cDNA is 

added to the two-step qPCR mastermix. qPCR conditions were adapted from the one-step assays and, while three-

stage cycling was examined for HuNoV, two-stage cycling was used for novel GA and HuNoV assays. 

2.2.6.3 Absolute quantification using the standard curve method 

dsDNA covering a five-point 10-fold serial dilution starting at 105 copies/μl was 

included on each 96-well optical reaction plate as (i) quantitative standards for its 

respective target qPCR assay and (ii) a positive control; while MBG water was 

included as a non-template/negative control (NTC). 5 μl of control material was used 

per 25 μl PCR reaction and done in duplicate to adjacent wells. Mean Cq values for 

each point were plotted (y-axis) against their respective log copy numbers (x-axis) to 

generate a standard curve.  
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37 °C for 20 min
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Initial Denaturation
95 °C for 5 min
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95 °C for 15 sec
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60 °C for 60 sec (HuNoV)
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The linear regression formula derived from the standard curve was used to 

determine genome copy numbers detected per μl in each well (see Eqn. 6). This 

value was multiplied by 100 (copies found in 100 μl RNA) and divided by 0.5 

(extracted from 500 μl of sample) to get genome copies detected in 1 ml; multiply 

again by 2 if expressing results for novel two-step assays (see section 2.2.5.2). For 

accuracy, the standard curve must cover a linear dynamic range with at least 3 orders 

of magnitude around the level where sample target is expected. 

Eqn. 6 Determining genome copy numbers from qPCR Cq values. 

𝑔𝑒𝑛𝑜𝑚𝑒 𝑐𝑜𝑝𝑖𝑒𝑠 / 𝜇𝑙 =  10
(

𝐶𝑞− 𝑦𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑠𝑙𝑜𝑝𝑒
)
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2.3. RESULTS AND DISCUSSION 

2.3.1. RT-qPCR controls for F-RNA bacteriophage GA 

Quantitative molecular standards for F-RNA GA were successfully designed and 

generated in the form of a dsDNA plasmid that also allowed the transcription of EC-

RNA. The genetic modification of including 4 nucleotides within the target sequence 

allows determination of the insert orientation in the plasmid, and to distinguish the 

control material from wildtype GA for quality control purposes (see Figure 16). 

Assessment of the Cq values and properties of the dsDNA standard curve and 

subjection of the EC-RNA transcripts to qPCR without the RT step showed that they 

were suitable for use as molecular standards for RT-qPCR (see Table 7; Table 8). 

 

Figure 16 Confirmation of GAiEcoRI uptake by pGEM®-3Zf(+) and determination of insert orientation 

for GA dsDNA plasmids using EcoRI.. Four individual plasmids were digested with EcoRI and small bands at 

107 bp (clones 1-3) and 41 bp (clone 4) confirm the presence of the insert on the antisense and sense strands of 

the T7 promoter respectively. Invitrogen™ 25 bp DNA ladder (L) showing bands in multiples of 25 bp (Cat. No. 

10597), an agarose gel of 4 % was used. 

Table 7 Cq values and standard curve of newly developed GA plasmids. 

 GA 

dsDNA 

Established assay 

Mean Cq ± SD Slope 3.26 

1.00E+05 21.20 ± 0.02 y-intercept 37.67 

1.00E+04 24.73 ± 0.01 R2 0.999 

1.00E+03 27.97 ± 0.05   

1.00E+02 31.19 ± 0.09   

1.00E+01 34.29 ± 0.55   

copies/μl     

 L Clone 1 Clone 2 Clone 3 Clone 4 

125 bp → 

50 bp → 
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Table 8 Quality control of EC-RNA transcripts for GA. Purified neat GA EC-RNA was quantified using a 

regular one-step mastermix (RT-qPCR) and a second mastermix that was previously heated at 95 °C for 5 min to 

deactivate the RT enzyme prior to sample addition (qPCR only). The mean percentage of signal detected in 

qPCR-only reactions represent < 1 % of the total signal from the EC-RNA material and showed that it was 

suitable for use. 20 μl aliquots of EC-RNA were then prepared at a final concentration of 1.00E+07 copies/μl. 

Purified neat 

EC-RNA 
2.33E+08 4.21E+05 0.18 % 

1.00E-01 1.88E+07 3.69E+04 0.20 % 

1.00E-02 1.66E+06 3.66E+03 0.22 % 

1.00E-03 1.53E+05 3.90E+02 0.26 % 

1.00E-04 1.15E+04 3.31E+01 0.29 % 

   
Mean = 0.23 % 

2.3.2. qPCR suitable cDNA for novel sRT/loRT assays 

Various protocols for RT kits suggest that no more than 10 % of the PCR 

reaction volume should be taken directly from the RT reaction due to the inhibitory 

effects of the RT enzyme on PCR outside its primary RNA-dependent DNA 

polymerase activity. For example, in a 25 μl PCR reaction, a maximum volume of 

2.5 μl of the RT reaction is recommended as template cDNA (Suslov, 2005). In our 

procedure, concentrated viral RNAs were used to prepare RT reactions in 20 μl, and 

further diluted with MBG water to a total volume of 100 μl. As the RT enzyme is 

reduced by a fifth of its original concentration, volumes up to 50 % of the PCR 

reaction can now be used in the qPCR, e.g. in a 25 μl PCR reaction, use ≤ 12.5 μl of 

the diluted RT reaction as template cDNA. 

The benefits of preparing and diluting the RT reactions were: 

(i) To generate large batches of cDNA to work with during the qPCR 

optimisation stage 

(ii) To secure enough cDNA material to work with during experimental analysis 

(iii) To grant greater flexibility of input cDNA per qPCR reaction 

(iv) To reduce sample volume errors during experimental set-up 

(v) An economical choice to reduce the amount of Superscript® III reverse 

transcriptase and RNase H enzymes consumed per RT reaction  

GA 

EC-RNA 
RT-qPCR qPCR only % of signal attributed from dsDNA 
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2.3.3. RT-qPCR and infectivity assay results for F-RNA bacteriophage GA 

Conditions for novel sRT/loRT-qPCR assays were directly taken from Wolf et 

al., 2009 and applied to a log-dilution series of GA virus (see Figure 17). Preliminary 

results indicated that adjustments were needed to improve the two-step systems as 

well as suggesting that the loRT assay was provisionally a better estimator of ‘true’ 

infectivity than either sRT-qPCR assay. Although the RT efficiency of the novel 

LV3T primer could not be measured, achievement of an expected 1 log10 units 

difference between each dilution point demonstrated the consistency of the LV3T 

priming activity. LV3T has an estimated annealing temperature of approximately 48-

51 °C, making it suitable for use with most reverse transcription enzymes and 

showed no cross-reactivity with HuNoV (data not shown). 

 

Figure 17 Preliminary comparison of RT-qPCR and infectivity assay for GA. Five concentrations of F-RNA 

GA virus were subjected to quantification using the established one-step sRT-qPCR, pre-optimised two-step 

sRT/loRT-qPCR, and infectivity assay. Double-agar overlay plates with > 200 plaques were extrapolated from 

the 1E+02 sample point. Non-template controls (NTC) were undetected and no cross-reactivity was observed. 

The tLOD of the sRT, loRT and infectivity assays shown here are 20 genome copies/ ml, 40 genome copies/ml 

and 1 pfu/2 ml respectively. 

GA sRT/loRT-qPCR assays were conducted in parallel to the established one-

step sRT-qPCR and plaque infectivity assays and show that the finalised optimised 

conditions for the two-step RT-qPCR system performed just as well as the one-step 

system (see Table 9; Figure 18).  
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Table 9 Cq values of GA subjected to various two-step sRT-qPCR conditions. Finalised concentrations were 

0.5 μM sRT or 2.5 μM loRT primer, 500 nM dNTP, 20 U/μl Superscript® III RT enzyme, 2 U/μl RNaseOUT™ 

and RT was performed at 50 °C for 60 min. 

Reagent / Condition Range Tested Cq value 

RT primer final concentration 
0.5 μM 34.89 

2.5 μM 34.52 

dNTP final concentration 
300 nM 34.24 

500 nM 33.88 

Superscript® III 
10 U/μl 34.83 

20 U/μl 33.45 

RNaseOUT™ 
1 U/μl 33.88 

2 U/μl 33.45 

Temperature of RT for 60 min only 
50 °C 34.52 

55 °C 35.83 

 

 

Figure 18 Post-optimisation comparison of RT-qPCR and infectivity assay for GA. F-RNA GA at a single 

concentration was quantified using the established one-step sRT-qPCR, post-optimised two-step sRT/loRT-

qPCR, and infectivity assay. Performance of two-step systems were considered optimal when the two-step sRT-

qPCR echoed the results obtained by the established one-step sRT-qPCR for GA Overestimation of virus levels 

can be seen in both sRT assays, while the loRT assay reported virus levels closer to those reported by the 

infectivity assay. Results are expressed as mean quantitative values ± standard error (n = 4); NTCs remained 

undetected. The tLOD of the sRT, loRT and infectivity assays shown here are 20 genome copies/ ml, 40 genome 

copies/ml and 1 pfu/2 ml respectively.  
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More importantly, this comparison showed that RT-qPCR using an sRT approach 

overestimates levels of true infectious virus by at least 0.72 log10 in these samples as 

expected, while in contrast the loRT assay better correlates to the infectivity assay 

thus demonstrating its potential to reduce that error gap. The theoretical limit of 

detection (tLOD) of the one-step sRT-qPCR, two-step loRT-qPCR and infectivity 

assay are 20 genome copies/ml, 40 genome copies/ml and 1 pfu/2 ml respectively. 

Optimised RT conditions were then applied to HuNoV sRT/loRT assays using 

qPCR conditions adapted from the established methods. While the two-stage cycling 

conditions were favourable to the GI assay, the opposite was seen for GII; this was 

true for loRT and sRT targets alike (see Figure 19). The additional extension step 

used by three-stage cycling is either believed to be a remnant of conventional PCR 

assays, where complete extension of the PCR target benefits the end-product result. 

However, as the quantitative shifts were approximately to the same degree, that 

samples would be tested for GI and GII on the same reaction plate, and use of the 

three-stage cycling conditions would only lengthen the assay runtime, the method 

was developed using the two-stage cycling conditions at the disadvantage to GII. 

 

Figure 19 Comparison of novel 2-step sRT/loRT-qPCR assays using two-stage or three-stage cycling 

during qPCR for HuNoV. Novel two-step sRT/loRT-qPCR conditions from GA were applied to HuNoV. The 

sRT assay detected at least 0.88 and 1.10 log10 units more virus than their corresponding loRT assay for GI and 

GII targets respectively. Two-stage cycling conditions involved 45 cycles of denaturation (95 °C) and annealing 

(60 °C) while three-stage cycling conditions were denaturation (95 °C), annealing (60 °C) and extension (65 °C) 

as used by the current standard RT-qPCR assay for HuNoV. Results are expressed as mean quantitative values ± 

standard error (n = 2); NTCs remained undetected. The tLOD of the two-step assay is 40 genome copies/ml.  
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2.3.4. Assay performance comparison of RT-qPCR assays 

Assay performance measures of the established (one-step) and novel (two-step) 

RT-qPCR assays were taken from eight individual runs using GA dsDNA (see Table 

10; Table 11). While PCR amplification efficiencies were just outside the acceptable 

range for one-step RT-qPCRs, the tabulated results show that one-step and two-step 

assays performed relatively similar to each other and that quantitative results 

obtained from these assays are comparable. Specificity of qPCR primers and probes 

for GA was previously carried out and showed no cross-reactivity with other F-RNA 

bacteriophages or HuNoV (Flannery, 2014, p. 78). 

The assay performance measures for HuNoV two-step assays show that they are 

comparable to GA (see Table 12). Results of the HuNoV two-step assays 

demonstrated that RT-qPCR using a sRT approach could overestimate levels of 

infectious virus by at least 0.88 and 1.10 log10 units in these samples for GI and GII 

respectively. 
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Table 10 Assay performance of established one-step RT-qPCR assays for GA. 

 
1 2 3 4 5 6 7 8 Mean Standard Deviation CV% Range 

Slope -3.14 -3.42 -3.33 -3.41 -3.50 -3.67 -3.42 -3.37 -3.41 0.15 4.33 % (-3.14 to 3.67) 

y-intercept 40.67 38.50 38.29 38.36 38.48 39.26 38.41 37.60 38.69 0.92 2.36 % (37.60 to 40.67) 

R2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.05 % (1.00 to 1.00) 

Efficiency (E)% 108.09 96.21 99.51 96.31 92.96 87.43 96.12 97.85 96.81 5.85 6.04 % (87.43 to 108.09) 

 

Table 11 Assay performance of optimised novel two-step RT-qPCR assays for GA. 

 
1 2 3 4 5 6 7 8 Mean Standard Deviation CV% Range 

Slope -3.23 -3.46 -3.49 -3.44 -3.37 -3.29 -3.52 -3.42 -3.40 0.10 2.95 % (-3.23 to -3.52) 

y-intercept 38.50 38.63 37.92 38.47 38.34 37.79 37.79 38.31 38.22 0.34 0.88 % (37.79 to 38.63) 

R2 0.99 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.40 % (0.99 to 1.00) 

Efficiency (E)% 103.97 94.57 93.49 95.38 98.19 101.42 92.28 96.08 96.92 4.03 4.15 % (92.28 to 103.97) 

 

Table 12 Assay performance of two-step RT-qPCR assays for HuNoV using conditions from GA. 

 
HuNoV GI assays HuNoV GII assays 

 
Mean SD CV% Range Mean SD CV% Range 

Slope -3.43 0.13 3.65 % (-3.31 to -3.66) -3.62 0.06 1.58 % (-3.53 to -3.72) 

y-intercept 37.65 0.64 1.70 % (36.94 to 38.77) 39.60 0.61 1.53 % (38.79 to 40.59) 

R2 1.00 0.00 0.17 % (0.99 to 1.00) 1.00 0.00 0.02 % (1.00 to 1.00) 

Efficiency (E)% 94.95 4.66 4.85 % (87.45 to 100.63) 88.90 1.90 2.14 % (85.81 to 92.11) 
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2.3.5. Concluding remarks and future work 

RT-qPCR is recognised as the gold standard in food and environmental 

molecular virology to accurately detect and quantify genome copy numbers of target 

virus from samples containing low starting concentrations. It has long been criticised 

however that PCR cannot distinguish between infectious and non-infectious virus 

particles, thereby overestimating the risk of virus infectivity. The novel sRT/loRT-

qPCR assay developed here for F-RNA bacteriophage GA is supporting evidence 

that overestimation of infectious virus by PCR can be reduced by using a two-step 

system with different target sites for RT and qPCR. To our knowledge, this is the 

first time loRT-qPCR has been applied to GA. Results reported from the loRT data 

correlated well with the infectivity assay suggesting that it can be potentially used for 

accurate estimation of infectious levels of non-culturable viruses such as HuNoV. 

Two-step sRT-qPCR assays that were developed in parallel to loRT show no 

significant difference to virus levels detected by the established assays therefore we 

were satisfied that results obtained by the loRT were not as a result of suboptimal RT 

and qPCR conditions. 

Our next focus was to challenge the loRT assays to samples before/after UV-

treatment in the lab, and then examine its practicality to UV-treated environmental 

samples. Future work also envisions combining the loRT assay with other molecular 

methods mentioned in our review to help further distinguish between damaged/intact 

virus at the protein level, e.g. enzyme pre-treatment and/or PGM-MB. 
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3.1. CHAPTER INTRODUCTION 

3.1.1. Wastewater treatment and UV-inactivation 

Wastewater treatment involves the use of physical, biological and/or chemical 

processes to convert the in-flowing sewage into a final effluent that can be returned 

to the natural environment without adverse ecological impact. The primary and 

secondary stages of the process are highly effective at removing and/or deactivating 

the majority of microbial pathogens through sedimentation and biological/chemical 

treatments, however the persistence of human enteric viruses to these procedures 

generally requires further treatment. UV-C disinfection is applied in the tertiary stage 

of the treatment process and typically emits UV at wavelength 254 nm (UV254nm) 85-

90 % of the time. Although it can damage and/or alter the viral capsid and surface 

proteins, it is particularly effective at forming cross-links between nucleic acids thus 

inactivating the pathogen at the genome level, as mentioned in Chapter 1. 

3.1.2. DNA repair mechanisms for UV-damage 

Photoreactivation (PR) is the specific term used to define the cell’s DNA repair 

mechanism that uses near visible-light (light-repair) to reverse the effects of UV-B 

and UV-C damage; the phenomenon was observed as early as the 1920s but was first 

properly recognised by Albert Kelner in 1949. Shortly after, Renato Dulbecco 

surmised that PR could be an enzymatic reaction; today it is now known that 

photolyase is the enzyme responsible for PR and is present in many bacterial, fungal 

and plant species. Photolyase is found in a small proportion of animals but no longer 

in humans or placental mammals, instead these species rely on alternative light-

independent DNA repair mechanisms (dark-repair), such as nucleotide excision 

repair, which is less efficient, more costly and slower in process (Weinbauer et al., 

1997). While photolyase is absent in viruses, studies have shown that plant viruses 

can utilise the PR mechanism to repair RNA and DNA damage when they occupy 

their host cell. Virus stocks prepared for HuNoV and GA in the previous chapter 

were chloroform-extracted from human FM and Salmonella culture thus there is a 

low chance of the virions exploiting the PR mechanism of surviving host cells. 

None-the-less, samples will be covered with aluminium foil and stored in the dark at 

4 ± 2 °C after UV-treatments to limit the potential for photoreactivation before 

enumeration by plaque infectivity assay and qPCR.  



 Chapter 3: Chapter Introduction 

56 

3.1.3. Persister cells, and particle-to-plaque forming unit (pfu) ratio 

As our studies show comparisons of quantitative results between qPCR and the 

plaque infectivity assay, it has been assumed that the latter provides a definitive 

answer to the levels of infectious virus in the sample. However, in response to 

antibiotic challenges, studies have shown that a low percentage of the bacterial 

community can survive by staying in a low/dormant metabolic state. These cells 

referred to as persister cells, a phenotypic variant of the wildtype, can revert to their 

replicating form (reverters) to grow and multiply when conditions are favourable 

again (Zhang, 2014). Their progenies remain sensitive to the same antibiotics and 

when rechallenged will leave behind a small percentage of persisters to succeed 

them. With this in mind, it is possible that an equally small percentage of the 

Salmonella WG49 challenged to GA may take up the virus but because the host cell 

is in a low-metabolic state, viral replication and spread of infection will not occur 

resulting in a viable virus but no plaque formed in the infectivity assay. Although the 

advantage of having persister cells is the prevention of obliteration, the disadvantage 

of having surviving individuals that do not replicate is costly on resources and of 

little value to the population as a whole. It is estimated that ≤ 1 % of the community 

are persisters, therefore even if persister-like cells occur when challenged by viral 

infections we do not anticipate that they significantly alter the levels of infectious 

virus currently detected by the plaque infectivity assay. 

Another point to consider is the particle-to-pfu ratio, which is a measure of the 

number of virus particles in a sample that can complete an infectious cycle (Knight et 

al., 2012). Viruses that have successfully entered and released their RNA into cells 

can be prevented from replicating and spreading infection by some blocking 

mechanism by the host cell. On the opposite side of the scale, it has been known that 

viruses have a tendency to aggregate in environmental conditions and regardless of 

how many virions the aggregate is composed of, a single aggregate can only infect a 

single cell.  
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3.1.4. Chapter overview 

To assess the efficacy of the newly developed loRT-qPCR assay to distinguish 

between infectious and non-infectious virus, quantitative estimation of virus-spiked 

samples with/without UV-treatment was proposed. Early sRT/loRT-qPCR 

experiments were carried out on virus-spiked water samples irradiated with UV-C 

from a Class II biological safety cabinet (BSC) (see Figure 20). 

As HuNoV follows a seasonal rise in winter months, secondary wastewater 

(WW) samples were collected during the November-January period of 2013/2014 

from a local wastewater treatment plant (WWTP) in Tuam, Co. Galway. Early trials 

showed that HuNoV and GA were found in very low concentrations in the WW, thus 

it was decided that they would also be spiked with known concentrations of virus 

mix (VM). Like food, the wastewater matrix can contain compounds that inhibit or 

quench RT-qPCR signal, thus EC-RNA carrying the target sequence and an internal 

process control (IPC), Mengo virus, were included in established sRT-qPCR assays 

as molecular controls to measure levels of qPCR inhibition and virus extraction 

efficiency respectively. 

This work was in collaboration with the NUIG College of Engineering and 

Informatics. The impact of total suspended solids (TSS) on UV-treatment efficiency 

in environmental samples was also examined by our project partners, thus virus-

spiked WW mixed with increasing concentrations of TSS (WWTSS) was also 

subjected to testing by the sRT/loRT-qPCR approach (see Figure 21).  
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3.1.5. Schematics for reference 

 

Figure 20 Application of sRT/loRT-qPCR approach to virus mix (VM) before/after UV-treatment. VM 

samples were treated with/without UV followed by F-RNA bacteriophage enumeration using the infectivity assay 

and RT-qPCR using the established sRT and novel loRT assays described in Chapter 2. 

 

Figure 21 Application of sRT/loRT-qPCR approach to virus-spiked WW samples before/after UV-

treatment. Samples of virus-spiked WW/WWTSS were treated with/without UV followed by F-RNA 

bacteriophage enumeration using the infectivity assay and RT-qPCR using the established sRT and novel loRT 

assays described in Chapter 2. Mengo virus was added as an internal process control (IPC) to 40 ml samples and 

virus was concentrated to 500 μl prior to RNA extraction. 
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3.2. MATERIALS AND METHODS 

3.2.1. Application of sRT/loRT-qPCR to virus-spiked water 

3.2.1.1 Preparation of virus mix (VM) and treatment by UV 

Aliquots of previously prepared GI, GII and GA virus stock were diluted in 10 ml 

PBS to an average final concentration of 105 to 107 virus/ml (VM). A portion of the 

VM was reserved (untreated / UV0) while two biological replicates of 3 ml each 

(UVA/B) were added to individual 55 mm diameter contact plates. A standard class II 

biological safety cabinet (BSC) fitted with a UV-C germicidal lamp was switched on 

for 10 min to pre-warm the lamp before positioning the plates at the back of the BSC 

(see Figure 22). Samples were exposed to UV-C for 20 min, with brief pauses every 

5 min to mix the sample by gentle swirling; 20 min was chosen as this is generally 

accepted as the minimum time required to disinfect the working surface area. 

Although viruses were extracted from FM and bacterial cultures using chloroform, 

immediately following UV-treatment, each sample was transferred to clean 15 ml 

universal tubes and covered with aluminium foil and stored in the dark at 4 ± 2 °C 

for further processing (within 24 hours). 

 

 

Figure 22 UV-C treatment of virus mix (VM) using a standard biological safety cabinet. Samples of VM 

with no UV-treatment (UV0), and with UV-treatment after 20 min (UV20 A/B) were collected for analysis.  
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3.2.1.2 F-RNA bacteriophage enumeration of virus in VM 

Treated and untreated VM samples were appropriately diluted in PBS and 

subjected to F-RNA bacteriophage enumeration using the ISO 10705-1 plaque 

infectivity assay described previously (see section 2.2.3). 

3.2.1.3 Viral RNA extraction and RT-qPCR of virus in VM 

Viral RNA was extracted from 500 μl of neat sample and eluted in a final volume 

of 100 μl elution buffer as described previously (see section 2.2.4). 

RT-qPCR was performed using the established sRT and novel loRT assays 

described in Chapter 2. Results for UV20 (A) and (B) were individually assessed to 

ensure there were no discrepancies between them before taking the arithmetic mean 

of their quantitative values to represent the level of virus detected after UV-treatment 

for the plaque infectivity assay and RT-qPCR assays. 

The genome copy numbers detected per μl in each well (see Eqn. 6) was 

multiplied by 100 (copies found in 100 μl RNA) and divided by 0.5 (extracted from 

500 μl of sample) to get genome copies detected in 1 ml; multiply again by 2 if 

expressing results for two-step assays (see section 2.2.5.2). The tLOD of the sRT, 

loRT and infectivity assays for experiments performed on VM are 20 genome 

copies/ml, 40 genome copies/ml and 1 pfu/2ml respectively.  
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3.2.2. Application of sRT/loRT-qPCR to virus-spiked secondary wastewater 

3.2.2.1 Preparation of Mengo virus and one-step RT-qPCR mastermix 

Cultivation of Mengo virus MC0 (ATCC 1957) (EMCV, family Picornaviridae) 

as an internal process control (IPC) in the analysis of secondary wastewater (WW) 

was prepared in the laboratory by Dr. Sinéad Keaveney and Mr. Kevin Hunt 

according to ISO/TS 15216-1 (Anonymous, 2013) and stored in single-use aliquots 

of 55 μl at -20 °C for a maximum of 3 months. 

(One-step) sRT-qPCR mastermixes targeting the Mengo virus primers (see Table 

13) were also prepared in bulk using the same recipe as HuNoV and stored in single-

use aliquots of 20X at -20 °C for the recommended maximum of 6 months; the probe 

for Mengo virus uses the 5′ FAM and 3′ MBG/NFQ reporter and quencher dyes. 

3.2.2.2 Preparation of WW and treatment by UV 

Batches of WW were collected from various WWTP and stored in a cold room at 

10 °C until analysis began (within 1 week). Early trials tested WW for each target 

virus by sRT-qPCR but returned values below 103 genome copies/100 ml in the 

environment, thus 5-7 L volumes of WW were spiked with a combination of 

previously prepared virus mix in concentrations ranging between 104 to 107 genome 

copies/100 ml then transferred to a reservoir connected to a pulsed-UV (PUV) flow-

through tank fitted with a UV-C germicidal lamp (see Figure 23). Virus-spiked WW 

was fed in the tank using set voltage and pulses per second (PPS) but at different 

hydraulic residence times (HRT) so that samples exposed to UV at 900 V/5.6 PPS 

retained at 60 and 120 sec HRT corresponded to UV fluences of 3400 mJ/cm2 and 

6900 mJ/cm2 respectively (Barrett et al., 2016). Three biological replicates were 

collected for each untreated/treated sample and stored in the dark at 4 ± 2 °C for 

further processing (within 24 hours). Total suspended solids (TSS) were later 

measured in the wastewater and shown to exceed the recommended acceptable limit 

of 30 mg/ml TSS in effluent as referenced by an EPA report on parameters of water 

quality (Anonymous, 1996). Therefore, the impact of TSS on UV disinfection was 

also examined by our project partners and sRT/loRT-qPCR was applied to these 

samples.  



 Chapter 3: Materials and Methods 

62 

Table 13 Primers and probes used in Mengo qPCR assays. 

Primer 

detail 
ID Nucleotide sequence in 5′ → 3′ direction  

Location on 

genome 

PF Mengo110 GCG GGT CCT GCC GAA AGT S N/A 

PR Mengo209 GAA GTA ACA TAT AGA CAG ACG CAC AC A N/A 

Probe Mengo147 
FAM-ATC ACA TTA CTG GCC GAA GC-

MGB/NFQ 
S N/A 

Reporter Dyes: (FAM) 6’ Carboxyl-fluorescein. Quenchers: (MGB) minor groove binding; (NFQ) 

non-fluorescent quencher. 

 

 

Figure 23 Pulsed-UV system for treatment of secondary wastewater (WW) samples. Secondary wastewaters 

(WW) were spiked with known concentrations of each virus before being added to a reservoir connected to a 

pulsed-UV (PUV) system. Parameters of the UV-lamp were adjusted at the control unit and samples were fed into 

the tank by an electronic pump. Three biological replicates for each virus-spiked WW without UV-treatment (S0), 

and with UV-treatment after 60 and 120 sec (S60 and S120) were collected for analysis.  

Sample 

reservoir S0 

Spiked sample 

before PUV 

treatment 

 

PUV flow-through tank 

WW 

Spiked with GI, GII and GA virus mix 

Spiked sample after PUV 

treatment for 60/120 sec 

S120 S60 

Control unit 

Input valve Output valve 

TSS 
With/without TSS 
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3.2.2.3 Preparation of WWTSS and treatment by UV 

WW was collected from a second WWTP that employed a clarifier in its 

treatment process, and spiked with virus as above, then separated into three volumes 

to be combined with three increasing concentrations of TSS (WWTSS). Each WWTSS 

was fed into the PUV-system for 60 or 120 sec HRT. Three biological replicates 

were collected for each untreated/treated sample and stored in the dark at 4 ± 2 °C 

for further processing (within 24 hours). Exact levels of TSS in each sample were 

later measured using a filter suspended solids test and reported to contain 38, 105 and 

140 mg/ml (Fitzhenry et al., 2016). 

3.2.2.4 F-RNA bacteriophage enumeration of virus in wastewater 

Treated and untreated wastewater samples were appropriately diluted in PBS and 

subjected to F-RNA bacteriophage enumeration using the ISO 10705-1 plaque 

infectivity assay described previously (see section 2.2.3). 

3.2.2.5 Virus concentration using a conventional filter adsorption-elution method 

To generate enough RNA material for each sample, 40 ± 1 ml of each well-mixed 

WW sample was added to centrifuge tubes and seeded with 50 μl of Mengo in 

duplicate. The pH was adjusted to between 3.0 and 6.5 using 1 M HCl followed by 

addition of 400 μl 2.5 M MgCl2 to allow formation of the virus-salt complex. Tubes 

were gently mixed by inversion and placed on a rocking platform at 500 rpm for 30 

min. Each sample was individually vacuum filtered through 0.45 μm GN-6 

Metricel® membrane filter disc (Pall Laboratory, 66278) enforced with a glass fibre 

pre-filter (EMD Millipore, AP2504700). After the sample had fully permeated 

through the device, the chamber was rinsed with 15 ml 0.14 M NaCl. The pre-filter 

was discarded and negative pressure was used to allow the disc to dry off from 

excess liquid. Sterile forceps were used to transfer the discs to individual 50 ml tubes 

containing 4 ml 50 mM glycine-NaOH supplemented with 1 % beef extract and 

placed on a rocking platform at 500 rpm for 20 min to release virus into the medium. 

100 μl of 1 M HCl was added to individual Amicon Ultra-4 centrifugal filter units 

(EMD Millipore, UFC8050) before transferring the eluates into the devices. Tubes 

were capped and gently inverted to mix the contents, then spun at 4000 g-force for 

10 min. 550 μl of MBG water was directly added to the Amicon membrane and virus 

was gently resuspended by drawing the liquid up and down using a micropipette. 
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Concentrated virus samples were transferred to labelled microcentrifuge tubes and 

stored at 4 ± 2 °C until viral RNA extraction (maximum 18-24 hours). 

3.2.2.6 Viral RNA extraction and RT-qPCR of virus in WW and WWTSS 

Viral RNA was extracted from 500 μl of concentrated virus sample and eluted in 

a final volume of 100 μl elution buffer as described previously (see section 2.2.4). 

For RNA extracted from duplicate concentrated samples, eluates were pooled, mixed 

and divided again as two identical 100 μl volumes to minimise potential repeat 

freeze-thawing of RNA. Additionally, for each extraction procedure of 6-8 samples, 

500 μl MBG water was used as a negative extraction control (NEC). RNA samples 

were stored at -80 °C overnight/long-term until RT-qPCR analysis. 

RT-qPCR for was performed using the established sRT and novel loRT assays 

described in Chapter 2, with the inclusion of NEC and EC-RNA controls in 

established assays according to ISO/TS 15216-1, and Mengo/IPC analysis. Briefly, 

NECs are negative controls that are tested in 5 μl duplicates on the reaction plate just 

like test samples, and are expected to be negative to ensure that no carry-over has 

occurred between samples from the viral RNA extraction step onwards; if detected as 

positive the sample RNA is retested. EC-RNA is introduced during plate set-up and 

involves comparing results of wells containing EC-RNA added to test samples and 

EC-RNA added to MBG water (neat control) to estimate the level of RT-qPCR 

inhibition in each sample under the test (100 % recovery denoting no inhibition). 

sRT-qPCR of Mengo was performed using the same run conditions as HuNoV. As a 

single aliquot of 50 μl Mengo was added to WW samples before virus concentration 

and eluted in a final volume of 100 μl RNA, a single aliquot was similarly diluted 2-

fold in MBG water to a volume of 100 μl, heated at 95 °C for 2 min to release the 

viral RNA and immediately chilled on ice to prepare neat IPC control RNA. A four-

point 10-fold standard curve was prepared so that levels of Mengo in samples could 

be inferred and used to estimate the extraction efficiency in each sample under the 

test (100 % recovery denoting full recovery).  
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The genome copy numbers detected per μl in each well (see Eqn. 6) was 

multiplied by 100 (copies found in 100 μl RNA) and divided by 0.4 (extracted from a 

concentrated sample of 40 ml) to get genome copies detected in 100 ml of WW; 

multiply again by 2 if expressing results for two-step assays (see section 2.2.5.2). 

The tLOD of the sRT, loRT and infectivity assays shown for experiments performed 

on WW are 25 genome copies/100 ml, 50 genome copies/100 ml and 50 pfu/100 ml 

respectively. 

3.2.2.7 Acceptance criteria for EC-RNA and IPC controls in established assays 

In addition to the criteria described in section 2.1.3, qPCR inhibition and virus 

extraction efficiency using EC-RNA and IPC respectively were also measured by 

established sRT-qPCR assays and results from test samples were considered valid 

according to ISO/TS 15216-1 if: 

i.) EC-RNA recovery for a sample is > 25 %, calculated using Eqn. 7 (otherwise 

dilute RNA 10-1 and retest, sample is retested from the start if diluted RNA fails): 

Eqn. 7 EC-RNA % recovery for qPCR samples 

 

𝒈𝒆𝒏𝒐𝒎𝒆 𝒄𝒐𝒑𝒊𝒆𝒔 𝒅𝒆𝒕𝒆𝒄𝒕𝒆𝒅 𝒊𝒏 𝒔𝒂𝒎𝒑𝒍𝒆𝒔 𝒘𝒊𝒕𝒉 𝑬𝑪 𝑹𝑵𝑨

𝒈𝒆𝒏𝒐𝒎𝒆 𝒄𝒐𝒑𝒊𝒆𝒔 𝒅𝒆𝒕𝒆𝒄𝒕𝒆𝒅 𝒊𝒏 𝑴𝑩𝑮 𝒘𝒂𝒕𝒆𝒓 𝒘𝒊𝒕𝒉 𝑬𝑪 𝑹𝑵𝑨
 × 𝟏𝟎𝟎 % 

ii.) IPC recovery for a sample is > 1 %, calculated using Eqn. 8 (otherwise retest): 

Eqn. 8 IPC % recovery for qPCR samples 

 

𝑴𝒆𝒏𝒈𝒐 𝒈𝒆𝒏𝒐𝒎𝒆 𝒄𝒐𝒑𝒊𝒆𝒔 𝒅𝒆𝒕𝒆𝒄𝒕𝒆𝒅 𝒊𝒏 𝒔𝒂𝒎𝒑𝒍𝒆𝒔 𝒘𝒊𝒕𝒉 𝑰𝑷𝑪

𝑴𝒆𝒏𝒈𝒐 𝒈𝒆𝒏𝒐𝒎𝒆 𝒄𝒐𝒑𝒊𝒆𝒔 𝒅𝒆𝒕𝒆𝒄𝒕𝒆𝒅 𝒊𝒏 𝒏𝒆𝒂𝒕 𝑰𝑷𝑪 𝒄𝒐𝒏𝒕𝒓𝒐𝒍
 × 𝟏𝟎𝟎 % 

While neither control was used to correct the quantitative level of virus detected 

by RT-qPCR, they were taken into consideration during data interpretation. 
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3.3. RESULTS AND DISCUSSION 

3.3.1. Application of sRT/loRT-qPCR approach to virus mix (VM) 

UV-C showed a minor impact on the detection of target viruses using the 

established sRT-qPCR assay while having a more profound effect using the loRT-

qPCR and infectivity assays (see Figure 24). For GA, while the loRT corresponded 

to similar virus concentration levels as the infectivity assay before UV-treatment, an 

overestimation of infectious virus by 3.29 log10 units after UV-treatment was still 

observed (see Table 14). 

 

Figure 24 Effect of UV-light on the quantitative detection of viruses by RT-qPCR and plaque infectivity 

assay in virus mix (VM). Results are expressed as mean quantitative values ± standard error (n = 2); NTCs 

remained undetected. The tLOD of the sRT, loRT and infectivity assays shown here are 20 genome copies/ml, 40 

genome copies/ml and 1 pfu/2ml respectively. 

Table 14 Log10 overestimation by qPCR for viruses in VM before/after UV-treatment. Log10 values of virus 

detected using the established (sRT) and novel (loRT) RT-qPCR assays were compared to the GA infectivity 

assay (PQ) to show the overestimation of the infectious risk by RT-qPCR before/after UV-treatment. In the 

absence of an infectivity assay for HuNoV, the minimum overestimation of the infectious risk by the established 

assay is represented as the difference between the sRT and loRT assays (Δlog10 sRT – loRT). 

 

F-RNA GA HuNoV GI HuNoV GII 

 

Before UV After UV Before UV After UV Before UV After UV 

Δlog10 sRT – PQ 0.59 4.96 - - - - 

Δlog10 loRT - PQ -0.08 3.29 - - - - 

Δlog10 sRT - loRT 0.68 1.67 0.56 1.53 0.59 2.26 
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As expected, sRT overestimated levels of infectious virus in samples before and 

after UV-treatment by 0.59 and 4.96 log10 units respectively. For HuNoV samples, in 

the absence of an infectivity assay, differences between sRT and loRT assays suggest 

an overestimation of infectious GI and GII by at least 0.56 and 0.59 log10 units 

respectively before UV-treatment, and 1.53 and 2.26 log10 units after UV-treatment. 

Our findings support loRT-qPCR as a better assay to estimate levels of infectious 

virus than the current standard method, although we did not obtain total loss of loRT 

signal in UV-treated virus samples after 3-5 min as seen by Wolf et al., 2009 despite 

exposing plates to 20 min of UV-treatment with similar starting virus concentrations. 

As neither study stated the UV intensity/fluence rate (mW/cm2) used, which is 

required to calculate the UV fluence/dose (mJ/cm2) delivered to samples, the two 

studies cannot be directly compared based on exposure time alone. Yet it was seen in 

their study that the time required to deliver a reduction 4.9 log10 units in the MNV 

infectivity assay was enough to induce a reduction 3.3 log10 units in loRT (and total 

loss of signal in both assays thereafter). Meanwhile in this study the time required to 

deliver a reduction of 4.67 log10 units in the GA plaque infectivity assay was only 

enough to induce a reduction of 1.29 log10 units in loRT. While pathogens are known 

to differ in their sensitivity to UV, it stands to reason that a dose that reduces MNV 

and GA concentrations to the same extent in their infectivity assay would also exhibit 

similar reductions in the loRT-qPCR assay. Moreover, our results were in accordance 

with another study where UV-treated MNV after 200 mJ/cm2 resulted in non-

detectable levels (> 4 log10 units) in the infectivity assay and only ≈ 1 log10 units 

reduction by loRT-qPCR (Li et al., 2014) thus rejecting differences in virus 

sensitivity to UV to explain this inconsistency. 

Referring back to their study, Wolf et al., 2009 demonstrated greater reductions 

in MNV than HuNoV after UV-treatment and speculated that this was most likely 

due to the location of their qPCR target sites encompassing different lengths (≈ 63 % 

or 4.6 kb for MNV versus ≈ 32 % or 2.3 kb for HuNoV). Thus, we conclude that 

successful detection of GA is only dependent on ≈ 50 % (1.7 kb) of the GA genome 

to be intact and this propelled us to consider assay redesign.  
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3.3.2. Application of sRT/loRT-qPCR approach to secondary wastewater (WW) 

In the meantime, because virus levels detected using loRT were still significantly 

less than those detected using the established assay, we took the opportunity to apply 

the sRT/loRT-qPCR approach to secondary wastewater (WW) that would undergo 

pulsed-UV-treatment. For GA in virus-spiked WW, stepwise reductions were seen in 

loRT and infectivity assays for samples retained at 60 and 120 sec HRT but not for 

sRT (see Figure 25; Table 15). Results for HuNoV reflected this finding although 

GII demonstrated greater reductions in qPCR assays than GI, suggesting that the GII 

genome could be more susceptible to UV damage than GI (see Figure 26; Table 15). 

Overestimation of infectious GA for sRT and loRT assays were 0.47 and -0.24 

log10 units respectively before UV-treatment, and up to 2.59 and 0.68 log10 units 

respectively after UV-treatment (see Table 16). For HuNoV, difference between sRT 

and loRT suggest an overestimation of infectious GI and GII by at least 0.20 and 

0.75 log10 units respectively before UV-treatment, and up to 0.91 and 1.03 log10 units 

respectively after UV-treatment. EC-RNA and IPC controls passed the acceptance 

criteria for established RT-PCR assays with recovery efficiencies ranging between 

50-100+ % and 14-56 % respectively. 

When the PUV-lamp was set at 900 V and 5.6 PPS, a maximum HRT of 120 sec 

delivered a UV fluence of 6900 mJ/cm2 to GA-spiked WW that resulted in > 6 log10 

units reductions in earlier trials; however, even after this dose was applied to our 

experiment, significant levels of infectious virus particles were still detected in the 

infectivity assay. The levels of TSS in the WW were measured post-experiment and 

were shown to exceed the recommended limit for secondary effluent (57 mg/ml) and 

much higher than TSS levels for WW used in the preliminary trial (< 20 mg/ml) 

which were sourced from a different WWTP. Thus, it was suspected that the high 

levels of TSS might have acted to shield virus particles from UV exposure.  
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Figure 25 Effect of UV-light on the quantitative detection of F-RNA bacteriophage GA by RT-qPCR and 

plaque infectivity assay in secondary wastewater (WW). Results are expressed as mean quantitative values ± 

standard error (n = 3); NTCs remained undetected. The tLOD of the sRT, loRT and infectivity assays shown here 

are 25 genome copies/100 ml, 50 genome copies/100 ml and 50 pfu/100 ml respectively. 

 

 

Figure 26 Effect of UV-light on the quantitative detection of HuNoV GI and GII by RT-qPCR in secondary 

wastewater (WW). Results are expressed as mean quantitative values ± standard error (n = 3); NTCs remained 

undetected. The tLOD of the sRT, loRT and infectivity assays shown here are 25 genome copies/100 ml, 50 

genome copies/100 ml and 50 pfu/100 ml respectively. 
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Table 15 Log10 reduction of viruses in WW after UV-treatment using 60 and 120 sec HRT as detected by RT-qPCR and plaque infectivity assays. Results are expressed as mean log10 

quantitative values ± standard error (n = 3); NTCs remained undetected; not done (N.D.). 

 
F-RNA GA HuNoV GI HuNoV GII 

 

60 (s) 120 (s) 60 (s) 120 (s) 60 (s) 120 (s) 

1-step sRT-qPCR 1.06 ± 0.10 1.01 ± 0.18 0.21 ± 0.15 0.13 ± 0.09 0.20 ± 0.11 0.77 ± 0.10 

2-step loRT-qPCR 1.75 ± 0.04 2.22 ± 0.23 0.37 ± 0.13 0.84 ± 0.11 0.47 ± 0.04 1.04 ± 0.13 

Infectivity assay 2.20 ± 0.08 3.14 ± 0.02 N. D N. D N. D N. D 

 

Table 16 Log10 overestimation by qPCR for viruses in WW before/after UV-treatment using 0, 60 and 120 sec HRT. Log10 values of virus detected using the established (sRT) and novel 

(loRT) RT-qPCR assays were compared to the GA infectivity assay (PQ) to show the overestimation of the infectious risk by RT-qPCR before/after UV-treatment; NTCs remained undetected; 

not done (N.D.). In the absence of an infectivity assay for HuNoV, the minimum overestimation of the infectious risk by the established assay is represented as the difference between the sRT 

and loRT assays (Δlog10 sRT – loRT). 

 

F-RNA GA HuNoV GI HuNoV GII 

 

0 (s) 60 (s) 120 (s) 0 (s) 60 (s) 120 (s) 0 (s) 60 (s) 120 (s) 

Δlog10 sRT - PQ 0.47 1.60 2.59 N. D N. D N. D N. D N. D N. D 

Δlog10 loRT - PQ -0.24 0.21 0.68 N. D N. D N. D N. D N. D N. D 

Δlog10 sRT - loRT 0.71 1.39 1.92 0.20 0.36 0.91 0.75 1.03 1.02 
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3.3.3. Application of sRT/loRT-qPCR approach to WW mixed with TSS (WWTSS) 

The impact of TSS on the efficiency of UV-treatment for viruses in WWTSS was 

closely examined by Barrett et al., 2016. The main findings from their study 

concluded that while NoV inactivation could not be determined by sRT-qPCR, a 

maximum UV dose of 6900 mJ/cm3 could only implement a 2.4 log10 unit removal of 

GA, indicating the potential need for high UV doses to remove virus in WWTSS. 

Results here showed that with increasing levels of TSS, lower reductions were seen 

in the GA plaque infectivity assay after UV-treatment thus negatively impacting the 

PUV efficiency. WWTSS containing 38, 105 and 140 mg/ml of TSS reported 

reductions of 2.30, 1.80 and 1.40 log10 units respectively at 120 sec HRT (see Figure 

27 to Figure 29). This supports our earlier observation of TSS obstructing UV-light 

from reaching virus in samples and reducing the efficacy of the disinfection process. 

The inhibitory effect of TSS on the molecular detection of target viruses is also 

apparent in RT-qPCR assays as the standard error of the means become larger with 

increasing concentrations of TSS. 

 

 

Figure 27 Effect of UV-light on the quantitative detection of viruses by RT-qPCR and plaque infectivity 

assay in secondary wastewater containing 38 mg/ml TSS. Results are expressed as mean quantitative values ± 

standard error (n = 3); NTCs remained undetected. The tLOD of the sRT, loRT and infectivity assays shown here 

are 25 genome copies/100 ml, 50 genome copies/100 ml and 50 pfu/100 ml respectively. 
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Figure 28 Effect of UV-light on the quantitative detection of viruses by RT-qPCR and plaque infectivity 

assay in secondary wastewater containing 105 mg/ml TSS. Results are expressed as mean quantitative values 

± standard error (n = 3); NTCs remained undetected. The tLOD of the sRT, loRT and infectivity assays shown 

here are 25 genome copies/100 ml, 50 genome copies/100 ml and 50 pfu/100 ml respectively. 

 

 

Figure 29 Effect of UV-light on the quantitative detection of viruses by RT-qPCR and plaque infectivity 

assay in secondary wastewater containing 140 mg/ml TSS. Results are expressed as mean quantitative values 

± standard error (n =3); NTCs remained undetected. The tLOD of the sRT, loRT and infectivity assays shown 

here are 25 genome copies/100 ml, 50 genome copies/100 ml and 50 pfu/100 ml respectively.  
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Table 17 EC-RNA and IPC recovery efficiencies of WWTSS samples. EC-RNA and IPC recovery efficiencies 

meet the acceptable limits for ISO/TS 15216-1 thus indicating that results inferred from RT-qPCR are valid. 

However, it cannot be ignored that IPC recovery efficiencies diminish with increasing levels of TSS, and since 

neither control can be used to normalise the data, RT-qPCR results for these samples do not represent accurate 

quantitative values of target virus found in the original sample. 

Furthermore, while EC-RNA and IPC (see Eqn. 7 and Eqn. 8, section 3.2.2.7) 

controls passed the acceptance criteria for established sRT-PCR assays, it was noted 

that the recovery efficiencies for IPC were diminished with increasing TSS without 

much influence on EC-RNA, suggesting virus damage/loss arising from the virus 

concentration step (see Table 17). It is a known tendency of enteric viruses to adhere 

to particles found within stool or aggregate when under the effect of UV and could 

be the reason for preventing them from being filter-separated from the wastewater 

matrix properly. 

loRT for WWTSS treated at 120 sec HRT reported reductions of ≈ 1 log10 units for 

GA in 38 mg/ml WWTSS, compared to only 0.04 log10 units in 140 mg/ml WWTSS 

(see Table 18). Similarly, loRT also reported reductions of ≈ 1 log10 units for HuNoV 

in 38 mg/ml WWTSS compared to 0.59-0.71 log10 units in 140 mg/ml WWTSS. sRT-

qPCR for the same samples remained largely unaffected by UV-treatment or TSS. 

Overestimation of infectious GA for sRT and loRT assays were 0.36 and -0.30 

log10 units respectively before UV-treatment, and up to 2.46 and 1.04 log10 units 

respectively after UV-treatment for 38 mg/ml WWTSS (see Table 19). For the same 

samples, difference between sRT and loRT suggest an overestimation of infectious 

GI and GII by at least 0.17 and 0.45 log10 units respectively before UV-treatment, 

and up to 0.46 and 1.00 log10 units respectively after UV-treatment. RT-qPCR results 

for WWTSS containing 105 and 140 mg/ml were largely dismissed but overall the 

consensus showed that the established sRT-qPCR assays report greater 

overestimations of infectious virus than the loRT-qPCR assay. 

Acceptable 

limits 
 

38 mg/ml 105 mg/ml 140 mg/ml 

 
Min Max Min Max Min Max 

EC-RNA 
> 25 % 

F-RNA GA > 100 % > 100 % 65.54 % > 100 % 36.00 % > 100 % 

HuNoV GI 47.11 % > 100 % 66.62 % > 100 % 72.32 % 90.70 % 

HuNoV GII 59.34 % > 100 % 98.55 % > 100 % 60.19 % > 100 % 

IPC 

> 1 % 

Mengo 

virus 
91.77 % > 100 % 37.68 % > 100 % 10.68 % 33.07 % 
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Table 18 Log10 reduction of virus after UV-treatment using 60 and 120 sec HRT as detected by RT-qPCR and plaque infectivity assays. Results are expressed as mean log10 quantitative 

values ± standard error (n = 3); NTCs remained undetected. 

 
1-step sRT-qPCR 

 
F-RNA GA HuNoV GI HuNoV GII 

 
60 (s) 120 (s) 60 (s) 120 (s) 60 (s) 120 (s) 

38 mg/ml 0.03 ± 0.00 0.20 ± 0.01 0.47 ± 0.01 0.71 ± 0.05 0.28 ± 0.02 0.50 ± 0.06 

105 mg/ml -0.13 ± 0.04 0.08 ± 0.20 0.52 ± 0.02 0.70 ± 0.04 0.12 ± 0.09 0.32 ± 0.10 

140 mg/ml 0.28 ± 0.46 0.01 ± 0.05 0.33 ± 0.02 0.60 ± 0.03 0.07 ± 0.04 0.07 ± 0.03 

  

 
2-step loRT-qPCR 

 
F-RNA GA HuNoV GI HuNoV GII 

 
60 (s) 120 (s) 60 (s) 120 (s) 60 (s) 120 (s) 

38 mg/ml 0.58 ± 0.01 0.96 ± 0.05 0.57 ± 0.00 0.99 ± 0.06 0.63 ± 0.11 1.05 ± 0.01 

105 mg/ml 0.24 ± 0.02 0.63 ± 0.18 0.63 ± 0.01 0.96 ± 0.09 0.33 ± 0.05 0.67 ± 0.24 

140 mg/ml -0.02 ± 0.05 0.04 ± 0.25 0.64 ± 0.28 0.59 ± 0.03 0.80 ± 0.41 0.71 ± 0.03 

  

 
Infectivity assay 

 
F-RNA GA HuNoV GI HuNoV GII 

 
60 (s) 120 (s) 60 (s) 120 (s) 60 (s) 120 (s) 

38 mg/ml 1.52 ± 0.10 2.30 ± 0.07 N. D N. D N. D N. D 

105 mg/ml 1.22 ± 0.12 1.80 ± 0.04 N. D N. D N. D N. D 

140 mg/ml 1.23 ± 0.05 1.40 ± 0.02 N. D N. D N. D N. D 
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Table 19 Log10 overestimation by qPCR for viruses in WWTSS before/after UV-treatment using 0, 60 and 120 sec HRT. Log10 values of virus detected using the established (sRT) and 

novel (loRT) RT-qPCR assays were compared to the GA infectivity assay (PQ) to show the overestimation of the infectious risk by RT-qPCR before/after UV-treatment. In the absence of an 

infectivity assay for HuNoV, the minimum overestimation of the infectious risk by the established assay is represented as the difference between the sRT and loRT assays (Δlog10 sRT – loRT). 

 
F-RNA GA HuNoV GI HuNoV GII 

 
0 (s) 60 (s) 120 (s) 0 (s) 60 (s) 120 (s) 0 (s) 60 (s) 120 (s) 

 
38 mg/ml TSS 

Δlog10 sRT - PQ 0.36 1.85 2.46 N. D N. D N. D N. D N. D N. D 

Δlog10 loRT - PQ -0.30 0.63 1.04 N. D N. D N. D N. D N. D N. D 

Δlog10 sRT - loRT 0.66 1.22 1.42 0.17 0.27 0.46 0.45 0.80 1.00 

 
105 mg/ml TSS 

Δlog10 sRT - PQ 0.22 1.57 1.94 N. D N. D N. D N. D N. D N. D 

Δlog10 loRT - PQ -0.56 0.42 0.60 N. D N. D N. D N. D N. D N. D 

Δlog10 sRT - loRT 0.78 1.15 1.33 0.42 0.53 0.68 0.84 1.05 1.19 

 
140 mg/ml TSS 

Δlog10 sRT - PQ 0.08 1.02 1.47 N. D N. D N. D N. D N. D N. D 

Δlog10 loRT - PQ -0.65 0.59 0.71 N. D N. D N. D N. D N. D N. D 

Δlog10 sRT - loRT 0.73 0.43 0.76 0.43 0.74 0.42 0.59 1.32 1.23 
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3.3.4. Concluding remarks and future work 

Virus mix inactivated by UV-treatment demonstrated that loRT-qPCR could help 

reduce the overestimation of infectious virus that the established method faces. 

Despite this, loRT still detected 3 log10 units more virus than the corresponding 

infectivity assay for GA after 20 min of UV-treatment in VM samples. As the current 

qPCR site is located at the centre of the GA genome, it is reasonable to assume that 

genomes that are damaged but intact up to this mid-point were the main contributors 

towards the loRT signal. Thus, assay design was revisited and developed into a 

multi-target sRT/loRT-qPCR approach found in Chapter 4 in an attempt to cover the 

entirety of the viral genome. Application of the sRT/loRT-qPCR to virus-spiked 

secondary wastewater also demonstrated similar results but only within samples 

containing low levels of TSS. 

While it is not within the scope of this thesis to analyse wastewater 

characteristics, our study highlights the importance of using the appropriate positive 

and negative controls in RT-qPCR to help infer meaning from the data collected, 

such as using the IPC to reveal problematic areas in sample processing of WW 

containing high levels of TSS and EC-RNA to measure qPCR inhibition. Additional 

controls for RT-qPCR were reviewed and included in the next stage of assay 

development. 
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Development and application of a multi-target 
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4.1. CHAPTER INTRODUCTION 

4.1.1. Revaluating the loRT-qPCR and expansion into a multi-target approach 

Using F-RNA bacteriophage GA, loRT-qPCR demonstrated that it can provide a 

better estimate of infectious virus particles than the current established method in 

virus-spiked water and wastewater samples, but when samples were subjected to 

UV-treatment loRT also overestimated virus concentration levels when compared to 

the plaque infectivity assay. As successful detection of the novel loRT-qPCR assay is 

currently dependent on ≈ 50 % of the GA genome to be intact, it represents a mixed 

proportion of active and inactive virus particles and requires more stringency. 

A study that used oligo-dT for RT-qPCR was shown to be successful in 

discriminating between infectious and non-infectious hepatitis A virus (HAV) 

before/after UV-treatment (Bhattacharya et al., 2004) when using two sets of primers 

to amplify a 276 bp fragment at the 3′ terminal end of the genome (BG) and a 230 bp 

fragment for the 5′ terminal (MK). For BG primers, a dose-dependent reduction of 

signal strength in agarose gel electrophoresis was seen for virus concentrations 

exposed to increasing UV doses, but was not fully eliminated even at the highest 

dose of 600 mJ/cm2. In contrast, UV-treatment showed a complete elimination of 

PCR signal when MK primers were used instead. 

After revaluating the loRT-qPCR approach, it was our intention to expand the 

assay to incorporate two additional qPCR sites at the 3′ and 5′ termini of the viral 

genome. We expect that whole genome reverse transcription starting at the 3′ 

terminal followed by qPCR at the 5′ terminal will allow us to assess UV damage over 

its entire length, and that results from this qPCR will show a correlation between 

genomic integrity and viral infectivity; sRT/loRT-qPCR will also be carried out 

using the established qPCR site and 3′ region of the viral genome as a comparison 

(see Figure 31; Figure 32). To our knowledge, this approach has not been applied to 

HuNoV or F-RNA bacteriophage GA before.  
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4.1.2. 5′ flaps on primers boost qPCR performance 

A study showed that the addition of a 5′ overhang/flap to either primer in a 

primer pair offers a boost in qPCR performance, in particular highly variable viral 

sequences or those with shorter target sequences such as microRNAs (Afonina et al., 

2007) (see Figure 30). The authors examined shorter and longer flaps and found a 

specific AT-rich sequence of 12 nucleotides (AAT-AAA-TCA-TAA) to work best. 

Primers modified with this 5′ FLAP have shown to help improve the assay 

performance of bacterial and viral targets for various studies thus were explored in 

the development phase of this chapter (Timmons et al., 2013; Wei and Clover, 2008). 

 

Figure 30 5′ FLAP primers help boost qPCR performance. Afonina et al. showed that addition of AT-rich 5′ 

flaps to either primer helped to boost fluorescent signal in hydrolysis-probe and intercalating-dye based qPCR 

chemistries. Used with permission from (Afonina et al., 2007). Copyright © 2007, BioTechniques. 

4.1.3. Additives and enhancers used in qPCR 

Outside of the essential components needed for qPCR, various reagents can be 

added to the reaction/mastermix to enhance the assay performance particularly when 

a sample may contain PCR inhibitors. Bovine serum albumin (BSA) can be used to 

enhance qPCR by binding to inhibitors commonly found in stool extracts (Schrader 

et al., 2012) so that the Taq DNA polymerase has a higher affinity with the template 

DNA. BSA also serves to prevent the qPCR reagents from adhering to the side of 

reaction tubes and partake better in the reaction. Other additives like Betaine or 

DMSO help improve PCR amplification by reducing the formation of secondary 

structures and improving strand separation. Commercial additives such as BioStab 

(Sigma-Aldrich, 53833) report to help stabilise enzymes from denaturation caused by 

fluctuations in pH, salt, and/or thermal changes.  
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4.1.4. Chapter overview 

In Phase I of assay development, a set of potential primers (set F/R) and 

hydrolysis probes were identified by TIB® Molbiol GmbH (TMB) at the 5′ and 3′ 

regions of GII.4 and GA (≤ 200 nt) but were shown to be unsuitable as differences of 

up to 14 Cq for the same template using sRT-qPCR were observed. Systematic assay 

optimisation was carried out and the use of FLAP primers was also explored. In 

previous chapters, sRT-qPCR assay was performed using the one-step system, while 

loRT-qPCR was performed using the two-step system. For the development of the 

multi-target approach, we reintroduced sRT-qPCR assays on a two-step system to 

validate that both systems were working at the same efficiency before making 

comparisons between sRT and loRT results. 

In Phase II, communications with TIB® Molbiol provided a second primer pair 

(set S/A) to test in conjunction with the F/R primers. Furthermore, as their primers 

and probes were principally designed with Roche kits in mind, Roche one-step and 

two-step RT-qPCR kits were ordered to trial different chemistries, in addition to 

various qPCR enhancers. While the performance of GA 5′ assays in two-step systems 

remained almost unchanged since Phase I, the Phase II trial-and-error period gave 

rise to changes and additions in the multi-target approach that were essential for its 

development. Due to challenges and time-constraints, a decision was made to restrict 

assay development to F-RNA bacteriophage GA only to demonstrate proof-of-

concept. 

In Phase III, working multi-target qPCR assays were established in the two-step 

RT-qPCR system. Molecular standards were generated using purified qPCR products 

to allow comparison of quantitative values across the three target regions. To monitor 

potential risks of cross-contamination from handling multiple cDNA samples, RT 

negative controls were included for the reverse transcription step. Some technical 

studies supporting loRT-qPCR to distinguish infectious virus suggested the use of 

including a primer-independent control (PIC) to account for a phenomenon of 

“background signal” and was thus included in the assay development. Results for 

assay optimisation and its application to UV-treated samples are discussed here, 

extended results can be found in Appendix D.  
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4.1.5. Schematics for reference 

 

Figure 31 Multi-target sRT/loRT-qPCR assays for F-RNA bacteriophage GA. The current sRT/loRT-qPCR 

approach uses the reverse primer of the current established assay (sRT) and a 3′ terminal primer (loRT) to 

generate template cDNA of varying length; qPCR is followed out on the same target region. The multi-target 

approach expands the assay to include qPCR at the 5′ and 3′ regions that will also undergo RT using their 

respective sRT primers and the loRT primer. It is anticipated that while sRT-qPCR may/may not show any 

distinct pattern, loRT-qPCR at the three regions will show reductions in virus copies detected as the qPCR site 

moves further away from the 3′ terminal and the likelihood of encountering a UV-induced lesion increases. 

 

Figure 32 Proposed workflow of the multi-target sRT/loRT-qPCR approach. Viral RNA is reverse 

transcribed with the reverse primer of each qPCR assay (sRT) and a 3′ terminal primer (loRT) to generate cDNA 

of varying lengths followed by qPCR at each target region. Additional RT negative controls were later 

incorporated into the two-step RT-qPCR assays. In parallel to the multi-target RT-qPCR assays, the plaque 

infectivity assay for GA was performed to compare levels of infectious virus (pfu/ml) against qPCR results 

(genome copies/ml).  
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Figure 33 Chronological view of the multi-target sRT/loRT-qPCR assay development. Primers and probes 

were designed for GII and GA 5′ and 3′ regions and evaluated in Phase I. Due to poor amplification signals in 5′ 

assays, additional primers were selected and tested in conjunction with previous primers in Phase II. While 

effective sRT-qPCR assays were achieved in the one-step system, they did not transfer well to a two-step system. 

New probes and primers were redesigned for GA assays in Phase III and were found to be suitable in one-step 

and two-step systems. As loRT and RT negative controls can only be implemented in the two-step system, and to 

avoid variations caused by qPCR chemistries, the one-step sRT was substituted with the two-step sRT. The 

completed multi-target sRT/loRT-qPCR assays were then applied to GA before/after UV-treatment; reverse 

transcription of sRT assays were performed with the reverse primer of each of the three target regions while loRT 

was performed using the reverse primer of the 3′ assay. 
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(see 4.2.2)

Phase I
(see 4.2.3)
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4.2. MATERIALS AND METHODS 

4.2.1. Transfer of RT-qPCR assays to Lightcycler® 96 instrument 

Due to reasons in logistics, development of molecular assays was moved onto the 

Lightcycler® 96 qPCR instrument (Roche Diagnostics Ltd., UK). To ensure that 

assay performance would not be affected, dsDNA material was amplified using the 

current established RT-qPCR assays on the new and old platforms before continuing 

with the multi-target approach. ROX was omitted from qPCR mastermixes for the 

Lightcycler® 96 instrument. 

4.2.2. Identification of potential multi-target qPCR sites for HuNoV and F-RNA 

The potential for the multi-target RT-qPCR approach was reviewed by obtaining 

whole genome sequences from GenBank (www.ncbi.nlm.nih.gov/genbank) for 

HuNoV and F-RNA, carrying out a sequence alignment, then identifying conserved 

regions at the 5′ and 3′ termini on which to design primers and probes. 

For F-RNA bacteriophage GA, only 1 complete genome sequence was available 

(Accession no. NC_001426.1). Whole genome sequences for HuNoV were initially 

searched for on GenBank but due to the overwhelming number of strains available it 

was decided that the HuNoV multi-target assay would be limited to just GII.4 

(genome size ≈ 7.5 kb), the current dominant circulating norovirus strain and one 

which we had FM for. The nucleotide search query “Norovirus GII.4, complete 

genome, NOT partial” was used to obtain 311 fasta sequences for GII.4, which was 

then opened in the multiple sequence alignment software MegAlign Pro v.11 

(DNAStar® Lasergene, licensed); the MUSCLE alignment method was performed 

using the default settings. The completed alignment file was imported into BioEdit 

v.7.2.5 (Ibis Biosciences, freeware) and the option to find conserved regions was 

performed using the default settings. A total of 56 conserved regions were identified 

across the 311 sequences with zero hits at the 5′ terminal and of which only 8 were 

located at the 3′ terminal between nucleotides 7006-7517 of the consensus sequence. 

As it was fundamental to design assays at both termini of the viral genome for this 

approach to work, primer and probe design services by TIB® Molbiol GmbH (TMB) 

were consulted to aid in the multi-target RT-qPCR approach. Novel 5′ and 3′ assays 

may collectively be referred to as ‘TMB assays’ in this context.  
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The GII.4 alignment file and GA sequence NC_001426.1 were provided to TIB® 

Molbiol GmbH so that an initial set of primers and hydrolysis probes at the 5′ and 3′ 

termini for each virus could be designed (variant 1, F/R primers and TM1 probe). 

These primers were found to be unsuitable and required extensive optimisation and 

eventually redesign in Phase II (variant 1, S/A primers) and a final redesign for GA 

5′ assays only in Phase III (variants 2 and 3, primers and probes). Working two-step 

sRT/loRT-qPCR assays for the three target regions were then applied to GA samples 

before/after UV-treatment (see Figure 33). 

Primers and probes were received in lyophilised form and resuspended with TE 

buffer to the required concentrations; the full set of primers and probes tested in this 

study are tabulated below (see Table 20; Table 21). 

Table 20 TMB primers and probes for GII.4. GII 5′ and 3′ variant 1 primers (F/R) and probes (TM1) were 

designed in Phase I and primers were revised again in Phase II (S/A). 

Primer type / ID Nucleotide sequence in 5′ → 3′ direction 
Location on 

genome 

GII.4 (Hokkaido1/2006/JP strain – AB447427) 7511 nt genome 

5
′ 
va

ri
a

n
t 

1
 

PF 
GII-5′ F TAA CGA CGC TTC CGC TGC S 17-34 

GII-5′ S GCS TCT AAC GAC GCT TCC G S 12-30 

PR 

GII-5′ R CGT TTA AAA GTG ACA GCC ATG YTA GA A 90-115 

GII-5′ A GCT CGT TTR ARA GTG ACA GCC ATG A 95-118 

Probe GII-5′ TM1 
FAM-TCA CTT GAA GAT TTT GCG RTG 

TCG TTG T-BBQ/NFQ 
A 52-79 

3
′ 
va

ri
a

n
t 

1
 

PF 
GII-3′ F TGT CAC CCC WCC ATC TAG YAG ATC C S 7364-7388 

GII-3′ S CAG TCT CAA CCG TGC CYA AAG AA S 7402-7424 

PR 

GII-3′ R GAA GAG AGG CTG CCT GCG A 7458-7475 

GII-3′ A GRA TGT GAG CGA AGA GAG GCT G A 7464-7485 

Probe GII-3′ TM1 
FAM-AGC GCC AGT CCA GGA GTC CAA 

AA-BBQ/NFQ 
A 7426-7448 

Non-standard nucleotide bases: (B) not A; (D) not C, (H) not G; (K) G/T; (M) A/C; (N) any base; (R) 

A/G; (S) C/G; (V) not T; (W) A/T; (Y) C/T. Reporter Dyes: (FAM) 6’ Carboxyl-fluorescein. 

Quenchers: (BBQ) BlackBerry™ quencher (NFQ) non-fluorescent quencher. 
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Table 21 TMB primers and probes for GA. GA 5′ and 3′ variant 1 primers (F/R) and probes (TM1) were 

designed in Phase I and primers were revised again in Phase II (S/A). Due to complications with the GA 5′ assay, 

variants 2 and 3 primers and probes were designed in Phase III to test in conjunction with previous primers. 

Primer type / ID Nucleotide sequence in 5′ → 3′ direction 
Location on 

genome 

GA (Enterobacteria phage – NC_001426.1) 3466 nt genome 

5
′ 
va

ri
a
n
t 

1
 

PF 

GA-5′ F GTT CCC TCA CCC TTG AAG GC S 23-42 

GA-5′ S GGT TTG CAT AAG CGG CTT AAT TC S 52-74 

PR 

GA-5′ R CTC AAA AGA GTC GTC GGA AAC AA A 206-228 

GA-5′ A CCA GGT TTA TAC GTA GTC GAA CGA TT A 253-278 

Probe GA-5′ TM1 
FAM-CGT TCC ACC ATG CCG TTA GGT 

TTA GGT-BBQ/NFQ 
S 81-107 

5
′ 
va

ri
a

n
t 

2
 

PF 

GA-5′ F GTT CCC TCA CCC TTG AAG GC S 23-42 

GA-5′ F2 CTC ACC CTT GAA GGC GC S 28-44 

PR 

GA-5′ B1 CAT GGT GGA ACG ACT GCA GA A 73-92 

GA-5′ B2 TAA CGG CAT GGT GGA ACG A A 80-98 

Probe GA-5′ TM2 
FAM-AGG AAT GGT TTG CAT AAG CGG 

CT-BBQ/NFQ 
S 46-68 

5
′ 
va

ri
a

n
t 

3
 

PF 
GA-5′ F GTT CCC TCA CCC TTG AAG GC S 23-42 

GA-5′ S GGT TTG CAT AAG CGG CTT AAT TC S 52-74 

PR 

GA-5′ C1 TGG ACA TAC CGT CAC CTA AAC CTA AC A 95-120 

GA-5′ C2 TGT GGA CAT ACC GTC ACC TAA ACC TA A 97-122 

Probe GA-5′ TM3 
FAM-CAG TCG TTC CAC CAT GCC GT-

BBQ/NFQ 
S 77-96 

3
′ 
va

ri
a
n

t 
1
 

PF 
GA-3′ F ACC ATT TCC TCC GCC AGG TAT A S 3249-3270 

GA-3′ S AGA CCA TTT CCT CCG CCA G S 3247-3265 

PR 

GA-3′ R GTC ACA CCC ACC CCA TAC G A 3365-3383 

GA 3′ A TTT CGG TCA CAC CCA CCC A 3371-3388 

GA-3′ B TTC CTG AGG AAA TAG AGG GAT CTG A 3300-3323 

Probe GA-3′ TM1 
FAM-TGC AAA CCT AAC TCG GAA TGG 

AGA ACA C-BBQ/NFQ 
S 3273-3300 

Non-standard nucleotide bases: (B) not A; (D) not C, (H) not G; (K) G/T; (M) A/C; (N) any base; (R) 

A/G; (S) C/G; (V) not T; (W) A/T; (Y) C/T. Reporter Dyes: (FAM) 6’ Carboxyl-fluorescein. 

Quenchers: (BBQ) BlackBerry™ quencher (NFQ) non-fluorescent quencher. 
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4.2.3. Phase I: First application and use of FLAP primers 

As the RT and qPCR efficiency is affected by a primer’s annealing temperature, 

one-step sRT-qPCR assays were used to determine initial thermal profiles as they 

have fewer variables to optimise than two-step RT-qPCR systems. 

4.2.3.1 Preliminary evaluation of TMB primers using one-step sRT-qPCR assays 

One-step sRT-qPCR mastermixes with F/R primers and TM1 probes (see Table 

20; Table 21) were set up using the same protocol for established assays described 

previously (see section 2.2.6.1). Viral RNA was diluted over a four-point 10-fold 

series with MBG water and tested in duplicate for each of the three target regions on 

the 96-well optical plate (Roche Applied Science, 04729692001). qPCR was 

performed on the Lightcycler® 96 qPCR instrument (Roche Diagnostics Ltd., UK) 

using the conditions: (i) RT at 55 °C for 60 min, (ii) an initial denaturation step at 95 

°C for 5 min followed by (iii) 45 cycles of denaturation at 95 °C for 15 sec, and 

annealing at 58 °C for 60 sec for GA, or 60 °C for 60 sec and an additional extension 

step of 65 °C for 60 sec for GII. 

sRT-qPCR for TMB 5′ assays demonstrated staggering late Cqs compared to 

their respective established assays thus prompting essential systematic optimisation. 

4.2.3.2 Assay optimisation of one-step sRT-qPCR assays 

Viral RNA for GII and GA were extracted from virus stocks of high 

concentration as described previously (see section 2.2.4) then diluted with MBG 

water into single-use aliquots of 100 μl containing ≈ 105 genome copies/μl. This 

RNA working stock was stored at -80 °C indefinitely. 

Gradient runs were used to determine the annealing temperatures of F/R primers 

and to help group assays with similar qPCR conditions. Next, the remaining thermal 

profile and oligonucleotide concentrations were adjusted as before (see Table 22). 

Finalised primer and probe concentrations of 500/900/150 nM were used with 

conditions: (i) RT at 50 °C for 60 min, (ii) denaturation at 95 °C for 5 min followed 

by (iii) 45 cycles of denaturation at 95 °C for 15 sec, annealing at 59 °C for 30 sec 

(or 52 °C for GA 5′), and an additional extension step of 72 °C for 30 sec. 

TMB F/R primers and probes were also tested as a two-step sRT-qPCR assay to 

compare its performance against the one-step system (see Appendix D. 1).  
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Table 22 Systematic optimisation of multi-target RT-qPCR assays. 

4.2.3.3 Evaluation of FLAP-primers using one-step sRT-qPCR assays 

TMB assays continued to display late Cq values thus F/R primers modified at the 

5′ end to include the 12 nucleotide FLAP, which have shown success in the literature 

to help boost Cq and end-point fluorescence (EPF) values of qPCR assays, were also 

ordered from Sigma-Aldrich to trial. Combinations of F/R and F/R-FLAP primers 

were re-tested using the one-step sRT-qPCR assay for both GII and GA.  

Reagent / Condition Range tested 

Annealing temperature and time 

54-60 °C for all assays then 

50-59 °C for GA’5 only and  

56-64 °C for GA 3′, GII 5′, GII 3′ 

for 15-60 sec 

RT temperature 
50 or 55 °C 

for 60 min 

Stages in amplification cycle 

Two: Denaturing and Annealing 

Three: Denaturing, Annealing and 
Extension (72 °C for 1-30 sec) 

for 45 or 55 cycles 

Primer concentrations 

Final concentration of 

50, 300, 400, 500 or 900 nM 

for each PF / PR primer 

Probe concentrations 
Final concentration of 

100, 150, 200, 250 or 300 nM 
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4.2.4. Phase II: Primer redesign and comparison of qPCR chemistries 

Suboptimal performances from F/R primers led to redesign of novel assays and 

produced the primer pair S/A 5′ and 3′ targets of both viruses (see Table 20; Table 

21). Furthermore, in communications with TIB® Molbiol GmbH, they indicated that 

their primers and probes were designed with Roche chemistries in mind thus 

mastermixes for the GA 5′ assay were prepared using both the Invitrogen and Roche 

one-step RT-qPCR kits. 

4.2.4.1 Evaluation of TMB primers in different one-step sRT-qPCR kits 

qPCR mastermixes using the RealTime ready RNA Virus Master (Roche Applied 

Science, 05619416001) were set up according to the manufacturer’s instructions so 

that each qPCR reaction contained: 1X Reaction Buffer, 300 nM of each forward 

(F/S) and reverse primer (R/A) in various combinations, 150 nM of probe, 1X of 

enzyme blend (containing Transcriptor RTase, Taq DNA Polymerase and additives) 

and 5 μl sample RNA in a final volume of 20 μl. The exact reagents and their 

concentrations in Roche kits were not disclosed by the manufacturer. qPCR 

mastermixes using the RNA UltraSense™ kit were identically set up in a final 

volume of 25 μl. Each sample RNA was tested in duplicate for each kit on the 96-

well optical plate. RT-qPCR was performed using the conditions: (i) RT at 50 °C for 

30 min, (ii) an initial denaturation step at 95 °C for 5 min followed by (iii) 45 cycles 

of denaturation at 95 °C for 15 sec, and annealing at 59 °C for 45 sec. 

Following promising improvements, all TMB primers and probes for GII and GA 

were tested using the Roche one-step sRT-qPCR kit. However, based on poor 

progress in the GII 5′ assay, the multi-target approach was continued with GA only. 

4.2.4.2 Evaluation of TMB primers indifferent two-step RT-qPCR kits 

Having established successful one-step sRT-qPCR assays for 5′ and 3′ regions, 

the working primers and probes were selected for use in the two-step system using 

the Invitrogen kits as described previously in Chapter 2. Almost expectedly, the 5′ 

sRT assay repeated to demonstrate a delayed Cq of Δ10 from its established assay in 

the two-step system. Use of qPCR enhancers Betaine, BioStab (Sigma-Aldrich, 

53833) and DMSO were briefly explored (see Appendix D. 2). 
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Due to the recurring obstacle of delayed Cqs in the GA 5′ assay, which may be 

related to difference in buffer chemistries, two-step RT-qPCR kits were switched to 

those manufactured by Roche and carried out following the manufacturer’s 

instructions. sRT and loRT reverse transcription were performed using the 

Transcriptor First Strand cDNA synthesis kit (Roche Applied Science, 

04379012001). qPCR was performed using FastStart Essential DNA Probes Master 

and/or 480 Probes Master (Roche Applied Science 06402682001 and 04707494001 

respectively). 

Despite this, sRT-qPCR results from the Roche two-step system did not reflect 

results obtained from the one-step system and primers and probes had to be 

redesigned in Phase III. 

4.2.4.3 Introduction of RT negative controls in two-step systems: NRT and PIC 

Because of the increased risk of cross-contamination of multiple cDNA samples, 

two RT negative controls, NRT and PIC, were introduced into the multi-target 

approach. Briefly, NRTs (non-reverse transcriptase controls) are sRT/loRT reactions 

for each sample RNA but without the RT enzyme, typically used to assess the 

amount of genomic DNA contamination in the sample; here it is used to ensure that 

no carry-over has occurred between cDNA reactions before the RT step. PIC 

(primer-independent control) is an RT reaction for each sample RNA but without an 

RT primer and was included based on mentions in the literature about “background 

signal” (Simonet and Gantzer, 2006; Wolf et al., 2009).  
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4.2.5. Phase III: GA assay redesign and preparation of molecular standards 

4.2.5.1 Evaluation of TMB primers using one-step sRT-qPCR assays 

New primers and probes for GA 5′ and 3′ assays were tested in various 

combinations with previous primers using the Roche one-step RT-qPCR system in 

parallel to the established assay (see Table 23). qPCR was performed using the 

conditions: (i) RT at 50 °C for 30 min, (ii) an initial denaturation step at 95 °C for 5 

min followed by (iii) 45 cycles of denaturation at 95 °C for 15 sec, and annealing at 

59 °C for 45 sec. qPCR was repeated with similar conditions but with annealing 

temperatures ranging between 55-63 °C and again at 50-58 °C for the GA 5′ assay to 

determine qPCR thermal profiles for all GA assays. 

Table 23 Primer and probe matrix for GA 5′ and 3′ assays. 5 and 3′ forward and reverse primers were tested 

in various combinations except where stated as not done (N.D.). 

GA sRT 
Variant 1 (TM1) Variant 2 (TM2) Variant 3 (TM3) 

R B B1 B2 C1 C2 

4.2.5.2 Evaluation of TMB primers using two-step RT-qPCR assays 

Two-step sRT-qPCR assays performed in the Invitrogen two-step system showed 

that TMB primers and probes transferred well from the Roche one-step system. As 

the loRT primer and RT negative controls can only be implemented in a two-step 

assay, it was decided that sRT would also be performed in the same way to remove 

any potential variability caused by different qPCR chemistries. 

Finalised 20 μl RT reactions were set up to contain: 10 μl of RNA, 0.5 μM RT 

primer, 500 nM dNTPs, 20 U/μl Superscript® III reverse transcriptase (Invitrogen, 

180800), 2 U/μl RNaseOUT™ ribonuclease inhibitor (Invitrogen, 10777) and 1X 

First Strand RT Buffer (50 mM Tris–HCl pH 8.3, 75 mM KCl, 3 mM MgCl2). RT 

was performed using the protocol described previously (see 2.2.5.2) including the 

additional RNase H treatment of loRT cDNA. Samples were then made up to 100 μl 

with MBG water so that final cDNA concentrations were diluted 1 in 10.  

5′ assay 

F 

 

    

F2   N.D. N.D. 

S N.D. N.D.   

3′ assay 
F       

S       
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Each 25 μl qPCR reaction was set up to contain: 1X ready-to-use Platinum® 

Quantitative PCR SuperMix-UDG buffer (Invitrogen, 11730) (containing Platinum® 

Taq DNA polymerase), 300 nM each primer, 150 nM of probe, and 5 μl sample 

cDNA. qPCR conditions were: (i) an initial denaturation step at 95 °C for 5 min 

followed by (ii) 45 cycles of denaturation at 95 °C for 15 sec, and annealing at 59 °C 

for 45 sec (or 50 °C for GA 5′). 

4.2.5.3 Preparation of quantitative molecular standards for GA 5′ and 3′ assays 

Due to time constraints, quantitative molecular standards for GA 5′ and 3′ assays 

were prepared from qPCR product rather than engineering dsDNA plasmids as 

before. 5 μl of qPCR product from the optimised GA 5′ and 3′ reactions were 

amplified using the proof-reading enzyme Pfu DNA polymerase (Promega, M7741) 

with their respective qPCR primers in a final volume of 50 μl following the 

manufacturer’s instructions. Although the 50 °C for 2 min incubation step for UDG 

is not used in our qPCR protocol, another reason for not using direct qPCR products 

for standards is to avoid unintended degradation of the dsDNA material by 

reconstituting the amplicon with dUTP. 5 μl of PCR product was visualised on a 2 % 

agarose gel to confirm their band sizes and the remaining reactions were purified 

using the QIAquick PCR purification kit (QIAGEN, 28106) following the 

manufacturer’s instructions. The concentration of the purified product was measured 

using a UV spectrophotometer and working stocks of 105 copies/μl were prepared 

with MBG water and stored in 20-25 μl volumes at -20 °C for a recommended 

maximum of six months. Samples were sent for sequencing to validate their 

sequence.  
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4.2.6. Application of the multi-target approach to GA before/after UV-treatment 

An early trial of the multi-target approach was applied to GA samples at a 

starting virus concentration level of ≈ 106 pfu/ml with/without UV-treatment using 

UV-C from a BSC as before (see Figure 34). Samples were exposed to 0, 5 or 10 min 

UV-treatment then covered in aluminium foil and stored in the dark at 4 ± 2 °C for 

further processing (within 24 hours). Treated and untreated samples were 

appropriately diluted in PBS and subjected to F-RNA bacteriophage enumeration 

using the ISO 10705-1 plaque infectivity assay (see section 2.2.3). Viral RNA was 

extracted from 500 μl of neat sample and eluted in a final volume of 100 μl elution 

buffer (see section 2.2.4). Reverse transcription of sRT, loRT and RT negative 

controls was carried out and cDNA was subjected to qPCR using the 5′, 3′ and 

established assays for GA (see Figure 35). 

The multi-target approach was applied to GA samples with a starting virus 

concentration level of ≈ 109 pfu/ml to investigate if increasing the starting sample 

would help elevate levels of virus detected by sRT/loRT-qPCR above the 

“background signal” detected in PICs in the early trial. After the trial period, starting 

virus concentrations were reverted to 106 pfu/ml to minimise handling high-

concentration samples and risk potential contamination in the lab. Application of the 

multi-target sRT/loRT-qPCR and the plaque infectivity assay to GA samples 

before/after UV-treatment was repeated as three independent runs. 

 

Figure 34 UV-C treatment of GA using a standard biological safety cabinet. GA with no UV-treatment 

(UV0) and with UV-treatment after 5 and 10 min (UV5 / UV10) were collected for analysis. 

GA 

UV10 

UV0 

Sample before 

UV treatment 

Samples after 

UV treatment for 

5 and 10 min 

UV-C 

Biological safety 

cabinet (BSC) fitted 

with a UV-C lamp 

UV5  
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Figure 35 sRT/loRT-qPCR with RT negative controls: NRTs and PICs. GA RNA before/after UV-treatment 

was added to tubes containing dNTP and water with/without an RT primer; tubes were heated at 65 °C for 10 min 

then immediately placed on ice. RNaseOUT™ RNase inhibitor and 1X First Strand Buffer were added to each 

tube with/without Superscript® III RT enzyme; reverse transcription was performed at 50 °C for 60 min followed 

by RT enzyme inactivation at 70 °C for 15 min. loRT samples were treated with RNase H before all samples 

were diluted to a final RNA to cDNA concentration of 10:1. 

The genome copy numbers detected per μl in each well (see Eqn. 6) was 

multiplied by 100 (copies found in 100 μl RNA) and divided by 0.5 (extracted from 

500 μl of sample) to get genome copies detected in 1 ml, multiplied by 10 to express 

results for two-step assays (see section 2.2.5.2). The tLOD of the two-step 

sRT/loRT-qPCR and infectivity assays are 200 genome copies/ml and 1 pfu/2 ml 

respectively.

RT-B 

step 

RT-A 

step 

Respective PR 

• GA 5′ B1 

• GA Wolf PR 

• GA 3′ R 

3′ assay PR 

No RT primer 

– RT 

enzyme 

+ RT 

enzyme 
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enzyme 

+ RT 

enzyme 
+ RT 

enzyme 

loNRT Reg Reg sNRT Reg 

PIC sRT loRT 

GA 

RNA 

UV0/5/10 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Transfer of assays from ABI® 7500 to Lightcycler® 96 

dsDNA standard curves for HuNoV GII and F- RNA bacteriophage GA targets produced on both qPCR instruments revealed similar slopes, 

y-intercepts and coefficients of regression thus assay development for the multi-target approach was continued on the Lightcycler® 96 (see Table 

24). Cq values that deviated more than 1 Cq between technical replicates were omitted. 

Table 24 dsDNA standard curve comparison for GII and GA on ABI® 7500 and Lightcycler® 96 instruments. Results are expressed as mean Cq values ± standard deviation.

 dsDNA copies/μl HuNoV genogroup II  dsDNA copies/μl F-RNA bacteriophage GA 

A
B

I®
 7

5
0
0

 

1 × 105 20.71 ± 0.05 Slope -3.84  

A
B

I®
 7

5
0
0

 

1 × 105 21.10 ± 0.10 Slope -3.46 

1 × 104 24.30 ± 0.01 y-intercept 39.79  1 × 104 24.07 ± 0.00 y-intercept 38.08 

1 × 103 28.17 ± 0.06 R2 0.999  1 × 103 27.52 ± 0.10 R2 0.995 

1 × 102 32.22 ± 0.25 
 

  1 × 102 30.71 ± 0.18 
 

 

1 × 101 Omitted 
  

  1 × 101 35.09 ± 0.15 
 

 

L
ig

h
tc

y
cl

er
®

 9
6
 1 × 105 20.00 ± 0.01 Slope -3.88  

L
ig

h
tc

y
cl

er
®

 9
6
 1 × 105 20.82 ± 0.11 Slope -3.51 

1 × 104 23.91 ± 0.35 y-intercept 39.34  1 × 104 24.42 ± 0.14 y-intercept 38.37 

1 × 103 27.74 ± 0.33 R2 0.998  1 × 103 27.83 ± 0.73 R2 1.000 

1 × 102 31.13 ± 0.70 
 

  1 × 102 Omitted 
  

 

1 × 101 35.78 ± 0.32 
 

  1 × 101 Omitted 
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4.3.2. Phase I: Sub-optimal performance of TMB and TMB-FLAP primers 

4.3.2.1 Performance of TMB primers using one- and two-step sRT-qPCR assays 

Preliminary evaluation of TMB assays showed that while they demonstrated 

positive detection for GII and GA, 5′ and 3′ assays deviated from their established 

assays by ≈ Δ7-14 and ≈ Δ2-6 Cq respectively for the same RNA template despite 

using a one-step sRT-qPCR system (see Table 25). This prompted the need for 

complete optimisation. However, differences of ≈ Δ6-10 Cq were still observed in 5′ 

assays after these refinements (see Table 26) and led us to explore the use of FLAP-

modified primers. 

F/R primers and probes were also tested using as a two-step sRT-qPCR assay but 

also showed suboptimal performance (see Appendix D. 1). 

Table 25 Cq values from multi-target one-step sRT-qPCR assays pre-optimisation. For the same RNA 

template, Cq values obtained in 5′ and 3′ assays for GII and GA deviated from their established assays between 

Δ2-14 Cq. NTCs remained undetected; asterisks also denote that 1 of 2 wells was undetected. 

sRT 
5′ assay Established assay 3′ assay 

Mean Cq ± SD ΔCq Mean Cq ± SD  Mean Cq ± SD ΔCq 

GII RNA 26.99 ± 0.19 Δ7.78 19.21 ± 0.11  21.40 ± 0.09 Δ2.19 

1.00E-01 30.21 ± 0.03 Δ7.59 22.62 ± 0.01  24.71 ± 0.16 Δ2.09 

1.00E-02 33.89 ± 0.06 Δ8.12 25.77* -  28.04 ± 0.05 Δ2.27 

GA RNA 41.59 ± 0.25 Δ13.99 27.60 ± 0.16  33.54 ± 0.35 Δ5.94 

1.00E-01 Undet. -  30.84 ± 0.09  37.07 ± 0.33 Δ6.24 

1.00E-02 Undet. -  34.07 ± 0.42  39.39* - Δ5.32 

1.00E-03 Undet. -  37.99 ± 1.21  40.62* - Δ2.64 

1.00E-04 Undet. -  Undet. -  Undet. - 
 

 

Table 26 Cq values from multi-target one-step sRT-qPCR assays post-optimisation. 

sRT 
5′ assay Established assay 3′ assay 

Mean Cq ± SD ΔCq Mean Cq ± SD  Mean Cq ± SD ΔCq 

GII 30.99 ± 0.03 Δ6.23 24.76 ± 0.05 
 

24.52 ± 0.01 Δ0.24 

GA 34.80 ± 0.18 Δ9.83 24.97 ± 0.14 
 

28.18 ± 0.04 Δ3.22 
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4.3.2.2 Performance of TMB-FLAP primers using one step sRT-qPCR assays 

FLAP-modified primers were shown to improve qPCR assays for bacterial and 

viral targets in various studies in the literature. However, this was not the case here 

as qPCR results using a combination of regular and FLAP-modified F/R primers did 

not differ from those obtained using the F/R primer pair alone for either GII or GA 

(see Figure 36; Figure 37). 

A study that looked at comparing optimal and sub-optimal primer sets 

with/without the 5′ overhangs showed that only primers with sub-optimal 

thermodynamics during their design benefited from the 5′ modification (Arif and 

Ochoa-Corona, 2013). The main benefits of adding 5′ overhangs included extension 

of the annealing temperature range, boost in end-point fluorescent signal (EPF) and 

increased qPCR detection sensitivity (lower Cq). Furthermore, by comparing the 

performance of primer sets with the reference FLAP sequence or using one of twelve 

designed in their study, they showed that no universal flap sequence exists and that it 

must be customised to suit each primer as the annealing temperature and folding 

structure is determined by its nucleotide composition. We therefore surmise that the 

F/R primer pairs have already reached their optimal thermodynamics and addition of 

the 5′ FLAP did not increase their qPCR performance, and/or that the probes for 

these assays were not suitable for use. 

Additional primers (set S/A) were designed in Phase II to test in combination 

with F/R primers for TMB assays.  
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(i)  

(ii)  

Figure 36 Real-time PCR amplification of GII targets with/without 5′ FLAP. Amplification curves of the 

multi-target sRT-qPCR assays for (i) GII 5′ and (ii) GII 3′ using primer combinations: (B) TMB F/R primer pair, 

(C) TMB forward primer and the TMB-FLAP reverse primer, and (D) TMB-FLAP F/R primer pair. The GII 

established sRT-qPCR (A) is also shown to compare Cq and EPF values. A fourth combination using the TMB-

FLAP forward primer and TMB reverse primer was also tested for GII targets but did not differ from results 

obtained in combination C (data not shown).  

GII 3′ assays 

GII 5′ assays 
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(i)  

(ii)  

Figure 37 Real-time PCR amplification of GA targets with/without 5′ FLAP. Amplification curves of the 

multi-target sRT-qPCR assays for (i) GA 5′ and (ii) GA 3′ using primer combinations: (B) TMB F/R primer pair, 

(C) TMB forward primer and the TMB-FLAP reverse primer, and (D) TMB-FLAP F/R primer pair. The GA 

established sRT-qPCR (A) is also shown to compare Cq and EPF values.  

GA 3′ assays 

GA 5′ assays 
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4.3.3. Phase II: TMB primers in different qPCR chemistries 

4.3.3.1 Performance of TMB primers in different one step sRT-qPCR kits 

GA 5′ assays using the RNA UltraSense™ kit showed no obvious shifts in Cq 

values when using any combination of F/R and S/A primers (≈ 34-35 Cq). However, 

GA 5′ assays performed with the RealTime ready RNA Virus Master kit revealed 

that the S/A primer pair demonstrated the earliest Cq of 30.31 ± 0.02 (see Table 27). 

Subjecting the established and GA 3′ assay primers to the RealTime ready RNA 

Virus Master resulted in Cqs of ≈ 25 and 29 respectively (see Table 28), thus the Cqs 

of all GA assays were within a workable range of each other. Suitable primers were 

selected based on early Cq and high EPF values in priority order, unless Cqs were 

not significantly different from each other. For GA 5′ and 3′ assays, these were 

primers pairs S/A and S/R respectively. 

RealTime ready RNA Virus Master was also used with GII primers and probes, 

however, as the GII 5′ assay remained ≈ Δ10 Cq behind its established assay, 

development of the multi-target approach was focused on GA only to demonstrate 

proof-of-concept as it is the only virus with a corresponding infectivity assay. 

Table 27 Intra-comparison of TMB assays using two different one-step sRT-qPCR kits. GA RNA was tested 

using a combination of forward (F/S) and reverse (S/R) primers in the RNA UltraSense™ (Invitrogen) and 

RealTime ready RNA Virus Master kits (Roche Applied Science). Results are expressed as mean Cq values ± 

standard deviation (mean EPF). A sample with an EPF ≤ 0.20 is accepted as a negative call and is reported as 

Undetected (Undet.); asterisks also denote that 1 of 2 wells was undetected. 

sRT 

5′ assay 

RNA UltraSense™ 

(Invitrogen) 

RealTime ready RNA Virus Master 

(Roche Applied Science) 

R A R A 

GA 
F 34.78 ± 0.01 (0.63) 35.16 ± 0.30 (0.41) 37.82 ± 0.18 (0.41) Undet. 

S 35.56 ± 0.37 (0.66) 35.68 ± 0.31 (0.52) 33.98 ± 0.09 (0.53) 30.31 ± 0.02 (0.42) 

 

Table 28 Intra-comparison of TMB assays using the RealTime ready RNA Virus Master qPCR kit. 

sRT 
5′ assay 3′ assay 

R A R A 

GII 
F 34.12 ± 0.06 (0.55) Undet. 25.47 ± 0.11 (1.60) 28.90 ± 0.11 (1.18) 

S Undet. Undet. 25.34 ± 0.02 (1.61) 28.92 ± 0.01 (1.37) 

GA 
F 35.03 ± 0.04 (0.42) Undet. 30.12 ± 0.03 (0.86) 30.74 ± 0.19 (0.66) 

S 31.69 ± 0.04 (0.61) 28.30 ± 0.14 (0.41) 29.24 ± 0.02 (1.03) 29.19 ± 0.73 (0.84) 
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4.3.3.2 Performance of TMB primers in different two-step RT-qPCR kits 

While Cqs ranging between 28-30 were seen for one-step sRT-qPCR assays, 

these improvements did not transfer to the two-step system for the GA 5′ assay (≈ Δ9 

Cq) when using the Invitrogen Platinum® SuperMix qPCR kit (see Table 29). cDNA 

was retested in two other qPCR kits manufactured by Roche, and although their EPF 

signals were improved, Cq values remained unaffected. Use of qPCR enhancers were 

briefly explored but were found to be ineffective (see Appendix D. 2). 

Table 29 Comparison of GA two-step sRT-qPCR assays using different qPCR kits. sRT was carried out 

using Superscript® III (Invitrogen), followed by qPCR amplification using Platinum® Quantitative PCR 

SuperMix-UDG (Invitrogen), FastStart Essential DNA or 480 Probes Master (Roche Applied Science). 

GA 
sRT 

5′ assay Established assay 3′ assay 

Mean Cq ± SD 
Mean 

EPF 
Mean Cq ± SD 

Mean 

EPF 
Mean Cq ± SD 

Mean 

EPF 

Platinum® 

SuperMix 
35.75 ± 0.20 (0.51) 26.16 ± 0.02 (1.77) 27.47 ± 0.01 (0.97) 

FastStart PM 35.25 ± 0.03 (0.79) 26.22 ± 0.02 (1.91) 28.03 ± 0.04 (1.30) 

480 PM 35.22 ± 0.04 (0.83) 26.19 ± 0.08 (1.85) 27.93 ± 0.08 (1.31) 

sRT-qPCR was also performed using the Roche Transcriptor First Strand cDNA 

synthesis kit and amplified using the 480 Probes Master qPCR kit but concluded in 

similar results (see Table 30). Communications with technical representatives from 

Roche confirmed that the same RT and qPCR enzymes are utilised in both kits; thus, 

we can only deduce that differences in their buffer composition is severely 

influencing their detection sensitivities. 

Table 30 Comparison of GA two-step sRT-qPCR assays using Roche RT-qPCR kits. sRT () and loRT () 

were carried using Transcriptor First Strand cDNA synthesis kit (Roche Applied Science), followed by qPCR 

amplification using 480 Probes Master; asterisks also denote that 1 of 2 wells was undetected. In addition, 

regardless of the RT primer used, cDNA samples were cross-tested in each qPCR assay. Unexpected 

“background signal” (grey shaded text) was detected in assays where RT priming occurred after the target site. 

GA 

sRT/loRT 

5′ assay Established assay 3′ assay 

Mean Cq ± SD 
Mean 

EPF 
Mean Cq ± SD 

Mean 

EPF 
Mean Cq ± SD 

Mean 

EPF 

GA 5′ A 35.56 ± 0.02 (0.92) 28.84 ± 0.13 (2.00) 37.38 ± 1.10 (0.70) 

Wolf Rev 38.10 ± 1.31 (0.47) 25.04 ± 0.06 (2.01) 38.76 ± 0.62 (0.59) 

GA 3′ R 38.20 ± 0.59 (0.55) 29.12 ± 0.11 (2.02) 29.62 ± 0.12 (1.12) 

LV3T 38.79* - (0.38) 30.03 ± 0.16 (1.99) 35.22 ± 0.02 (0.85) 

  



 Chapter 4: Results and Discussion 

101 

4.3.3.3 Initial detection of “background signal” and review of loRT primer 

cDNA samples generated from the Roche RT kit were also cross-tested in each 

qPCR assay regardless of the RT primer used. Unexpectedly, positive “background 

signal” was detected in qPCR assays for samples where RT priming took place after 

the qPCR target region, and which should have resulted in a negative signal (see grey 

results, Table 30). Initially assumed to be caused by cross-contamination of cDNA 

reactions prior to qPCR, these results were at first rejected and RT negative controls 

were introduced into the multi-target assay as negative reverse transcription controls 

(NRT) and primer-independent controls (PIC). However, this “background signal” 

became a recurring issue found in PICs despite the NRTs remaining undetected (see 

section 4.3.5.1) thus results here were considered valid retrospectively and highlight 

the importance of including RT negative controls. 

Although the primers GA 3′ R and LV3T were only separated by 187 nt on the 

GA genome, sRT and loRT results differed by Δ5.60 Cq when assessed using the 3′ 

assay (see Table 30). Reasons for this were considered such that (i) the primers had 

very different RT priming efficiencies, or (ii) a proportion of the GA sample was 

already degraded at the 3′ terminal, resulting in no template RNA for LV3T to bind 

to. However, qPCR amplification observed in the 5′ and established assays for cDNA 

primed by GA 3′ R and LV3T showed similar Cq values (and better EPF values in 

the former) indicating that neither theory may be the case. Independent repeat tests 

consistently reported a Δ4-6 Cq gap between these two targets (data not shown), thus 

inconclusively our results suggested that LV3T may not be the most suitable primer 

for loRT. As an alternative, GA 3′ R was considered as a substitute for LV3T so that 

the sRT/loRT result at this region can represent “100 % of genomes detected” to 

standardise the multi-target assays.  
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4.3.4. Phase III: Working TMB assays and transfer of sRT to a two-step system 

4.3.4.1 Performance of TMB assays in one- and two-step sRT-qPCR systems 

New primers and probes for the GA 5′ assay performed best at an annealing 

temperature of 50 °C (see Table 31). Although TM3 variants reported lower Cqs, 

their EPF values were relatively low thus TM2 variants were examined instead. The 

primer pair F2-B1 was selected as it produced a more similar EPF signal and 

sigmoidal amplification curve as the established assay than the F2-B2 pair (see Table 

31; Figure 38). Similarly, GA 3′ assays performed best at an annealing temperature 

of 59 °C with the previously selected primer pair S-R (Table 32; Figure 39). 

Table 31 Cq and EPF values of the GA established and 5′ one-step sRT-qPCR assays. GA RNA was tested 

with various primer combinations for the GA 5′ assay in parallel to the established assay using the RealTime 

ready RNA Virus Master kit (Roche Applied Science). Results are expressed as mean Cq values ± standard 

deviation (mean EPF). A sample with an EPF ≤ 0.20 is accepted as a negative call and is reported as Undetected 

(Undet.); asterisks also denote that 1 of 2 wells was undetected. 

GA 

sRT 

Variant 2 (TM2) Variant 3 (TM3) 

B1 B2 C1 C2 

5′ assay 

F 33.37 ± 0.24 (0.81) 33.07 ± 0.11 (0.57) 30.21 ± 0.32 (0.44) 30.00* (0.34) 

F2 28.70 ± 0.03 (1.30) 28.07 ± 0.23 (1.12) N.D. N.D. 

S N.D. N.D. 27.39 ± 0.35 (0.36) Undet. 

Established 

assay 
22.18 ± 0.04 (1.40)    

 

 

Figure 38 Amplification curves of the GA established and 5′ assays (variants 2 and 3). Amplification curves 

of the multi-target sRT-qPCR assays for GA 5′ were tested using variant 2 primer pairs (B) F2-B1, (C) F2-B2, 

(D) F-B1, (E) F-B2 and (F) the variant 3 primers and remaining NTCs. The GA established sRT-qPCR (A) is also 

shown to compare Cq and EPF values.  
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Table 32 Cq and EPF values of the GA established and 3′ one-step sRT-qPCR assays. GA RNA 1E-01 was 

tested with various primer combinations for the GA 3′ assay in parallel to the established assay as before. Results 

are expressed as mean Cq values ± standard deviation (mean EPF). A sample with an EPF ≤ 0.20 is accepted as a 

negative call and is reported as Undetected (Undet.). 

GA sRT 
Variant 1 (TM1) 

R B 

3′ assay 
F 31.31 ± 0.12 (0.62) 30.79 ± 0.11 (0.63) 

S 30.25 ± 0.18 (0.82) Undet. 

Established 

assay 
26.04 ± 0.09 (1.35)  

 

 

Figure 39 Amplification curves of the GA established and 3′ assays. Amplification curves of the multi-target 

sRT-qPCR assays for GA 3′ were tested using variant 1 primer pairs (B) S-R, (C) F-B and (D) F-R. No 

amplification was found in the S-B primer pair or NTCs. The GA established sRT-qPCR (A) is also shown to 

compare Cq and EPF values.  
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4.3.4.2 Performance of working TMB assays in a two-step sRT-qPCR system 

The same primers and probes were tested again in the Invitrogen™ RT-qPCR 

two-step systems and were found to work well; multi-target assays for GA fall within 

a workable range of each other ≈ Δ3 Cq (see Table 33). 

Table 33 Cq and EPF values of GA multi-target two-step sRT-qPCR assays. Results are expressed as mean 

Cq values ± standard deviation (mean EPF). A sample with an EPF ≤ 0.20 is accepted as a negative call and is 

reported as Undetected (Undet.). 

GA 
5′ assay Established assay 3′ assay 

Mean Cq ± SD Mean EPF Mean Cq ± SD Mean EPF Mean Cq ± SD Mean EPF 

sRT 28.14 ± 0.18 (1.40) 25.66 ± 0.10 (1.22) 26.57 ± 0.09 (0.95) 

NTC Undet.   Undet.   Undet.   

 

4.3.4.3 Quantitative molecular standards for GA 5′ and 3′ assays 

Expected band sizes of 65 and 137 bp for GA 5′ and 3′ targets were observed on 

a 2 % agarose gel (see Figure 40). Despite using duplicate reactions to concentrate 

more product for GA 5′, the band intensity of the purified standards was repeatedly 

very weak. Trouble-shooting the matter revealed that the QIAquick PCR purification 

kit is typically used for PCR products ranging between 100 bp to 10 kbp and that 

smaller amplicons were lost from passing through the column membranes efficiently, 

thus resulting in low output yields. The small amplicon size of GA 5′ also prevented 

successful sequencing from our service provider (≈ 80 bp minimum limit) and could 

not be validated. Ideally, dsDNA plasmids for GA 5′ and 3′ targets would be 

engineered and most likely would have avoided the issues presented here, however 

due to the project’s limited time-frame this was not possible. Meanwhile, preparation 

of the GA 3′ molecular standard came across no obstacles and the sequence was 

confirmed to be correct with the exception of a single T → A substitution that did not 

affect the primer or probe binding regions. The purified PCR products were accepted 

as quantitative molecular standards for the 5′ and 3′ assays and a standard curve was 

prepared to assess their respective qPCR assay performance (see Table 34).  
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Figure 40 Confirmation of GA 5′ and GA 3′ dsDNA band sizes for qPCR standards.. dsDNA band sizes of 

65 and 137 bp for GA 5′ and 3′ targets respectively were confirmed from purified PCR product. QIAGEN 

GelPilot 50 bp molecular ladder (L) showing bands in multiples of 50 bp (Cat. No. Q00031), an agarose gel of 2 

% was used. 

 

Table 34 Cq and EPF values and standard curve of GA 5′ and 3′ assays. Results are expressed as mean Cq 

values ± standard deviation (mean EPF). A sample with an EPF ≤ 0.20 is accepted as a negative call and is 

reported as Undetected (Undet.). 

GA 
dsDNA 

5′ assay 3′ assay 

Mean Cq ± SD Mean EPF Mean Cq ± SD Mean EPF 

1.00E+05 22.60 ± 0.10 1.94 24.07 ± 0.23 1.13 

1.00E+04 26.42 ± 0.13 1.71 27.90 ± 0.09 1.03 

1.00E+03 30.00 ± 0.07 1.54 31.15 ± 0.08 0.94 

1.00E+02 33.77 ± 0.17 1.21 34.52 ± 0.18 0.82 

1.00E+01 Omitted 
 

 38.66 ± 0.82 0.59 

Slope -3.71   -3.58   

y-intercept 41.18   42.00   

R2 1.000   0.998   

  

 L GA 5′ GA 3′ 

  65 bp 137 bp 

300 bp → 

50 bp → 
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4.3.5. Results for multi-target sRT/loRT-qPCR on GA before/after UV-treatment 

4.3.5.1 Early application and unexpected signal detection in PIC controls 

sRT-qPCR of 3′ and 5′ assays overestimated levels of infectious virus by 1.87 

and 1.66 log10 units respectively before UV-treatment and remained largely 

unaffected by the inactivation process (see Figure 41). In contrast, the 5′ assay loRT 

was more similar to the infectivity assay before inactivation and demonstrated 

reductions with increased UV exposure. These results alone highlight how the 

location of the qPCR relative to the RT initiation site can obtain different outcomes. 

While this followed our expectations from previous applications of sRT/loRT to UV-

treated samples, the 5′ assay loRT reported a maximum of 0.57 log10 units reduction 

after 10 min despite the infectivity assay confirming total virus kill. 

 

Figure 41 Early trial of the effect of UV-light on the quantitative detection of GA by sRT/loRT-qPCR and 

plaque infectivity assay (CI = 106 pfu/ml). GA samples at a starting concentration of 106 pfu/ml was treated 

with/without UV (0, 5 and 10 min) and subjected to two-step sRT/loRT-qPCR using the 3′ and 5′ assays in 

parallel to the plaque infectivity assay. Results are expressed as mean quantitative values ± standard deviation; 

NRT and NTC controls remained undetected. Bars labelled as |genome copies/ml| have PIC values deducted from 

quantitative results; PIC as a % of the user-specified-RT signal is represented on the secondary axis ± standard 

deviation. The tLOD of the sRT/loRT-qPCR and infectivity assays shown here are 200 genome copies/ml and 1 

pfu/2 ml respectively.  
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However, examination of PIC controls revealed unanticipated positive qPCR 

signal despite NRT and NTC controls remaining undetected. While PIC constitutes < 

2 % of the sRT signal, it makes up ≈ 22-53 % of the loRT signal in 5′ assays. This 

phenomenon has been assigned as “background signal” in the literature and has been 

deducted from qPCR results to normalise the data, however even with this 

adjustment a high level of virus copies is still detected by the 5′ assay loRT (4-5 log10 

units). As PIC significantly crosses the tLOD thresholds and falls within close-range 

of user-specified-RT qPCR signal from sRT and loRT, it represents a valid yet 

obscure result and it would not seem acceptable to dismiss it so lightly. While 

quantitative data is not available for the established assay in this experiment, Cq data 

shows that PIC is not isolated to just the novel GA 3′ and 5′ assays (see Table 35). 

Due to commercial reverse transcriptases being engineered to be more 

thermostable, a cause for positive detection in PICs was first suspected to be 

attributed to Superscript® III retaining its RT activity and utilising the reverse primer 

in the qPCR mix to synthesise cDNA. However, the RNA-dependent DNA 

polymerase activity of RTase is generally slower than that of DNA-dependent DNA 

polymerase and with the absence of a suitable time-window for this to happen this 

theory is highly unlikely. Despite this, the thermostability of Superscript® III was 

briefly investigated as the inactivation step for the RT enzyme ranged between 70-85 

°C in some RT protocols (see Appendix D. 3). It was concluded that non-specific 

cDNA synthesis occurred in the RT stage of the process and not in the qPCR 

reaction. 
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Table 35 Cq and EPF values of the GA multi-target two-step RT-qPCR assays to 106 pfu/ml samples before/after UV-treatment. qPCR results reported here show that sRT is not affected 

by UV damage unless it is specifically directed in the amplicon region (< 4 % of the total genome size). In contrast, loRT covers a greater region of the genome map due to RT initiating at the 3′ 

terminal (46.34 and 96.83 % for established and 5′ regions respectively) and reports virus level reductions with increased UV exposure. However, PIC controls in all assays emerged positive and 

within close range of user-specified-RT signal from sRT/loRT samples thus complicating interpretation of qPCR results. Results are expressed as mean Cq values ± standard deviation (mean 

EPF); NRT and NTC controls remained undetected. 

CI=106 pfu/ml 
5′ assay 

sRT loRT ΔCq PIC ΔsRT - PIC ΔloRT - PIC   

UV0 25.31 ± 0.01 (2.11) 30.07 ± 0.06 (2.07) Δ4.76 32.32 ± 0.95 (1.91) Δ7.01 Δ2.25 Slope -3.71 

UV5 25.81 ± 0.03 (2.21) 31.59 ± 0.04 (2.02) Δ5.78 33.98 ± 0.15 (1.73) Δ8.17 Δ2.38 y-intercept 41.18 

UV10 25.88 ± 0.04 (2.31) 32.24 ± 0.50 (1.97) Δ6.36 33.22 ± 0.23 (1.89) Δ7.34 Δ0.98 R2 1.000 

 
Established assay 

 
sRT loRT ΔCq PIC ΔsRT - PIC ΔloRT - PIC   

UV0 25.26 ± 0.10 (1.35) 28.21 ± 0.10 (1.31) Δ2.95 29.84 ± 0.12 (1.28) Δ4.58 Δ1.63 Slope N/A 

UV5 25.64 ± 0.03 (1.36) 30.91 ± 0.06 (1.20) Δ5.27 31.52 ± 0.33 (1.24) Δ5.88 Δ0.61 y-intercept N/A 

UV10 25.84 ± 0.01 (1.36) 31.36 ± 0.01 (1.21) Δ5.52 31.73 ± 0.21 (1.22) Δ5.89 Δ0.37 R2 N/A 

 
3′ assay 

 
sRT / loRT ΔCq PIC ΔsRT / loRT - PIC   

UV0 25.95 ± 0.04 (1.09) - 37.48 ± 0.11 (0.74) Δ11.54 Slope -3.58 

UV5 26.31 ± 0.06 (1.09) - 37.81 ± 0.33 (0.69) Δ11.50 y-intercept 42.00 

UV10 26.41 ± 0.01 (1.08) - 38.24 ± 0.01 (0.65) Δ11.83 R2 0.998 
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4.3.5.2 PIC is an inherent property of the RT-qPCR sample 

The experiment was retested with higher starting virus concentrations to see if 

user-specified-RT qPCR signal can be elevated from this “background signal” (see 

Figure 42; Table 36).While PIC constituted < 6.85 % of the sRT signal across all 

assays, it represented 33.30-93.29 % and 94.48-166.40 % of the established and 5′ 

assay loRT signal respectively. PIC was therefore an inherent property of the sample 

and could not be isolated from user-specified-RT signals. As expected, sRT 

overestimated levels of infectious virus before and after UV-treatment regardless of 

the qPCR assay used. In contrast, loRT using the established and 5′ assay similarly 

overestimated infectious virus levels by 0.49 ± 0.23 log10 units before UV-treatment 

and by 4.07 ± 0.07 and 5.34 ± 0.02 log10 units after 5 and 10 min UV-treatment. 

 

Figure 42 Effect of UV-light on the quantitative detection of GA by sRT/loRT-qPCR and plaque infectivity 

assay with increased virus starting concentration (CI = 109 pfu/ml). GA samples at a starting concentration of 

109 pfu/ml was treated with/without UV (0, 5 and 10 min) and subjected to two-step sRT/loRT-qPCR using all 

qPCR assays in parallel to the plaque infectivity assay. In 5′ assays, PIC exceeded the loRT signal after 5 and 10 

min of UV-treatment. Results are expressed as mean quantitative values ± standard deviation; 9/12 NRT controls 

were found to be positive in 5′ and established assays but were > 10 Cq behind sRT/loRT-qPCR results; NTC 

controls remained undetected. Bars labelled as |genome copies/ml| have PIC values deducted from quantitative 

results; PIC as a % of the user-specified-RT signal is represented on the secondary axis ± standard deviation. The 

tLOD of the sRT/loRT-qPCR and infectivity assays shown here are 200 genome copies/ml and 1 pfu/2 ml 

respectively. 
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Table 36 Cq and EPF values of the GA multi-target two-step RT-qPCR assays to 109 pfu/ml samples before/after UV-treatment. Results are expressed as mean Cq values ± standard 

deviation (mean EPF); 9/12 NRT were found to be positive in 5′ and established assays but were > 10 Cq behind sRT/loRT-qPCR results; NTC controls remained undetected. 

CI=109 pfu/ml 
5′ assay 

sRT sNRT loRT loNRT ΔCq PIC ΔsRT - PIC ΔloRT - PIC 

UV0 14.22 ± 0.02 (2.96) Undet. 18.57 ± 0.01 (2.54) 41.64* (0.29) Δ4.35 18.66 ± 0.10 (2.58) Δ4.45 Δ0.10 

UV5 15.62 ± 0.08 (2.87) 41.62* (0.30) 20.86 ± 0.03 (2.51) 42.28* (0.19) Δ5.25 20.43 ± 0.01 (2.39) Δ4.81 -Δ0.43 

UV10 15.98 ± 0.00 (2.67) 42.16* (0.42) 26.60 ± 0.01 (2.33) Undet. Δ10.62 25.76 ± 0.09 (2.25) Δ9.78 -Δ0.84 

 
Established assay 

 
sRT sNRT loRT loNRT ΔCq PIC ΔsRT - PIC ΔloRT - PIC 

UV0 14.17 ± 0.03 (1.57) 35.88 ± 0.67 (0.97) 16.66 ± 0.05 (1.50) 38.33 ± 0.14 (0.70) Δ2.49 18.39 ± 0.12 (1.48) Δ4.22 Δ1.73 

UV5 15.80 ± 0.07 (1.56) 37.21 ± 0.42 (0.86) 20.39 ± 0.04 (1.47) 37.33* (0.42) Δ4.59 20.69 ± 0.08 (1.45) Δ4.89 Δ0.30 

UV10 18.04 ± 0.08 (1.52) 37.28* (0.44). 25.61 ± 0.08 (1.41) Undet. Δ7.57 25.72 ± 0.12 (1.50) Δ7.68 Δ0.11 

 
3′ assay 

 
sRT / loRT NRT ΔCq PIC ΔsRT / loRT - PIC 

UV0 15.74 ± 0.28 (1.08) Undet. - 27.51 ± 0.01 (1.01) Δ11.77 

UV5 16.75 ± 0.05 (1.12) Undet. - 28.83 ± 0.06 (0.97) Δ12.09 

UV10 20.57 ± 0.08 (1.06) Undet. - 33.07 ± 0.30 (0.87) Δ12.51 

 
5′ assay Established assay 3′ assay 

Slope -3.80 -3.62 -3.58 

y-intercept 41.99 40.15 42.15 

R2 1.000 0.999 0.997 
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The complete multi-target sRT/loRT-qPCR in parallel to the plaque infectivity 

assay was applied to GA samples before/after UV-treatment as three independent 

runs (see Figure 43). The results reflect earlier findings in that sRT always 

overestimated the levels of infectious virus before/after UV, while the loRT of the 5′ 

assay showed a closer relationship to the infectivity assay than the 3′ and established 

assays but interpretation is hindered again by the presence of “background signal” in 

PIC controls. At this point, critics may argue that loRT-qPCR is no more informative 

than sRT-qPCR at estimating infectivity as even with PIC deductions loRT still 

overestimated levels of infectious virus by 4-5 log10 units. However, as absolute 

quantitative values are derived from Cqs that have been altered by mathematical 

calculations obtained from a standard curve, it is worth returning to the Cq data to 

find an alternative insight (see Figure 44). 

For example, the difference between sRT and PIC Cq values reported in the 

established assay in GA after 10 min UV-treatment for one sample was Δ5.77. In 

terms of Cq, this is a significant difference and the user naturally treats them as two 

different results. PIC represents < 3 % of the sRT signal in this sample and 

with/without deducting it from the quantitative value, sRT still reported levels of 

virus in excess of 107 genome copies/ml thus the presence of PIC did not impact sRT 

in this case. While the plaque infectivity assay reported total virus inactivation after 

10 min of UV-treatment, direct comparison of quantitative results shows that loRT 

grossly overestimated the levels of infectious virus by 4-6 log10 units. Quantitative 

levels of virus detected by loRT before and after PIC deductions were 1.27 × 106 and 

8.34 × 104 genome copies/ml respectively; PIC represents 93.41 % of the loRT 

signal. However, the Cq difference between loRT and PIC is only Δ0.12, which is a 

common variation seen even among technical replicates. Where loRT-qPCR has 

been demonstrated by other studies to estimate virus infectivity after subtracting 

“background signal” we thus assume that a Cq cut-off point for PIC was used, 

whether that be greater than or equal to, or within an arbitrary figure (e.g. 3.33-10 

Cq) of the user-specified signal. However, because the exact nature of PIC is not 

fully understood, herein we ask if this is how one should conclude their RT-qPCR 

findings? It should be noted that PIC is not a constant value and can even exceed the 

total user-specified signal, particularly in loRT samples after UV-treatment. 
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(i)  

(ii)  

Figure 43 Effect of UV-light on the quantitative detection of GA by sRT/loRT-qPCR and plaque infectivity 

assay (CI = 106 pfu/ml). GA samples at a starting concentration of 106 pfu/ml was treated with/without UV (0, 5 

and 10 min) and subjected to two-step (i) sRT and (ii) loRT-qPCR in parallel to the plaque infectivity assay. 

Results are expressed as mean quantitative values ± standard error (n = 3); NRT and NTC controls remained 

undetected. Bars labelled as |genome copies/ml| have PIC values deducted from quantitative results; PIC as a % 

of the user-specified-RT signal is represented on the secondary axis ± standard error. The tLOD of the sRT/loRT-

qPCR and infectivity assays shown here are 200 genome copies/ml and 1 pfu/2 ml respectively.  
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Figure 44 Cq comparison of sRT, loRT and PIC for multi-target RT-qPCR assays. GA samples before 

(UV0) and after UV-treatment for 5 and 10 mins (UV5 and UV10 respectively) were subjected to the multi-target 

sRT/loRT-qPCR assay. Results of these assays and their corresponding PICs are reported as mean Cq ± standard 

error (n = 3).  
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4.3.6. Concluding remarks 

Perhaps due to scientific methods already employing negative controls such as 

non-reverse-transcriptase (NRT) and non-template controls (NTC), and the 

preference of using one-step systems over two-step, the application of PIC to RT-

qPCR studies is not common practice in the scientific community and rather under-

reported in the literature. Based on prior knowledge that VPg can act as a primer for 

VP1 translation in HuNoV and that it is strongly correlated to infectivity, the cause 

for primer-independent priming was initially suspected to be related to the VPg-

tyrosine complex acting as an RT primer. However, our study shows that this non-

specific priming occurs in GA, which lacks the VPg protein. “Background priming” 

was also reported in RT-PCR of bovine viral diarrhoea virus (BVDV) and dengue 

virus (DENV) among others (Frech and Peterhans, 1994; Peyrefitte et al., 2003), and 

in RT-qPCR of MS2, PV-1, MNV and HuNoV as mentioned in Chapter 1, thus 

showing it is not an issue restricted to any specific class of virus. This is a dilemma 

for studies that require sensitive and specific quantification of low-copy number 

nucleic acids, such as expression of rare mRNAs, and monitoring of low-infectious-

dose pathogens such as HuNoV. 

While developments and results from previous chapters showed the potential of 

loRT-qPCR over the current standard method in quantifying levels of infectious 

virus, here we show that genome integrity detected by a 5′ assay loRT cannot infer 

infectivity due to interference of some inherent “background signal”. Nonetheless, 

we have developed working RT-qPCR assays for the 3′ and 5′ regions of GA with 

similar qPCR sensitivity and performance to the established assay. Molecular 

standards from purified PCR products were also made available but would preferably 

be engineered into dsDNA plasmids for long-term storage and handling. 
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The detection and quantification of non-culturable virus in food and 

environmental samples heavily relies on the power of sensitive and specific 

molecular detection methods, particularly pertaining to the extremely low infectious 

dose of HuNoV (< 100 virus particles). Comparative analysis of estimated assay 

sensitivities of molecular methods rank RT-qPCR as the method-of-choice to detect 

target pathogen in clinical outbreak investigations (Knight et al., 2012). In shellfish 

monitoring, such complex matrices require various pre-treatments to remove organic 

and inorganic components before the nucleic acid extraction step. As RT-qPCR 

requires the template RNA to be intact for subsequent detection, the proper storage 

and handling of the viral RNA is of utmost importance due to the labile nature of 

RNA to degradation by ubiquitous RNase, temperature and/or pH changes etc. The 

European Committee for Standardization (CEN) has issued the standard method 

ISO/TS-15216 for the monitoring of HAV and HuNoV in foodstuffs and is currently 

based on a one-step (short-range target) RT-qPCR system. A similar sRT-qPCR 

assay has also been established for F-RNA bacteriophage, genogroup II (GA) that 

was used as a surrogate virus in our study. However, as we and others have 

demonstrated, sRT-qPCR can overestimate levels of infectious virus typically by 1-2 

log10 units more than those reported by the infectivity assay, while in contrast, a 

newly developed long-range target RT (loRT) qPCR assay provided a better estimate 

of the infectious virus count (see Figure 18). The loRT was carried out as a two-step 

RT-qPCR assay and the system was validated by performing a two-step sRT-qPCR 

in parallel to the current established methods. dsDNA plasmids were also designed 

in-house as quantitative standards and for the generation of exogenous-control (EC) 

RNA to measure qPCR inhibition. 

Application of sRT/loRT-qPCR to UV-treated samples showed that sRT had 

virtually no correlation to virus concentrations before/after UV-treatment (see Figure 

24). While loRT showed the potential to minimise the risk of overestimation by PCR, 

it too reported 3.29 log10 units more GA virus than expected after UV-inactivation 

compared to the plaque infectivity assay. This result conflicted with reports from 

other studies that showed higher degradation rates by loRT and even total loss of 

signal within the UV-dose/time range of their test method (Simonet and Gantzer, 

2006; Wolf et al., 2009). We believed this fault was not due to a miscalculation of 

the loRT quantification method but an oversight of our assay design, which was 
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amended to cover the whole length of the genome and performed as a multi-target 

RT-qPCR approach. We took the opportunity to apply sRT/loRT-qPCR to secondary 

wastewater (WW) with/without treatment from a lab-scale pulsed-UV (PUV) system 

to assess its performance in environmental samples. Because of the possible 

shielding effect of total suspended solids (TSS) to virus particles from UV-light, the 

inhibitory effect of TSS on molecular detection by qPCR and the formation of virus 

aggregates that prevent virus particles from permeating through the filter during virus 

concentration, the importance of using an internal process control (IPC) virus and 

exogenous control (EC) RNA to extrapolate meaningful data from virus detected in 

WW samples was highlighted in this study (see Table 17). In WW samples 

containing 107 GA pfu/100 ml and the lowest levels of TSS (38 mg/ml), no PCR 

inhibition was observed in GA RT-qPCR and IPC recovery was ≈ 92-100 %; 

overestimation of infectious virus after a maximum of 120 sec HRT was reported as 

2.26 log10 units using sRT versus 1.04 log10 units using loRT (see Figure 27). 

To increase the coverage of the molecular assay, qPCR targets were intended for 

the 5′ and 3′ regions of the GII and GA viral genomes and combined with the loRT 

approach. Because of the nature of viruses to exploit the host cell’s replication 

mechanisms and evade detection, they are known to have adapted smaller genomes 

and high spontaneous mutation rates. Among +ssRNA viruses, HuNoV displays 

unusually high sequence variability with sequence differences in their capsid gene as 

high as 14, 44 and 61 % for members of the same strain, genotype and genogroup 

respectively (Karst, 2010). Sequence analysis of Calicivirus genomes have identified 

conserved secondary structures at the 5′ and 3′ regions that are always problematic 

for primer design, including the VPg at the 5′ terminal that may or may not 

physically prevent primer annealing. While VPg is absent on F-RNA bacteriophages, 

the multiple attempts to amplify the 5′ region for just GA and the unexpectedly poor 

RT priming performance of LV3T compared to the 3′ assay reverse primer, showed 

how intricate qPCR assay design for viruses can be. Due to the challenges with GII 

qPCR assay design, 5′ and 3′ assays were developed for GA only to demonstrate 

proof-of-concept. Studies looking to apply the multi-target loRT-qPCR to their 

pathogen-of-interest should place importance on selecting suitable qPCR target sites 

that will form a sustainable test method while still maintaining acceptable qPCR 

assay performance measures. 
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Another challenge we faced was the very different performance of primers and 

probes in various qPCR chemistries. Although all other conditions were constant, a 

simple choice of using one RT-qPCR kit over another manufacturers’ resulted in a 

difference of up to Δ14 Cq for the same sample. In another case, one-step or two-step 

systems using identical brands of RT and qPCR enzymes also resulted in a Δ5 Cq 

discrepancy. While the former can be attributed to having different RT enzymes, 

each with its own genetic modifications for increased stability etc., the different 

performances of Roche one-step and two-step RT-qPCR kits with TMB primers is a 

bit more puzzling. With the exception of stating the enzyme used, the majority of the 

components and their concentrations in the kits are not disclosed which make it 

inflexible to trouble-shoot or optimise. MIQE guidelines encourage investigators to 

report the exact chemical composition of their qPCR buffers/kits, especially the 

concentrations of Mg2+ which help stabilise nucleic acid hybridisation. 

Results from the application of the multi-target sRT/loRT-qPCR to GA 

before/after UV-treatment were not as expected, in that high levels of virus were 

reported even after total virus inactivation for all loRT assays. Incorporation of two 

RT negative controls revealed the issue of “background signal” in the primer-

independent control (PIC), which represented ≈ 77-81 % of the 5′ loRT signal and 

hindered our original project’s goals. The problem faced here is not unknown in the 

scientific community but is not commonly addressed and severely under-reported in 

the literature considering that it has been an emerging issue since as early as the 

1980s. Obvious alterations to the RT temperature, choice of enzyme, use of 

enhancers etc. have been tested here and by others but all studies concur that 

“background priming” is not associated as much to the RTase enzyme, but an 

inherent property of the RNA template itself. Some hypothesise that “false-priming” 

by short cellular nucleic acids or dNTP is responsible for the “background signal”. 

However, a thorough RT-qPCR study that quantified cell-free dengue virus (DENV) 

mixed with different fractions of total cellular RNA reverse transcribed with/without 

primer (exogenous and endogenous priming respectively) showed no variation in the 

relative levels between the two and also reported that endogenous priming 

represented 65 ± 15 % of the cDNA production (Tuiskunen et al., 2010). In the same 

study, they hypothesised that endogenous priming is actually attributed to self-

priming of the RNA molecule in that the nucleotides at the 3′ end of the RNA 
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molecule fold or “snap-back” onto itself to produce a short but temporary dsRNA 

site for RTase binding. cDNA reverse transcribed from an artificial in-vitro DENV 

RNA transcript was synthesised with an RT primer and under polyacrylamide gel 

analysis showed to be a mixture of two products, while only the smaller product was 

present in RT reactions without primer. The endogenous primed cDNA was ≈ 10 nt 

shorter than the exogenous primed cDNA, and as RNA-dependent DNA polymerases 

such as AMV RTase can initiate on sequences as short as 4 nt, this supported the 

“snap-back model” hypothesis. This also indicated that self-priming occurs even in 

the presence of an RT primer and leads us to question as to whether self-priming is in 

competition with the RT primer and if it can be displaced by saturation of the latter? 

The DENV-2 transcript used in this study was engineered to contain the 3′ UTR, thus 

Tuiskunen et al. analysed cDNA from in-vitro transcripts lacking either UTRs and 

had no predictions for any significant secondary structures using Mfold, however 

self-priming was observed even then. Given that various positive- and negative-sense 

viruses report this same phenomenon, this evidence coincides with self-priming 

occurring at any 3′ terminal region. What is unclear however is, that if self-priming 

occurs at 3′ ends of RNA, does this also occur at 3′ ends of DNA and is it random or 

are there certain factors/conditions that govern self-priming such as a sequential 

sequence of complementary bases at the 3′ region (e.g. AAAATTTT)? Because UV-

induced damage causes cross-linkages and breakages, self-priming can essentially 

produce cDNA fragments in excess of those produced by the loRT primer. 

While some studies suggest using a tagged RT-primer containing an additional 5′ 

extension not normally found on the RNA sequence, during which qPCR will use a 

corresponding primer that matches the tag sequence (Lim et al., 2013; Lin et al., 

2002). An alternative to tagged-primers is the use of sequence-modifying primers 

followed by subsequent melt-curve analysis to distinguish between user-specified 

and self-primed cDNA (Feng et al., 2012). While both techniques are promising 

strategies to overcome self-priming in sRT-qPCR, their application to the 5′ assay 

loRT entails performing long-amplicon qPCR on the whole genome and is not an 

ideal solution to eliminate self-priming in our study nor suitable for routine 

monitoring of HuNoV in environmental samples. Considering the popular use of RT-

qPCR and the need for accurate detection and quantification of target nucleic acids, 

we believe more emphasis should be made to bring awareness to self-priming in RT 
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to investigators and encourage research into methodologies to address it and/or 

enable data normalisation. An early suggestion to improve cDNA synthesis 

specificity was proposed to use membrane- or bead-immobilised RNA as a template 

for RT but has not been executed to our knowledge (Frech and Peterhans, 1994). A 

potential concept could be to immobilise the RT primer of choice on a carrier 

instead, perform RT followed by a purification or wash step to remove self-primed 

hybrids from the RT-primed cDNA, followed by a release step and/or RNase 

digestion to prepare user-specified cDNA. Other advice to minimise the occurrence 

of self-priming include increasing the RT reaction temperature (thermophilic RT 

approach), use of minimal dNTP and Mg2+. 

In the absence of a protocol to address Cq and quantitative data obtained from 

PIC, we can only recommend that RT-qPCR assays be developed on two-step 

systems so that results from analytical samples will have a record of Cq values from 

exogenous- and endogenous-priming and be reported with their findings. While it is 

up to the investigator to interpret positive signal in PIC at his/her discretion, a 

minimum difference of ≈ 6.66 or 10 Cq corresponding to a theoretical 1.0 or 0.1 % 

respectively between user-specified RT and PIC signals is our guideline criteria to 

allow reasonable data interpretation with minimal impact from self-priming. Cq 

values close to the limit of detection should evidently be examined before making a 

positive/negative call. Without understanding the full nature of PIC at the time, we 

felt that it would have been inaccurate to disregard the “background signal” in our 

loRT analysis and make any solid conclusions on our original hypothesis without 

highlighting this issue. In any case, our study still demonstrates that loRT provides a 

better estimate of infectious virus than the current established methods, highlights the 

importance of using positive and negative molecular controls at the appropriate 

stages of analysis, and cautions the analyst to review their Cq data before making any 

inferences on quantitative data. In regards to recent advances in HuNoV culturing, 

one study demonstrated replication of HuNoV particles in human B cells in the 

presence of commensal enteric bacteria (Jones et al., 2015). Although mammalian 

cell culturing is known to be fastidious and may not be applicable in routine 

monitoring laboratories, it is certainly a step forward to better understand HuNoV 

infectivity as the majority of its research has mainly been substituted by surrogate 

viruses. 
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Irish Division of the SGM: Microbial Interphases Meeting, National University of 

Ireland Galway, June 2015. “Genomic integrity of viruses as detected by RT-qPCR 

and its relationship to infectivity before/after UV-treatment” – division winner 

awarded “Young Researcher Best Overall Oral Presentation”. 

Environmental Sciences Association Ireland (ESAI), 24th Irish Environmental 

Researchers Colloquium ENVIRON Conference, Trinity College Dublin, Ireland, 

February 2014. “Development and application of a real-time PCR-based method to 

estimate levels of infectious norovirus in environmental samples”. 

A. 2. POSTER PRESENTATIONS 

Lee, C. S, Keaveney, S., Doré, W., O’Flaherty, V., and Smith, C. “Genomic integrity 

of viruses as detected by RT-qPCR and its relationship to infectivity before/after UV-

treatment”. International Society for Food and Environmental Virology (ISFEV), 4th 

Food and Environmental Virology Conference, Ionian Academy, Corfu, Greece, 

September 2014. 

Lee, C. S, Keaveney, S., Doré, W., and O’Flaherty, V. “Methods to estimate 

infectious and non-infectious norovirus in environmental samples”. ESAI, 23rd Irish 

Environmental Researchers Colloquium ENVIRON Conference, Ryan Institute, 

National University of Ireland Galway, January 2013. 
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All media were labelled with the medium type/name code, batch number and 

expiration date and prepared in 1 litre volumes unless stated otherwise. Details of the 

ingredients used (name, batch, quantity) were recorded on internal Media/Reagent 

Preparation Record forms with print-outs from the autoclave and mediaclave which 

were also recorded in the sterilisation log sheets. Quality control (QC) was carried 

out on each batch using the appropriate positive controls in duplicate and sterility 

testing was performed by incubating un-inoculated media at the appropriate 

temperatures and times (see Table 37). 

Table 37 Relevant controls, conditions and growth characteristics of media used. 

  

Media 
Temp and 

Time 

Positive 

Control 
Result 

Negative 

Control 
Result 

LB 

37 ± 1 °C 

22 ± 2 hours 

Escherichia coli 

(ATCC 25922) 

Growth 

(turbidity) 
Uninoculated No growth 

NPEP 

TYGB 

TYGA1 

TYGA2 

MAC 
37 ± 1 °C 

22 ± 2 hours 

Enterococcus 

faecalis 

(ATCC 29212) 

Red 
colonies 

Uninoculated No growth 
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B. 1. GENERAL MEDIA AND REAGENTS 

B.1.1. 1 M Sodium Hydroxide solution (NaOH) 

To prepare 250 ml of medium: 

1.) Weigh out 10 ± 0.1 g sodium hydroxide (Fluka, 38215). 

2.) Dissolve completely in 250 ± 1 ml distilled water in a flask using a 

magnetic stirrer. 

3.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

4.) Store at room temperature for a recommended maximum of six months. 

B.1.2. Phosphate Buffered Saline solution (PBS) 

1.) Dispense 10 tablets of phosphate buffered saline (Oxoid UK, BR0014). 

2.) Dissolve completely in 1000 ± 10 ml distilled water in a flask using a 

magnetic stirrer. 

3.) Sterilise the medium by autoclaving at 115 ± 2 °C for 10 min. 

4.) Following autoclaving and cooling, check an aliquot of the sterilised 

medium to confirm it is at the correct pH (7.3 ± 0.2) before use. 

5.) Store at 5 ± 3 °C for three months. 

B.1.3. Neutralised bacteriological Peptone 0.1 % (w/v) solution (NPEP) 

1.) Weigh out 1.0 ± 0.1 g neutralised bacteriological peptone (Oxoid UK, 

LP0034). 

2.) Dissolve completely in 1000 ± 10 ml distilled water in a flask using a 

magnetic stirrer and aliquot out into 50 ml or 100 ml volumes as required. 

3.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

4.) Following autoclaving and cooling, check an aliquot of the sterilised 

medium to confirm it is at the correct pH (7.3 ± 0.2) before use. 

5.) Store at 5 ± 3 °C for three months. 
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B. 2. SPECIFIC REAGENTS FOR F-RNA CULTURING AND PLAQUE INFECTIVITY ASSAY 

B.2.1. Calcium Glucose solution (CAGL) 

To prepare 100 ml of medium: 

1.) Weigh out 3 ± 0.1 g calcium chloride dihydrate (Sigma, C7902) and 10 ± 

0.1 g D+ glucose (Fluka, 49140). 

2.) Dissolve completely in 100 ± 1 ml distilled water in a flask using a 

magnetic stirrer. 

3.) Filter sterilise using a 0.22 μm filter and syringe. 

4.) Aliquot out into 7 ml single-use bijou in 5 ml volumes. 

5.) Store in the dark at 5 ± 3 °C for three months. 

B.2.2. MacConkey agar (MAC) 

1.) Weigh out 52 ± 0.5 g MacConkey agar (Oxoid UK, CM0007). 

2.) Dissolve completely in 1000 ± 10 ml distilled water in a media clave bucket 

using a magnetic stirrer. 

3.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

4.) Once the medium has cooled to 48 ± 2 °C, add 10 ml 1 M Sodium 

Hydroxide solution (NaOH) and mix using a magnetic stirrer. 

5.) Pour the medium into sterile petri dishes (approx. 20 ml/plate). 

6.) Leave to cool at room temperature until media is solid (approx. 1 hour). 

7.) Following cooling, check a plate of the sterilised medium to confirm it is at 

the correct pH (7.3 ± 0.2) before use. 

8.) Store at 5 ± 3 °C for one month. 

B.2.3. Tryptone Yeast-extract Glucose broth (TYGB) 

1.) Weigh out 10 ± 0.1 g tryptone (Oxoid UK, LP0042), 1 ± 0.1 g yeast-extract 

(Oxoid UK, LP0021) and 8 ± 0.1 g sodium chloride (Sigma, S5886). 

2.) Dissolve completely in 1000 ± 10 ml distilled water in a flask using a 

magnetic stirrer and aliquot out into 50 ml or 100 ml volumes as required. 

3.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

4.) Following autoclaving and cooling, check an aliquot of the sterilised 

medium to confirm it is at the correct pH (7.3 ± 0.2) before use. 

5.) Store at 5 ± 3 °C for three months. 
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B.2.4. Tryptone Yeast-extract Glucose agar, single-strength (TYGA1) 

1.) Weigh out media from Tryptone Yeast-extract Glucose broth (TYGB) 

and add 10 ± 0.1 g bacteriological agar (Oxoid UK, LP0011). 

2.) Dissolve completely in 1000 ± 10 ml distilled water in a flask using a 

magnetic stirrer and aliquot out into 50 ml or 100 ml volumes as required. 

3.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

4.) Following autoclaving and cooling, check an aliquot of the sterilised 

medium to confirm it is at the correct pH (7.3 ± 0.2) before use. 

5.) Store at 5 ± 3 °C for three months. 

B.2.5. Tryptone Yeast-extract Glucose agar, double-strength (TYGA2) 

1.) Weigh out media from Tryptone Yeast-extract Glucose broth (TYGB) 

and add 20 ± 0.1 g bacteriological agar (Oxoid UK, LP0011). 

2.) Dissolve completely in 1000 ± 10 ml distilled water in a flask using a 

magnetic stirrer. 

3.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

4.) Once the medium has cooled to 48 ± 2 °C, add 10 ml 1 M Sodium 

Hydroxide solution (NaOH) and mix using a magnetic stirrer. 

5.) Pour the medium into sterile petri dishes (approx. 20 ml/plate). 

6.) Leave to cool at room temperature until media is solid (approx. 1 hour). 

7.) Following cooling, check a plate of the sterilised medium to confirm it is at 

the correct pH (7.3 ± 0.2) before use. 

8.) Store at 5 ± 3 °C for one month.  
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B. 3. SPECIFIC REAGENTS FOR PCR STANDARD PREPARATION AND CLONING 

B.3.1. Lysogeny Broth (LB) – Lennox formulation 

1.) Weigh out 10 ± 0.1 g tryptone (Oxoid UK, LP0042), 5 ± 0.1 g yeast-extract 

(Oxoid UK, LP0021) and 5 ± 0.1 g sodium chloride (Sigma, S5886). 

2.) Dissolve completely in 900 ± 10 ml MBG water in a flask using a magnetic 

stirrer. 

3.) Adjust pH to 7.0 as necessary using 1 M Sodium Hydroxide solution 

(NaOH) then make up to a final volume of 1 litre. 

4.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

5.) Following autoclaving and cooling, check an aliquot of the sterilised 

medium to confirm it is at the correct pH (7.3 ± 0.2) before use. 

6.) Store at 5 ± 3 °C for three months. 

7.) If LB with 100 μg/ml ampicillin is required (LB Amp broth), add 1 ml 100 

mg/ml Ampicillin ready-made solution (Sigma, A5354) and mix using a 

magnetic stirrer; store at 5 ± 3 °C for one month. 

B.3.2. Lysogeny Broth agar with 100 μg/ml Ampicillin (LB Amp agar) 

1.) Weigh out media from Lysogeny Broth (LB) and add 15 ± 0.1 g 

bacteriological agar (Oxoid UK, LP0011). 

2.) Dissolve completely in 900 ± 10 ml distilled water in a flask using a 

magnetic stirrer. 

3.) Adjust pH to 7.0 as necessary using 1 M Sodium Hydroxide solution 

(NaOH) then make up to a final volume of 1 litre. 

4.) Once the medium has cooled to 48 ± 2 °C add 1 ml 100 mg/ml Ampicillin 

ready-made solution (Sigma, A5354) and mix using a magnetic stirrer. 

5.) Pour the medium into sterile petri dishes (approx. 20 ml/plate). 

6.) Leave to cool at room temperature until media is solid (approx. 1 hour). 

7.) Following cooling, check a plate of the sterilised medium to confirm it is at 

the correct pH (7.3 ± 0.2) before use. 

8.) Store at 5 ± 3 °C for one month. 

9.) Prior to use, spread 100 μl 100 mM IPTG solution and 20 μl 50 mg/ml X-

Gal solution over the surface of the LB Amp plate and incubate for 30 min 

at 37 °C incubator to allow the IPTG and X-Gal to absorb into the medium.  
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B.3.3. 1X Tris-Borate-EDTA buffer (TBE) 

1.) Measure 100 ml 10X Tris-Borate-EDTA buffer (Sigma, T4415). 

2.) Dilute to a final volume of 1000 ± 10 ml using MBG water in a flask using a 

magnetic stirrer. 

3.) Store at room temperature for a recommended maximum of six months. 

B.3.4. X% Agarose Gel with 0.3 μg/ml Ethidium Bromide (EtBr) 

To prepare 100 ml of medium: 

1.) Weigh out X g of agarose powder (Promega, V3125). 

2.) Dissolve completely in 100 ml 1X TBE in a flask using a magnetic stirrer. 

3.) Store at room temperature for a recommended maximum of six months. 

4.) Prior to use, heat the mixture in a microwave until the solution turns clear. 

5.) Once the medium has cooled to 48 ± 2 °C add 3 μl 10 mg/ml UltraPure™ 

Ethidium Bromide (Invitrogen™, 15585011) 

6.) Mix thoroughly by gentle swirling before pouring into a gel cast. 

B.3.5. 100 mM IPTG solution 

To prepare 50 ml of medium: 

1.) Weigh out 1.19 g isopropyl β-D-1-thiogalactopyranoside (Sigma, I6758). 

2.) Dissolve completely in 50 ± 0.1 ml MBG water and mix by gentle swirling. 

3.) Filter sterilise using a 0.22 μm filter and syringe. 

4.) Aliquot out into 1.5 ml single-use aliquots in 1 ml volumes. 

5.) Store at 5 ± 3 °C for three months. 

B.3.6. 50 mg/ml X-Gal solution 

To prepare 2 ml of medium: 

1.) Weigh out 100 mg 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

(BCIG) (Sigma, B4252). 

2.) Dissolve completely in 2 ± 0.1 ml N, N’-dimethylformamide (Sigma, 

D4551) in a glass universal bottle with a fitted aluminium screw cap and 

mix by gentle swirling. 

3.) Cover bottle with aluminium foil and store in the dark at -20 °C for a 

recommended maximum of six months.  
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B.3.7. 10 mM (each) dNTP mix 

To prepare 1000 μl: 

1.) Add 100 μl of each 100 mM dNTP (Promega, U1420) into a nuclease-free 

microtube. 

2.) Dilute to a final volume of 1000 ± 2 μl using MBG water and mix using a 

vortex. 

3.) Centrifuge briefly to collect contents and aliquot out into 50 μl or 100 μl 

volumes as required. 

4.) Store at -20 °C for a recommended maximum of six months.  
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B. 4. SPECIFIC REAGENTS FOR FILTER ADSORPTION-ELUTION METHOD 

B.4.1. 50 mM Glycine-NaOH (pH 9.5) with 1 % beef extract buffer 

1.) Weigh out 3.75 g glycine (Sigma-Aldrich UK, 410225) and 10.0 g beef 

extract (Sigma-Aldrich UK, B4888). 

2.) Dissolve completely in 900 ± 10 ml MBG water in a flask using a magnetic 

stirrer. 

3.) Adjust pH to 9.5 as necessary using 1 M Sodium Hydroxide solution 

(NaOH) then make up to a final volume of litre. 

4.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

5.) Store at 5 ± 3 °C for one month. 

B.4.2. 1 M Hydrogen Chloride solution (HCl) 

1.) Measure 82 ml 37 % hydrochloric acid (Sigma-Aldrich UK, 258148). 

2.) Dilute to a final volume of 1000 ± 10 ml using MBG water in a flask. 

3.) Store at room temperature for a recommended maximum of six months. 

B.4.3. 2.5 M Magnesium Chloride solution (MgCl2) 

1.) Weigh out 238.02 magnesium chloride (Sigma-Aldrich UK, 208337). 

2.) Dissolve completely in 1000 ± 10 ml MBG water in a flask using a 

magnetic stirrer. 

3.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

4.) Store at 5 ± 3 °C for one month. 

B.4.4. 0.14 M Sodium Chloride solution (NaCl) 

1.) Weigh out 8.18 g sodium chloride (Sigma, S5886). 

2.) Dissolve completely in 1000 ± 10 ml MBG water in a flask using a 

magnetic stirrer. 

3.) Sterilise the medium by autoclaving at 121 ± 2 °C for 15 min. 

4.) Store at room temperature for a recommended maximum of six months. 
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C. 1. EVALUATION OF LENTICULE™ DISCS AS HUNOV STARTING MATERIAL 

C.1.1. Introduction 

As HuNoV is not currently culturable, high concentrations of GI and GII starting 

material for the project had to be commercially sourced. Use of control dried plano-

convex LENTICULE™ discs containing HuNoV isolated from human faecal 

material (FM) in the range of 104 to 105 genome copies/ml demonstrated stable and 

convenient handling of norovirus positive material for RT-qPCR (Hartnell et al., 

2012) thus they were proposed as starting working material for use in the sRT/loRT-

qPCR approach. However, initial evaluation of the discs resulted in negative 

detection for GII not observed in GI when using the loRT primer for norovirus 

(modified oligo-dT, NVdT) even though both genotypes have a poly-A tail. 

C.1.2. Materials and Methods 

To examine if NVdT was functioning in GII reactions, individual GI and GII 

discs were prepared following the manufacturer’s instructions in addition to a sample 

containing a mix of both discs (LMX). Discs were resolubilised in 1 ml of PBS, 

mixed for 30 sec, left to stand for 10-20 min, and briefly mixed again prior to use. 

Using methods described in Chapter 2, RNA extractions were carried out to achieve 

100 μl RNA of each sample, then reverse transcribed using sRT and loRT primers. 

qPCR using the GI and GII assay was used to test the single and combined disc 

samples (see Figure 45). 

 

Figure 45 Workflow to investigate suitability of lenticule discs.  

GI/ GII  / LMX 

solubilised in 1 ml PBS 

Viral RNA extraction = 100 μl RNA each 

qPCR using GI and GII assays 

RT using sRT (PR) and loRT (NVdT) 

for each sample except where stated 
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C.1.3. Results and Discussion 

Although no issues occurred while using the GI LENTICULE™ disc, 

amplification consistently failed for the GII LENTICULE™ disc when using the 

NVdT primer (see Table 38). 

Table 38 sRT/loRT-qPCR results of GI and GII LENTICULES™. Results are expressed as mean Cq values 

± standard deviation. 

 

GI assay GII assay 

sRT loRT sRT loRT 

dsDNA 

(+) control 
20.67 ± 0.03 N.D. 23.07 ± 0.08 N.D. 

GI disc 33.91 ± 0.11 35.07 ± 0.26 N.D. N.D. 

GII disc N.D. N.D. 36.38 ± 0.93 Undet. 

LMX N.D. 35.49 ± 0.21 N.D. Undet. 

A possible reason for poor results may be to do with high secondary structures at 

the 3′ terminal, thus the RT temperature was increased from 50 to 55 °C but this 

resulted in lower GI loRT signal while GII loRT remain unchanged (data not shown). 

It was then hypothesised that GII genomes were already damaged prior to 

lenticulation resulting in very low concentration of virus with intact poly-A tails for 

loRT detection. This showed that LENTICULES™ were unsuitable for the 

sRT/loRT-qPCR approach and development of the sRT/loRT-qPCR approach was 

restricted to GA until a substitute for GII could be identified. Faecal materials (FM) 

positive for human norovirus were later acquired in the lab and the sRT/loRT-qPCR 

approach was retested on GII-positive FM and LENTICULE™ discs but with no 

success in the latter once again (see Table 39). Thus, FM was chosen as the starting 

working material for this project. (Return to section 2.2.1.3). 

Table 39 sRT/loRT-qPCR results of GII LENTICULE™ and faecal material (FM). Results are expressed as 

mean Cq values ± standard deviation. 

 

GII assay 

sRT loRT 

dsDNA 

(+) control 
23.38 ± 0.29 N.D. 

GII disc 36.20 ± 0.08 Undet. 

GII FM 1E-04 30.31 ± 0.17 32.39 ± 0.08 
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C. 2. OPTIMISATION OF NOVEL LONG-RANGE RT-QPCR ASSAYS 

High concentrations of viral RNA were extracted from GA samples and stored in 

individual aliquots at -80 °C for single-use. Minor optimisations deviating from the 

protocol described by (Wolf et al., 2009) were required for the reverse transcription 

(RT) step (see Table 40). For each optimisation step, a single aliquot was used to test 

a range of reagent concentrations and temperatures which led to the final optimised 

conditions. 

Table 40 Comparison of Cq values of novel GA two-step assays subjected to different RT-qPCR 

conditions. RT conditions were varied to optimise the amplification of the long-range target (loRT) region from 

GA RNA. cDNA was amplified using 500 nM each primer and 250 nM probe in the qPCR mastermix. dsDNA 

and MBG-water were used as positive and negative controls; non-template controls (NTCs) remained undetected. 

 
Cq Mean ± SD 

qPCR 

primers and probe conc. 
sRT (neat) loRT (neat) 

105 dsDNA 

(sRT run) (loRT run) 

500 nM each primer, 250 

nM probe 
14.54 ± 0.03 14.57 ± 0.11 22.56 ± 0.20 22.81 ± 0.27 

250 nM each primer, 150 

nM probe 
14.69 ± 0.01 14.88 ± 0.01 22.66 ± 0.07 22.98 ± 0.08 

RT primer conc. and 

temperature 
loRT (diluted) Standard Curve 

0.5 μM primer, 50 °C 34.64 ± 0.04 Cq at 105 dsDNA = 23.94 ± 0.01 

0.5 μM primer, 55 °C 35.93 ± 0.17 Slope = -3.35 

2.5 μM primer, 50 °C 34.45 ± 0.34 y-intercept = 40.70 

2.5 μM primer, 55 °C 35.94 ± 0.20 R2 = 1.00 

dNTP mix and  

RT enzyme conc. 
loRT (diluted) Standard Curve 

300 μM dNTP, 10 U/μl 35.58 ± 0.37 Cq at 105 dsDNA = 23.56 ± 0.05 

500 μM dNTP, 10 U/μl 34.86 ± 0.37 Slope = -3.43 

300 μM dNTP, 20 U/μl 34.22 ± 0.27 y-intercept = 40.52 

500 μM dNTP, 20 U/μl 33.98 ± 0.14 R2 = 1.00 
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D. 1. EVALUATION OF TMB ASSAYS USING CDNA PRIMED BY RANDOM HEXAMERS 

IN A TWO-STEP RT-QPCR SYSTEM 

D.1.1. Materials and Methods 

Optimised preliminary TMB assays (F/R/TM1 variants) using one-step sRT-

qPCR continued to report late Cq values compared to their established assays when 

using the 5′ and 3′ assays. To eliminate potential problems with varying RT 

efficiencies by the different reverse primers, viral RNA for GII and GA were each 

transcribed with random hexamers (Invitrogen, 48190-011) using the Superscript® 

III RT kit (Invitrogen, 180800) following the manufacturer’s instructions, and 

reassessed with the 5′ and established assays in the two-step RT-qPCR system. Each 

25 μl qPCR reaction contained: 1X ready-to-use Platinum® Quantitative PCR 

SuperMix-UDG buffer (Invitrogen, 11730) (containing Platinum® Taq DNA 

polymerase), 300 forward primer, 500 nM reverse primer, 150 nM of probe, and 5 μl 

sample cDNA. Each sample cDNA was tested in duplicate for each assay on the 96-

well optical plate. qPCR conditions were: (i) an initial denaturation step at 95 °C for 

5 min followed by (ii) 45 cycles of denaturation at 95 °C for 15 sec, and annealing at 

59 °C for 45 sec (or 52 °C for GA 5′). 

D.1.2. Results and Discussion 

Cq values revealed that even when RNA was primed with random hexamers, the 

5′ assays still exhibited considerable delays of ≈ Δ7-9 Cq and low EPFs compared to 

their established assays indicating poor primer or probe design (see Table 41). As the 

simpler and more economical choice would be to test additional primer sets over 

designing a new probe, a second primer pair (set S/A) was designed for each TMB 

assay.(Return to section 4.2.3.2 or 4.3.2.1). 

Table 41 Cq values of GII and GA two-step RT-qPCR assays from cDNA transcribed by random 

hexamers. Results are expressed as mean Cq values ± standard deviation. 

Hex cDNA 

5′ assay Established assay 

Mean Cq ± SD 
Mean 

EPF 
ΔCq Mean Cq ± SD 

Mean 

EPF 
 

GII 28.97 ± 0.13 (0.84) Δ7.81 21.16 ± 0.01 (5.37)  

GA 34.94 ± 0.44 (0.64) Δ9.17 25.77 ± 0.16 (1.20)  
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D. 2. EVALUATION OF QPCR ENHANCERS ON TMB ASSAYS USING CDNA PRIMED 

BY RANDOM HEXAMERS IN A TWO-STEP RT-QPCR SYSTEM 

D.2.1. Materials and Methods 

qPCR enhancers Betaine, BioStab PCR optimizer (II), and DMSO (Sigma-

Aldrich, B0300-5VL, 53833, D9170 respectively) were included in qPCR assays to 

see if they could improve Cq and EPF values for the GA 5′ assay. A mastermix was 

set-up to contain: 1X ready-to-use Platinum® Quantitative PCR SuperMix-UDG 

buffer (Invitrogen, 11730) (containing Platinum® Taq DNA polymerase), 300 each 

primer (S/A), 150 nM of probe (TM1), and 5 μl cDNA generated from random 

hexamers (see section D.1.1) or MBG water, which was then evenly distributed 

among individual tubes containing: no additive (regular), 800 mM Betaine, 1X 

BioStab, 4 % DMSO and made up to a final volume of 25 μl with MBG water. Each 

sample cDNA was tested in duplicate for each assay on the 96-well optical plate. 

qPCR conditions were: (i) an initial denaturation step at 95 °C for 5 min followed by 

(ii) 45 cycles of denaturation at 95 °C for 15 sec, and annealing at 59 °C for 45 sec. 

D.2.2. Results and Discussion 

qPCR enhancers were tested using concentrations recommended by 

manufacturers but resulted in both later Cq values and lower EPFs (see Table 42). 

Because Betaine and DMSO both act to improve strand separation, the experiment 

could have been repeated with lower annealing temperatures, however it was not 

anticipated that this would induce a Cq shift of Δ5 thus RT-qPCR using Roche two-

step RT-qPCR systems were explored.(Return to section 4.2.4.2 or 4.3.3.2). 

Table 42 Comparison of Cq values from two-step RT-qPCR. 

GA 

Hex cDNA 

5′ assay 

Mean Cq ± SD Mean EPF 

Regular 34.38 ± 0.20 (0.54) 

800 mM Betaine 36.76 ± 1.29 (0.26) 

1X BioStab Undet.  

4 % DMSO 35.96 ± 0.20 (0.34) 
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D. 3. NON-SPECIFIC CDNA SYNTHESIS IN REVERSE TRANSCRIPTION 

D.3.1. Materials and Methods 

RT reactions containing no RT primer showed positive signal during qPCR 

despite NRT and NTC controls remaining undetected. To investigate the 

thermostability of the Superscript® III RT enzyme, PIC reactions were set-up with 

(i) the RT enzyme as normal (PIC-Reg) or (ii) heat-treating the RT enzyme at 95 °C 

for 10 min before addition to the RNA sample (PIC-HT). qPCR using the GA 

established assay was carried out on the samples. 

 

Figure 46 Superscript® III thermostability check in PIC controls. RT reactions were set-up so that PIC was 

prepared as a 2X reaction containing the RNA sample, dNTP and MBG water. Following an incubation of 65 °C 

for 10 min and placement on ice, the 2X PIC was divided into two individual tubes to which the RT-B cocktail 

containing Superscript® III RT enzyme, RNase inhibitor and buffer was added to PIC-Reg. The remaining RT-B 

cocktail was heated at 95 °C for 10 min to inactivate Superscript® III and added to the second tube (PIC HT). 

Reverse transcription was carried out at 50 °C for 60 min followed by 70 °C for 15 min. 

D.3.2. Results and Discussion 

Undetected signal in PIC-HT showed that Superscript® III cannot retain its RT 

activity after being denatured at 95 °C and that non-specific cDNA synthesis could 

not have originated from the RT enzyme interacting with the qPCR reverse primer. 

(Return to section 4.3.5.1). 

GA 
Established assay 

Mean Cq ± SD Mean EPF 

PIC-Reg 29.58 ± 0.11 (1.17) 

PIC-HT Undet.   

NTC Undet.   
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