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ABSTRACT OF THE DISSERTATION 

 

Characterizing the Inactivation Profile of BK Polyomavirus 

Through a Molecular Beacon Assay 

 

by 

 

Dane Charles Reano 

 

Doctor of Philosophy, Graduate Program in Microbiology 

University of California, Riverside, August 2016 

Dr. Marylynn V. Yates, Chairperson 

 

Regulations set forth by the United States Environmental Protection Agency (EPA) 

have significantly elevated standards for water treatment by ultraviolet light irradiation 

(UV).  These standards are justified by resistances exhibited by double stranded DNA 

(dsDNA) viruses from the Adenoviridae family to UV treatment at 253.7 nm (UV254), but 

have not been validated by other waterborne microorganisms.  Similarly structured 

microorganisms, like BK Polyomavirus (BKPyV), would allow for such assessments, but 

remain precluded by a lack of traditional infectious assays.  Additionally, the rates of 

seroprevalence in human populations, as well as the modes of excretion, have generated 

interest in the utilization of polyomaviruses as alternative indicators of water quality.   

Integrated assays, such as intracellularly delivered molecular beacons (MB), 

selectively target infectious virions, thereby surmounting limitations in current detection 
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methodologies.  This research describes the development of integrated assays for BKPyV 

to characterize its disinfection profile following exposure to UV254, chlorine, heat, and 

sunlight.  The developed assays were also applied to Adenovirus 2 (Ad2) and Poliovirus 1 

(PV1) following similar treatments.  As expected, the genomic parallels between BKPyV 

and Ad2 resulted in similar resistance to UV254 inactivation, requiring 61.35 and 51.45 

mJ/cm2 to reduce viral titers by an order of magnitude, respectively.  The obtained results 

support current regulations for UV treatment and assess the utility of BKPyV as an 

indicator organism of water quality. 
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CHAPTER ONE:  INTRODUCTION 

A BRIEF HISTORY OF WATER TREATMENT, CURRENT CHALLENGES, AND LIMITATIONS TO 

TREATMENT BY ULTRAVIOLET LIGHT 

The inactivation of waterborne pathogens through the addition of chlorine has 

saved millions of lives worldwide and is credited with halving rates of mortality within the 

United States (Cutler and Miller, 2005; McGuire, 2013).  Although this practice began over 

a century ago, chlorine remains the most widely utilized disinfectant of water due to low 

cost, facile application, and broad effectiveness.  However, the emergence of recalcitrant 

contaminants has supported investigations into alternative forms of water treatment, 

including UV (Freese and Nozaic, 2004). 

In 1993, the contamination of Milwaukee’s drinking water by Cryptosporidium 

resulted in an estimated 400,000 incidents of gastrointestinal illness.  Interestingly, the 

water supply met all microbiological standards and exhibited inconclusive signs of 

contamination.  Here, routine chlorination failed to deliver clean water due to resistances 

exhibited by Cryptosporidium parasites (Mac Kenzie et al., 1994).  Similarly, many 

pharmaceuticals and personal care products remain recalcitrant to chlorine (Huber et al., 

2005).  Chlorination can also select for antibiotic resistant microorganisms in wastewater 

treatment plants (Huang et al., 2011).  Finally, concerns regarding the formation of 

disinfection by-products, such as chloroform and other trihalomethanes, remain (Freese 

and Nozaic, 2004).  Although no ideal form of water treatment exists, UV remains a viable 

alternative to assuage these concerns. 



2 
 

The first application of UV to treat water also occurred over a century ago, but was 

overshadowed by the effectiveness of chlorine.  Unlike chlorine, traditional UV inactivates 

microorganisms primarily through inducing genomic damage.  The application of an 

electrical current to liquid mercury suspended in an inert gas generates photons from a 

subset of the UV light spectra (100 – 400 nm) at 253.7 nm (UV254).  Energy from UV254 

photons are primarily absorbed into pyrimidine bases of nucleic acids to generate 

cyclobutane pyrimidine dimers, and occasionally pyrimidine-pyrimidone 6-4 

photoproducts (Fig. 1.1).  The formation of these photoproducts sterically inhibits genome 

replication and transcription, thereby leaving a viable organism unable to propagate 

(Schuch and Menck, 2010).  The universal presence of a genome makes water treatment 

by UV254 an effective means of inactivating chlorine resistant microorganisms, like 

Cryptosporidium (Hijnen et al., 2006).  Similarly, UV254 does not select for antibiotic 

resistant genes and yields few, if any, disinfection by-products (Huang et al., 2013; 

Reckhow et al., 2010).  However, resistances exhibited by adenoviruses to UV254 have 

significantly elevated standards for all UV water treatment standards in the USA (United 

States Environmental Protection Agency, 2005).   

Adenoviruses are unenveloped dsDNA viruses of over 50 species spread over six 

subgroups (A-F). Adenoviruses 40 and 41, from subgroup F, are second only to rotaviruses 

as etiological agents of gastrointestinal illnesses and require over 186 mJ/cm2 to achieve 

99.99% (four-log) reduction in viral titers (Bounty et al., 2012).  Comparatively, 

rotaviruses are double-stranded RNA viruses that also lack an envelope, yet require less 

than 40 mJ/cm2 to achieve four-log inactivation similar to most other microorganisms 
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(Johnson et al., 2010). This resistance served as the impetus for elevating all UV treatment 

standards from 40 to 186 mJ/cm2, as stated in the Long Term 2 Enhanced Surface Water 

Treatment Rule (LT2) (United States Environmental Protection Agency, 2005).  

Interestingly, adenoviruses may not actually be resistant to UV254, but rather, induced 

genomic damage is repaired by host cells during subsequent infection (Eischeid et al., 

2011).  Adenoviruses are not only susceptible to other forms of UV treatment which target 

viral proteins, but also lose resistance to UV254 when assayed in genome repair deficient 

cells (Rainbow, 1980).  Infectious assays for other unenveloped viruses possessing a 

dsDNA genome do not exist, therefore LT2 regulations, and the costs associated with 

meeting these standards, remain. 
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INDICATOR ORGANISMS TO ASSESS WATER QUALITY 

Ensuring water meets acceptable levels of microbiological quality presents two 

unique challenges for treatment plant operators.  Firstly, not all microorganisms are 

removed during water treatment processes.  Although some microorganisms remain, the 

risk to consumers is minimal; which explains the acceptance of the EPA to allow up to 500 

colony forming units of heterotrophic plate count microorganisms per mL of drinking 

water (United States Environmental Protection Agency, 2011).  Secondly, microbiological 

contaminants are inactivated or destroyed during water treatment processes, but are not 

removed.  The inactivation of microorganisms abrogates a risk of infection to consumers, 

but does not preclude these remains from detection by alternative microbiological assays, 

such as PCR.  Therefore, assessments of water quality must evaluate the viability of 

specific microbial contaminants (Yates, 2007). 

Waterborne pathogens primarily follow the fecal-oral route of exposure and are 

integral in water quality assessments.  The fecal-oral cycle begins with the ingestion of 

water containing pathogenic microorganisms and continues if contaminants establish an 

infection by replicating within the host gastrointestinal tract.  After varied incubation times, 

hosts may periodically or acutely excrete pathogens through defecation at levels of up to 

10E12 infectious units per gram of fecal material (Franks et al., 1998).  This cycle is 

repeated if fecal material containing pathogens encounters water, food, or other fomites 

that are exposed to a new host.  However, the vast number of pathogenic microorganisms 

that follow the fecal-oral cycle precludes their assessment in every water sample.  
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Therefore, water samples are tested for the presence of natural inhabitants of mammalian 

(preferably human) digestive tracts, termed fecal indicator organisms (FIO).  Water 

samples containing FIO, like E. coli, are indicative of fecal contamination; hence, the risk 

of exposing consumers to other contaminants, including pathogens, increases (Girones et 

al., 2010). 

Although effective, poor correlations between FIO and pathogens, particularly 

between bacterial FIO and viruses, can occur (Dorevitch et al., 2015; Ferguson et al., 2012; 

Payment and Locas, 2011).  Furthermore, an ability to assess infectivity often relegates 

water quality assays to traditional culture methods, such as bacterial plate counts and viral 

plaque assays.  Finally, water quality assessments must be rapid to generate relevant data 

for treatment plant operators and managers (Yates, 2007).  This is of particular importance 

when restricting public access to recreational waters following sewage contamination 

(Nevers and Whitman, 2005).  Due to these requirements, water quality assessments remain 

largely unchanged over time, with some methods utilizing techniques developed over a 

century ago, and the search for an ideal indicator of water quality continues. 
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POLYOMAVIRUSES AS ALTERNATIVE FECAL INDICATOR ORGANISMS 

Originally identified in mice, members of the Polyomaviridae family received 

scientific attention when detected as frequent, but overlooked, contaminants of poliovirus 

vaccines produced by the Salk method (Knipe and Howley, 2013).  Similarly, prevalence 

has generated interest in adopting polyomaviruses as FIO but remains complicated by an 

inability to easily quantify viral titers (Albinana-Gimenez et al., 2009; Girones et al., 2010; 

Hewitt et al., 2013).  Polyomaviruses possess a circular dsDNA genome containing around 

5000 nucleotides (NT) and are found in a variety of primate hosts.  During replication, 

polyomaviruses utilize alternative splicing to produce three proteins, VP1, VP2, and VP3, 

for the formation of an unenveloped icosahedral capsid of 42.5 nm; however, only VP1 is 

necessary (Knipe and Howley, 2013; Nakanishi et al., 2006).  Additionally, all 

polyomaviruses possess a large T antigen, which has multiple functions during viral 

replication including shifting cells into synthesis phase and blocking host tumor 

suppression genes.  The function of the large T antigen is also likely responsible for the 

oncogenicity potential of polyomaviruses (Ahsan, 2006). 

Until 2000, polyomaviruses were members of the Papovaviridae family (“Pa” – 

papillomavirus, “Po” – polyomavirus, “Va” – vacuolating virus) due to their ability to form 

tumors similar to other papovaviruses.  Indeed, the name polyomavirus is representative of 

the various forms of cancer that can result from infection (“poly” – many, “oma” – cancer).  

Normally, permissive cells die after infection and do not develop into tumors; however, 

infected non-permissive cells, or viral mutants unable to complete the viral life cycle, can 
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retain functional large T antigens.  The ability of this viral protein to block host tumor 

suppression genes, like p53, coupled with an inability to destroy host cells by polyomavirus 

replication can result in the formation of unregulated cell growth.  It is for this reason that 

oncogenicity remains more resistant to inactivation than abrogating viral infectiousness, 

and why polyomaviruses are often characterized by latent, nonproductive, infections 

(Knipe and Howley, 2013). 

Polyomaviruses establish a subacute latent infection in childhood that lasts 

throughout the lifetime of the host.  Transmission likely occurs early in life from parent to 

child due to periodic excretion in the feces and urine of hosts.  This is evidenced by a study 

of second and third generation Japanese-Americans, found to excrete strains common to 

Japan rather than strains circulating in the Americas (Kato et al., 1997).  Furthermore, 

polyomaviruses retain a near ubiquitous seroprevalence in humans, with BKPyV antigens 

detected in 81 – 97 % of populations.  Polyomaviruses are also universally present in 

sewage waters throughout the world and have exhibited correlations to the occurrence of 

waterborne pathogens (Antonsson et al., 2010; Payment and Locas, 2011; Vanchiere et al., 

2009).  Although these qualities may seem enticing benefits towards adoption as an FIO, 

infectious assays for BKPyV require significant time due to the ability of the virus to 

establish a latent, and characteristically nonproductive, infection (Girones et al., 2010).  

Therefore, a rapid detection scheme, capable of assessing viral infectivity, is necessary. 
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INTEGRATED METHODS TO ASSAY VIRAL INFECTIVITY 

Integrated methods selectively target infectious virions while offering reduced 

assay times relative to traditional quantification methods.  In traditional (non-integrated) 

plaque (PA), or tissue culture infective dose assays, cultured cell lines are exposed to a 

specific virus and incubated until the formation of visible cytopathic effects (CPE) in host 

cells.  The formation of CPE indicates viral replication, and allows for the quantification 

of viral titers (Knipe and Howley, 2013).  Alternatively, integrated methods, like 

immunofluorescence assays (IFA), enzyme treated quantitative polymerase chain reaction 

(ET-qPCR), and MB, do not require complete replication, or replication at all, to assay the 

presence and infectivity of viruses (Kovac et al., 2012; Moriyama and Sorokin, 2008; 

Sivaraman et al., 2013). 

Like PA, IFA requires the infection of susceptible cells by a virus, but allows results 

to be obtained before the completion of viral replication.  Results from IFA are obtained 

after the translation of specific viral proteins from host ribosomes instead of incubating 

infected cells until visualizing CPE.  By targeting the formation of viral proteins within 

infected cells, IFA can reduce viral detection times to within a few days post infection 

(DPI) (Li et al., 2012).  This is particularly important for viruses with relatively long 

incubation times or those that do not produce significant CPE during infection, such as 

BKPyV.  However, IFA remains entirely dependent on the quality of the antibodies used, 

which can exhibit low specificity or low binding potential, and cannot be produced by most 

laboratories.  Additionally, host cells must be treated to avoid nonspecific binding of the 
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secondary antibody, resulting in significant sample interaction and assay times before 

obtaining quantifiable results (Santos et al., 2012; Wölfel et al., 2006). 

Integrated molecular methods, like integrated cell culture PCR and ET-qPCR, have 

been used to detect infectious viruses with or without exposure to cells.  However, 

translating the presence of an amplifiable sequence to estimating viral titers has been 

difficult due to the variable amount of viral genomes produced during replication (Hatt and 

Löffler, 2012; Knight et al., 2016; Olsen et al., 2012).  In integrated cell culture PCR, 

evidence of viral replication is determined in a manner similar to IFA by amplifying viral 

genomic material produced during early stages of infection.  Chemically screened PCR 

assays, like ET-qPCR, avoid cell culture by removing noninfectious virions before 

amplification.  For example, the addition of DNA intercalating agents, like propidium 

monoazide, binds to exposed DNA to block PCR amplification via steric interactions.  

Undamaged, infective, virions likely contain a complete capsid that protects contained 

genetic material from intercalation, thereby allowing for PCR amplification after genomic 

extraction.  Similarly, ET-qPCR utilizes nucleases to degrade exposed genetic material 

before PCR.  However, damage to viral components does not always abrogate infectivity, 

leaving questions as to the accuracy of chemically screened PCR assays in assessing viral 

titers (Diez-Valcarce et al., 2011; Pecson et al., 2009). 
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MOLECULAR BEACONS 

Molecular beacons remain an emerging integrated method for quantifying viruses 

as they require initial stages of viral replication without the need for amplification.  

Generally, a MB includes a partially self-complimentary oligo able to form a stem-loop 

secondary structure and a reporter fluorophore/quencher pair.  The loop portion of the oligo 

is specific to a target sequence while the opposite 5′ and 3′ ends are bound to a paired 

reporter fluorophore and quencher, respectively. The absence of a target sequence 

thermodynamically favors the formation of the closed stem-loop secondary structure, 

thereby bringing the reporter and quencher into close proximity. While closed, light 

capable of exciting the fluorophore, hvex, is transferred to the quencher via contact 

Förster/Fluorescent Resonance Energy Transfer (FRET) and released as heat. When a 

target sequence is present, the loop portion binds to form a hybrid molecule that relaxes 

the MB secondary structure; thus, the distance between the reporter and quencher 

increases, FRET is reduced, and fluorescence occurs (Figure 1.2; Tyagi and Kramer, 1996).  

Attaching a cell penetrating peptide (CPP) to a MB specific to a sequence of viral 

mRNA creates an assay capable of detecting early stages of viral replication rapidly.  Like 

IFA, a MB can detect an early stage of viral replication; specifically, the production of 

mRNA (Santangelo et al., 2006).  Also similar, the MB is delivered by permeabilizing 

cells, but the relatively smaller size of the MB also allows for intracellular delivery by CPP 

(Santangelo, 2010; Yeh et al., 2008b).  The first CPP to be discovered, Trans-activator of 

transcription (Tat), was believed to directly translocate the plasma membrane, but is now 
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believed to cross the cell membrane via endocytosis (Herce and Garcia, 2007; Silhol et al., 

2002).  Afterwards, cysteine residues of Tat form a pore in the cytosed vesicle to release 

the CPP and any attached compounds (Saalik et al., 2004).  Alternatively, amino acids rich 

in guanidine groups (HNC(NH2)2), like arginine, may directly translocate the cytoplasm 

through an affinity towards plasma membrane phosphate groups (Lo and Wang, 2008).   

Once intracellular, the MB can target complementary single stranded oligos, such 

as viral mRNA.  Although the genomic structures of viruses are varied, the production of 

mRNA is an early and universal step in replication.  In the presence of specific mRNA 

from viral replication, the MB will bind, FRET is relaxed and fluorescence occurs.  

Additionally, MB have been shown to be capable of differentiating between targets 

possessing one NT difference; thereby avoiding issues of specificity exhibited by 

antibodies used for IFA (Dunams et al., 2012).  Furthermore, the MB is designed from 

readily available sequence data, making it more accessible to labs than antibody production 

(Yeh et al., 2008a). 
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OBJECTIVES AND APPROACH 

The genomic structure and near-ubiquitous seroprevalence make BKPyV a 

potentially important organism in assessing water quality and informing treatment policy; 

however, the ability of BKPyV to affect either is precluded by the lack of a rapid infectious 

assay.  To this end, we applied the rationale of integrated methods to develop MB and ET-

qPCR assays capable of detecting BKPyV, which were compared to standard 

quantification assays (IFA). These methods were used to characterize the disinfection 

profile of BKPyV following exposure to UV254, chlorine, heat, and artificial sunlight.  

Furthermore, these detection and inactivation methods were applied to Ad2 and PV1.  In 

lieu of IFA, Ad2 and PV1 were detected via traditional PA; nor were these viruses exposed 

to artificial sunlight.  Obtaining this information assesses LT2 standards as well as the 

utility of BKPyV as an FIO (Reano and Yates, 2016). 
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Figure 1.1.  Photoproducts of pyrimidine bases (thymine) following exposure to UV254.  

Rn, ribose sugar. 
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Figure 1.2.  Molecular beacon structure and hybridization.  Δ, heat; F, fluorophore; Q, 

quencher. 
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CHAPTER TWO:  BK POLYOMAVIRUS DETECTION BY MOLECULAR BEACON 

ABSTRACT 

The ubiquitous detection of polyomaviruses in sewage samples and high rates of 

seroprevalence in human populations make BKPyV an attractive alternative to current FIO.  

However, the lack of a rapid detection assay limits further investigations towards its ability 

to assess water quality.  Here, a MB developed for BKPyV reduced detection times 

equivalent to assays of current FIO and accurately quantified viral titers relative to the 

current standard for polyomavirus quantification (IFA, R2 = 0.97).  Despite an inability to 

deliver MB by CPP, the developed assay allows for rapid quantification of infective 

BKPyV to enable characterization of its disinfection profile. 
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INTRODUCTION  

The detection of native microbiological inhabitants of human (and some 

mammalian) gastrointestinal tracts allows for indirect, but rapid, assessments of water 

quality.  The need for rapid results capable of assessing microbiological viability often 

relegates these FIO to bacterial species, which can exhibit low correlations to viral 

pathogens (National Research Council, 2004).  BK Polyomavirus remains a prospective 

alternative to standard FIO, but lacks a rapid detection assay capable of quantifying 

infective viral titers due to characteristically long replication times.  The current standard 

for polyomavirus detection utilizes fluorescent antibodies that detect viral proteins made 

during replication, but still requires significant time to obtain results (Calgua et al., 2011).  

Molecular beacons remain an alternative integrated method capable of rapidly quantifying 

viral titers and assessing infectivity, but have not yet been applied to BKPyV. 

Molecular beacons are self-complementary oligos capable of forming a stem-loop 

secondary structure and contain paired fluorescent and quenching moieties.  When the 

stem-loop is formed, light capable of exciting the fluorophore is absorbed by the quencher 

and released as heat through contact FRET.  The presence of a target sequence 

complementary to the loop region of the MB abrogates the formation of the stem-loop 

secondary structure through hybridization.  This thermodynamically-favored reaction 

increases the distance between the fluorophore and quencher, FRET is relaxed, and a 

fluorescent signal emerges (Tyagi and Kramer, 1996).  Due to the specificity between loop 

and target sequences, MB have been employed to differentiate between single nucleotide 
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polymorphisms, allow for multiplex qPCR assays, and here, to evidence viral replication 

(Dunams et al., 2012; Mhlanga and Malmberg, 2001; Vet et al., 1999). 

 The production of mRNA remains a universal stage of all viral replication and ideal 

target for MB assays to evidence infectivity.  To reach viral mRNA, MB must cross the 

plasma membranes of infected cells, traditionally achieved by fixation or CPP delivery 

(Burris et al., 2013; Yeh et al., 2008).  Although multiple CPP exist, all cross the plasma 

membrane via endocytotic-mediated uptake or direct translocation.  The first CPP to be 

discovered, Tat (YGRKKRRQRRR), was identified in human immunodeficiency viruses 

and follows the former; while newer synthetic peptides, like R9 (RRRRRRRRR) directly 

cross the plasma membrane (Wang et al., 2014).  Endocytosis remains less preferable than 

direct translocation due to the necessity of Tat, and attached cargoes (i.e., MB), to escape 

the endocytosed vesicle before entering the cytosol (Herce and Garcia, 2007).  However, 

the addition of imidazole groups ((CH)2NCH) contained in histidine amino acid residues 

can cause endosome rupture due to swelling.  The ability of cationic guanidium groups 

(HNC(NH2)2) contained in arginine residues to interact with negatively charged 

phospholipid heads avoids this issued by directly crossing the plasma membrane (Liu et 

al., 2011).  Following cytosolic delivery, the MB can signal for the presence of viral 

mRNA; however, CPP must not deliver this cargo to cellular nuclei to avoid 

autofluorescence (Nitin et al., 2004). 

Although MB possess enough target specificity to differentiate between single 

nucleotide polymorphisms; the density of nuclear genetic material can form nonspecific 

bonds with the MB that yield autofluorescence.  Some CPP, like Tat, even contain nuclear 
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localization signals capable of delivering the MB to the nucleus (Saalik et al., 2004).  

Regardless, previous studies have successfully employed Tat-delivered MB via covalent 

bonding between these two moieties (Nitin et al., 2004; Sivaraman et al., 2013).  

Alternatively, the reductive intracellular conditions of the cytoplasm (e.g., reductase and 

glutathione) allows for the formation of a reversible bond between thiol groups added to 

the MB and CPP (Hällbrink et al., 2001).  This study utilized multiple CPP, varying in their 

attachment to the MB, to detect viral mRNA produced intracellularly.  However, further 

modifications were necessary to prevent intracellular degradation of the MB. 

In addition to oxidative sensitivity, inherent cellular mechanisms capable of 

eliminating foreign genetic material can cause MB degradation, and hence 

autofluorescence (Su et al., 2011; Tsourkas et al., 2002).  For example, lacking the 

appropriate methylation pattern can mark foreign oligos, like the MB, for degradation.  

Additionally, MB can be composed of either DNA or, less stable, RNA.  Although RNA 

exhibits enhanced affinity to RNA targets, the 2′ hydroxyl (OH) of RNA serves as a facile 

site for degradation (Wang et al., 2009).  Utilizing 2′-O-methyl ribonucleotides in lieu of 

RNA confers resistance to both nucleases and hydrolysis by replacing the 2′ hydroxyl with 

a methoxy group (OCH3).  Alternatively, phosphorothioate linkages that replace 

phosphodiester bonds between NT further enhance resistance to nucleases, but may exhibit 

affinity to some proteomic targets and delivery compounds (Chen et al., 2009; Karim et 

al., 1995; Neumann and Smith, 1967; Waki et al., 2011). 
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MATERIALS AND METHODS 

Propagation of BKPyV: 

Primary human renal proximal tubule epithelial cells (RPTEC, CC-2553, Lonza, 

Basel, Switzerland), grown in renal epithelial media (REM) with 10% fetal bovine serum 

(FBS), allowed for the propagation of BKPyV obtained from the American Type Culture 

Collection (VR-837, Manassas, VA, USA).  The REM consisted of a proprietary blend of 

human epidermal growth factor, hydrocortisone, epinephrine, insulin, triiodothyronine, 

transferrin, gentamicin, and amphotericin purchased from Lonza (CC-3190).  All utilized 

FBS was heat inactivated at 56 °C for one hour with gentle mixing for the first 5 minutes, 

then kept at 4 °C until same-day use.  Media was changed every two to three days and 

washed with HEPES Buffered Saline (HBS).  A 2 × formulation for HBS is as follows; 50 

mM HEPES, 274 mM NaCl, 10 mM KCl, 1.48 mM Na2HPO4, and 11.1 mM dextrose.  The 

2 × solution was adjusted to a pH of 7.05 with 10 N NaOH, 0.22 µm filter sterilized, and 

kept at 4 °C.  Finally, the 2 × HBS was diluted to 1 × with H2O, adjusted to a pH of 7.3 

with 2N NaOH, 0.22 µm filter sterilized again, and stored at 4 °C.  Subculturing with 

trypsin-EDTA 0.05 % occurred when flasks exceeded 80 % confluency and cells were 

discarded after nine passages.  Unless otherwise stated, all incubation steps occurred at 37 

°C with 5 % CO2 under humidified conditions. 

Propagation of BKPyV occurred in 80 % confluent monolayers of RPTEC.  

Specifically, T-75 cm2 flasks were infected with 3 mL of viral inoculum diluted in REM 

containing 5 % FBS and allowed to incubate for 1 hour.  Viral inocula were kept in flasks 
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and supplemented with 10 mL of REM 5 % FBS before incubating for up to four weeks.  

Media, changed on a weekly basis, was kept for the final production of BKPyV stocks by 

concentrating through centrifugation at 960 × g in a JA-17 rotor (Beckman Coulter, Brea, 

CA, USA) for 15 minutes at 4 °C.  The resulting pellet was resuspended in 10 % of the 

original volume and stored at -80 °C.  Cells were harvested after exhibiting 80 % CPE (~ 

24 DPI) by mechanical disruption and concentrated similarly.  All collected supernatants 

were pooled and freeze-thawed three times at -80 °C and 37 °C.  Next, the pooled contents 

were layered on 4 mL of reassociation buffer (150 mM NaCl, 20 mM Tris base, 0.1 % v/v 

Tween® 20, 1 mM anhydrous CaCl2, and 20 % w/v sucrose) and centrifuged for 2 hours 

at 100,000 × g in a SW-41 rotor (Beckman Coulter) at 4 °C.  The resulting pellet was 

dissolved in 1 mL of buffer A (1 M Tris-Cl, 5 M NaCl, 0.1 M anhydrous CaCl2), aliquoted, 

and stored at -80 °C until use. 

Immunofluorescence Assay: 

 A modified IFA described by Moriyama and Sorokin (2008) was used to quantify 

BKPyV titers.  Specifically, RPTEC were split into Nunc® Lab-Tek 8-well Permanox® 

chamber slides (0.8 cm2 per well, C7182-1, Sigma-Aldrich, St. Louis, MO, USA) at a 

concentration of 1E5 cells per well and incubated overnight to reach 80 % confluency.  

Next wells were infected with 150 µL of viral inoculum diluted in REM 2 % FBS and 

allowed to incubate for one hour with gentle rocking every 15 minutes.  After infection, 

inoculum was replaced with 300 µL REM 2 % FBS and allowed to incubate for 72 hours. 
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After incubation, wells were washed with 350 µL of autoclaved Tris Buffered 

Saline (TBS, 150 mM NaCl, 20 mM Tris base, pH 7.5) and fixed with 150 µL ice-cold 

absolute methanol for 20 minutes at -20 °C.  Cellular permeabilization to allow for antibody 

delivery was achieved through the addition of 300 µL TBS containing 0.1 % (v/v) Tween® 

20 (TTBS) and 1% (w/v) bovine serum albumin fraction V (BSA) for five minutes.  

Permeabilized cells were then blocked from nonspecific antibody binding by incubating 

each well with 300 µL TTBS 3% BSA for 30 minutes. 

Viral particles were detected through the addition of an antibody specific to the 

large T antigen of the closely related SV40 Polyomavirus.  Specifically, 150 µL of the 

primary IgG mouse antibody PAb416 (EMD Millipore, Billerica, MA, USA) was diluted 

to 1 µg/mL in TTBS 1 % BSA and added to each well before incubation at room 

temperature for 1 hour.  Wells were then washed with 350 µL of TTBS 1 % BSA for 5 

minutes at room temperature to remove unbound antibodies before the addition of the 

secondary antibody.  Next, 150 µL of fluorescein-conjugated anti-mouse IgG antibodies 

from goats (DP02, EMD Millipore) were diluted to 5 µg/mL in TTBS 1 % BSA and 

allowed to incubate in wells for 40 minutes at room temperature.  Unbound secondary 

antibodies were removed by washing wells with 350 µL of TTBS 1 % BSA for 5 minutes 

at room temperature (Calgua et al., 2011; Moriyama et al., 2007).   

Before fluorescent microscopy, wells were stained and mounted with 

VECTASHIELD® Mounting Media containing DAPI (1.5 µg/mL, H-1200, Vector 

Laboratories, Burlingame, CA, USA).  Imaging occurred on an IX71 inverted fluorescent 

microscope utilizing a 100W Hg bulb burner (U-RFL-T, Olympus, Tokyo, Japan) and a 
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Retiga EXi Fast 1394 CCD camera (QImaging, Surrey, BC, Canada).  All filters used in 

experiments were obtained from Chroma Technology Corporation (Bellows Falls, VT, 

USA); specifically, DAPI (31000v2; AT350/50x;400dclp;D460/50m) and fluorescein 

(49002; ET470/40x;T495lpxr;ET525/50m).  Finally, all images were processed with 

Image-Pro version 6.3 (Media Cybernetics, Incorporated, Rockville, MD, USA). 

Molecular Beacon Design and Synthesis: 

 Identifying a MB target required identifying conserved regions of BKPyV.  To this 

end, 30 BKPyV sequences, deposited in GenBank, were aligned through Clustal Omega 

(Sayers et al., 2009; Sievers et al., 2011).  Conserved regions were converted to reverse 

complementary sequences for MB design.  Candidate MB that met appropriate 

thermodynamic criteria were validated against known BKPyV transcripts to ensure target 

presence during replication (Vet and Marras, 2005).  Final sequences were synthesized by 

Gene Link (Hawthorne, NY, USA) utilizing 2′-O-methyl ribonucleotides to enhance 

intracellular stability.  The use of a 4-Thio-Uridine provided a NT with a free thiol group 

for CPP attachment.  Phosphorothioate bonds were used to polymerize this nucleotide to 

the MB as a methoxy version was unavailable commercially (Figure 2.1).  A quantum dot 

with hv525 (Qdot 525) and Black Hole Quencher® 1 (BHQ-1) were attached to the 5′ and 

3′ ends to enable FRET, respectively (Figure 2.2).  The synthesized MB was diluted to 5 

µM in water under anoxic conditions to preserve a thiol for CPP attachment (Klein, 2015). 

Cell Penetrating Peptide Design and Attachment to the MB: 
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 Combinations of Tat and R9, utilizing reversible or covalent bonds, were tested for 

MB delivery.  The CPP were synthesized by Thermo Fisher Scientific (Waltham, MA, 

USA) above 80 % purity and reconstituted in water under anoxic conditions.  Residues 

utilized acetylated and amidated N and C termini, respectively, to enhance stability and 

peptide activity (Hershko et al., 1984; Kim and Seong, 2001).  Finally, glycine residues 

were added near the reaction site to ensure free rotation of the CPP (Table 2.1; Yu et al., 

1992).  Reversible attachment of the MB to the CPP occurred via thiols contained in 

cysteine and a modified NT of the MB (Figure 2.3).  Cysteine-containing CPP were 

reconstituted to 5 µM and reacted with MB in a 1:1 ratio for 2 hours in the dark at room 

temperature, then overnight at 4 °C.  Conjugated products were purified via overnight 

dialysis in Slide-A-Lyzer™ 10000 MWCO dialysis units (66385, Thermo Fisher 

Scientific) against 300 mL TBS at 4 °C.  Covalent bonding between the CPP and MB 

occurred by reacting the thiol group of the MB with a maleimide on the CPP (Figure 2.4).  

Polymerization followed similar reaction and purification steps to reversible attachment; 

however, the CPP was reconstituted to 7.5 µM for a 1.5:1 reaction ratio. 

Molecular Beacon Assay: 

 Initial attempts at BKPyV detection utilized a MB delivered by CPP.  Specifically, 

80 % confluent cells were infected with BKPyV in manner similar to IFA, and allowed to 

incubate overnight.  Cells were then washed with TBS, exposed to 100 µL MB diluted to 

5 nM or 25 pM in REM 2 % FBS, and allowed to incubate for 15 or 30 minutes at 37 °C.  

Wells were then aspirated and cells were washed with 300 µL of REM 2 % FBS before 
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fluorescent microscopy (Qdot 525 filter; 32010; E460SPUVv2;475dcxru;D525/40m; 

Chroma Technology Corporation).   

To avoid cytotoxic effect induced by CPP delivery, MB assays were repeated 

through fixation.  Chamber slides of 90 % confluent RPTEC were infected with BKPyV 

and allowed to incubate overnight.  Next, cells were fixed with a 4 % paraformaldehyde 

solution made in HBS for 10 minutes, and permeabilized with TTBS for 5 min at room 

temperature.   Each well then received 150 µL of unconjugated (i.e., lacking CPP) MB, 

diluted to 5 nM in REM 2% FBS, and was allowed to incubate at 37 °C for 30 minutes 

before imaging via fluorescent microscopy.  The specificity of the MB was tested 

separately by adding 100 µL of an oligo diluted to 10 µM in TBS possessing a near-

complementary sequence to the MB loop region, differing by one NT.  
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RESULTS 

Molecular Beacon Design: 

Alignment of 30 BKPyV sequences revealed VP1 a conserved region for MB 

design.  Production of capsid protein VP1 occurs early in the replication cycle and is 

conserved among all polyomaviruses.  Furthermore, VP1 remains the only integral 

component of capsid formation, making it an ideal MB target.  The MB sequence and 

modifications can be found in Table 2.2. 

Molecular Beacon Assay: 

Cells continually exhibited cytotoxic effects after exposure to a variety of CPP-

bound MB, despite varied concentrations and exposure times.  Therefore, fixation and 

permeabilization provided an alternative approach to MB delivery.  Results obtained from 

MB after fixation indicated a strong correlation to quantification by IFA (R2 = 0.97), and 

exhibited no fluorescence following exposure to near-complementary oligos.  

Representative images of both assays are displayed in Figures 2.5 and 2.6, respectively.   
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DISCUSSION 

The MB accurately quantified titers of BKPyV following cellular fixation.  

Although CPP have been utilized to deliver MB capable of detecting intracellular oligos, 

CPP yielded extensive cytotoxic effects in host cells.  Interestingly, the mechanism of 

action for CPP HR9 was elucidated, in part, by subcellular localization of quantum dots 

following CPP delivery into (immortalized) cultured cells (Liu et al., 2011).  Regardless, 

cellular fixation and permeabilization allowed for accurate quantification of BKPyV titers 

by MB.  Fixation required additional steps and time relative to CPP delivery, but the MB 

still improved detection times of BKPyV significantly. 

 The improved assay times of BKPyV allows for potential adoption as a FIO.  

Immunoassays remain the standard for detection of infectious polyomaviruses as 

traditional culture methods (e.g., PA) are precluded by the extended viral replication 

periods (Li et al., 2012).  Although effective, incubation times required for IFA results limit 

their utility as indicators of water quality (Girones et al., 2010).  Similar to current FIO 

quantification protocols, results from the developed MB assay require less than 24 hours.  

Additionally, a MB is designed from information deposited in readily available sequence 

databases, and is capable of differentiating between targets differing by one NT (Mhlanga 

and Malmberg, 2001; Vet and Marras, 2005).  Furthermore, the MB assay required fewer 

processing steps than IFA.  Although the MB provides a viable assay to quantify BKPyV, 

the appropriateness of this virus as an FIO requires knowledge of its disinfection profile.  
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Table 2.1.  Amino acid sequences of CPP used for QD delivery.  

Peptide Sequence 

CGGHHHHHRRRRRRRRRHHHHH 

CRRRRRRRRRHHHHH 

CGGYGRKKRRQRRR 

CGGRRRRRRRRR 

Maleimide-RRRQRRKKRGY 

Maleimide-GGRRRRRRRRRHHHHH 
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Figure 2.1.  Natural (left) and modified (right) RNA NT used to enhance intracellular 

stability.  Regions boxed in red demonstrate methoxy and phosphorothioate modifications. 
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Figure 2.2.  Design of Qdot 525-based MB.  Arrows emphasize 2′-O-methyl, 

phosphorothioate, and 4-Thio-Uridine nucleotides. 
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Figure 2.3.  Oxidation/reduction reaction to form reversible bond between two thiol groups. 
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Figure 2.4.  Reaction to form covalent bond between maleimide and thiol group.  
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Figure 2.5.  MB assay of RPTEC infected with BKPyV performed less than one DPI.  

Results span three orders of magnitude.  Green fluorescence indicates active viral 

replication.  MOI, multiplicity of infection.  
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Figure 2.6.  IFA of RPTEC performed less than three DPI.  Cells are stained with DAPI 

(blue) and infected with BKPyV covering three orders of magnitude.  Green fluorescence 

indicates active viral replication.  MOI, multiplicity of infection. 
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CHAPTER THREE:  ESTABLISHING THE DISINFECTION PROFILES OF BK 

POLYOMAVIRUS, ADENOVIRUS 2, AND POLIOVIRUS 1 BY MOLECULAR 

BEACON 

ABSTRACT 

Regulations set forth by the EPA have significantly elevated standards for water 

treatment by UV. These standards are justified by resistance to UV254 inactivation 

demonstrated by dsDNA viruses from the Adenoviridae family, but have not been validated 

due to a lack of traditional infectious assays for similarly structured microorganisms. 

Integrated assays, such as ET-qPCR, IFA, and intracellularly delivered MB, selectively 

target infectious viral particles, thereby surmounting this limitation. These integrated 

techniques were developed and used to characterize the inactivation profiles of BKPyV, 

Ad2, and PV1 following exposure to UV254, chlorine, and heat.  As expected, BKPyV and 

Ad2 exhibited comparable resistances to UV254 (61.35 and 54.45 mJ/cm2, respectively) to 

support LT2 standards, likely due to the structural and genomic parallels shared among 

these viruses.  Additionally, MB exhibited similar inactivation rates (kobs) when compared 

to current infectious assays (e.g. PA/IFA), which was often lost with ET-qPCR. 
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INTRODUCTION 

Although UV254 does not directly destroy microorganisms, the universal presence 

of a genome yields UV254 with broad effectiveness in abrogating microbial replication.  

Photons from UV254 are absorbed into genomes to create dimers that block genomic 

replication and transcription, leaving a microorganism unable to reproduce (Cutler and 

Zimmerman, 2011).  Most microorganisms remain susceptible to UV254 treatment; 

however, all members of the dsDNA Adenoviridae family require around four times the 

fluence (i.e., dose) to achieve similar levels of inactivation (Johnson et al., 2010).  This 

resistance served as the impetus for elevating all standards of water treatment by UV light 

from 40 mJ/cm2 to 186 mJ/cm2 (Eischeid et al., 2011).  Interestingly, this resistance is lost 

when propagating UV254-treated adenoviruses in host cells that lack genome repair 

mechanisms.  This annulled resistance suggests adenoviruses are not actually resistant to 

UV254 treatment, but rather, induced genetic damage is repaired during intracellular 

infection of host cells (Rainbow, 1980).  Furthermore, this standard has not been validated 

due to a lack of infectious assays for similarly structured microorganisms, like BKPyV. 

 Traditional PA remain the standard for quantifying viral titers by relying on the 

formation of visible signs of CPE.  The presence of CPE indicates active viral replication 

and can include cell rounding, the formation of inclusion bodies, and/or cell lysis.  

Although accurate, not all viruses produce clear signs of CPE; furthermore, cells (or at least 

controls) must remain alive until the formation of CPE, which can be problematic in viruses 

with extended replication cycles, such as BKPyV (Gonzalez-Hernandez et al., 2012).   
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Integrated assays, like IFA or ET-qPCR, selectively target infectious virions by 

detecting earlier stages of replication, or by eliminating potential false-positive signals (Lee 

and Jeong, 2004).  An IFA detects the production of viral proteins by host cells during 

infection through the addition of antibodies.  Although effective, antibodies can exhibit 

low target specificity and still require incubation times that exceed those for currently 

adopted FIO (Kim and Kim, 2013).  Alternatively, an ET-qPCR assay requires the addition 

of a nuclease or intercalating agent before thermocycling.  Viruses possessing damaged 

capsids (e.g., following treatment) are likely unable to establish infection and leave 

contained genomes susceptible to these chemical pretreatments.  Due to a lack of cellular 

incubation, ET-qPCR assays can be performed within one day; however, this also 

precludes ET-qPCR from detecting infectious virions, relying instead on the ability of the 

chemical pretreatment to eliminate non-infectious (i.e., false-positive) signals (Prevost et 

al., 2016).  The difference between detecting infectious and eliminating non-infectious 

virions is seen through low correlations between traditional infectious assays and ET-qPCR 

following inactivation methods that primarily targets proteins (Pecson et al., 2011).   

Molecular Beacons remain an alternative integrated assay, but have not yet been 

employed to measure microbial inactivation.  The MB assay utilizes the intracellular 

addition of a modified oligo to bind to a specific sequence of viral mRNA.  The production 

of mRNA is a universal and early stage of viral replication, thereby surmounting both 

limitations of IFA and ET-qPCR (Dunams et al., 2012).  Utilizing MB could be a near-

universal alternative to traditional and integrated methods when quantifying viral titers, 

including after disinfection or treatment with antivirals.  To test the effectiveness of MB, 
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the inactivation profiles of Ad2, BKPyV, and PV1 following treatment by UV254, 

chlorination, and heat, were compared to traditional infectious assays.  Multiple treatment 

methods were used to test the effectiveness of MB when quantifying infectious virions 

following varied mechanisms of inactivation (i.e., varied targets of inactivation; Araud et 

al., 2016; Beck et al., 2016; Wigginton et al., 2012). 
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MATERIALS AND METHODS 

Viral Propagation: 

 The propagation of BKPyV followed guidelines outlined in Chapter Two with 

additional steps to disrupt viral aggregates.  The formation of viral aggregates during 

replication can diminish the effectiveness of inactivation methods by shielding virions from 

exposure; therefore, all viruses were treated to ensure homogeneity (Calgua et al., 2014).  

Specifically, BKPyV aggregates were disrupted by diluting stocks in an equal volume of 

glycine-NaOH buffer (0.2M, pH 9.0) and vortex mixing for 15 minutes.  Following 

homogenization, ultracentrifugation was repeated and the resulting pellet was dissolved in 

autoclaved phosphate buffered saline (PBS; 10 ×, 1 L, pH 7.3; 1.37 M NaCl, 27 mM KCl, 

100 mM Na2HPO4, and 15 mM KH2PO4). 

 Adenocarcinomic human alveolar basal epithelial cells (A549, CCL-185, American 

Type Culture Collection) allowed for propagation of Ad2.  Specifically, A549 were grown 

in 0.22 µm-filtered Dulbecco’s Modified Eagle Medium (DMEM, 50-003-PB, Corning 

Inc., Corning, NY, USA) containing 1.85 g NaHCO3, 50000 U of penicillin, 50 µg of 

streptomycin, and 50 mL FBS per 500 mL (pH 7.4).  Cells were washed with PBS and 

subcultured with trypsin when reaching 80 % confluency.  Stocks of Ad2 were prepared 

by infecting A549 with 2 mL of Ad2 (VR846, ATCC) diluted in PBS:DMEM (1:1).  

Adsorption was allowed by incubating T-75 cm2 flasks for one hour with rocking every 15 

minutes.  Inocula were then removed and 15 mL of DMEM 2 % FBS was added to each 

flask and allowed to incubate until the formation of CPE (~ 3 DPI).  Viral stocks were 
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harvested by first freeze-thawing flasks three times and adding contents to 50-mL 

centrifuge tubes.  Next, an equal volume of chloroform was added to these tubes and mixed 

via vortex for two minutes to disrupt viral aggregates.  Chloroform was removed by 

centrifuging tubes in a JA-17 rotor at 2200 × g for 15 minutes at 4 °C.  Finally, supernatants 

were collected and filtered at 0.45-µm polyvinylidene fluoride membrane before aliquoting 

stocks to be stored at -80 °C. 

 Propagation of PV1 followed a similar method to Ad2 with minor modifications.  

Stocks of PV1 (VR-1562, American Type Culture Collection) were propagated in buffalo 

green monkey kidney cells (BGMK) grown in Minimum Essential Medium (MEM, 50-

010-PC, Corning).  A 500 mL formulation of MEM is as follows:  1.1 g NaHCO3, 50 mL 

FBS, and pH 7.3 before filtering at 0.22-µm.  Infection and harvesting of PV1 was similar 

to propagation of Ad2; however, stocks could be obtained after overnight incubation. 

Ultraviolet Disinfection: 

Samples were treated with UV254 generated from an 8 W germicidal bulb 

containing Hg under low pressure (G8T5/OF) which emits light almost exclusively at 253.7 

nm.  Light scattering was limited to one incident angle through the construction of a 

collimating light box (Figure 3.1).   Utilizing this apparatus was necessary as radiometric 

measurements of UV254 can only be measured at one surface.  Measurements (in W/cm2) 

were obtained with an ILT1700 radiometer with a SED240/W light detector equipped with 

an NS254 filter (International Light Technologies, Peabody, MA, USA).  Additional 
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discrepancies between bulb output and the amount of UV254 reaching samples must also be 

accounted for to obtain the average germicidal fluence rate (E′avg, in mW/cm2).   

 Firstly, light is reflected off the surface of the water and can be accounted for by 

calculating a reflection factor (RF): 

RF =  (
N2 − N1

N2+ N1
)

2

 

Where, N1 and N2 represent reflection constants of air and water, respectively. 

Additionally, calculating the petri factor (PF) helps account for differences in 

fluence across surface of petri dish (i.e. relative to the position of the UV bulb).  The PF is 

estimated by comparing radiometric readings taken at the center of the petri dish to 

measurements obtained in 0.5 cm intervals along the X and Y axes from the center of the 

petri dish.  A PF is then calculated for each position and averaged.  For example, 

PFX1,0
=  

X1,0

X0,0
 

Where, X0,0 is the radiometric reading at the center of the petri dish and X1,0 is the 

reading taken 1 cm to the right of center. 

The Water Factor (WF) accounts for irradiance absorbed by water. 

WF =  
1 −  10−α𝑙

α𝑙 ×  ln (10)
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 Where, l is the height of the water column (i.e. 
sample volume

πr2⁄ ) and α 

represents the sample absorbance at 254 nm. 

 The amount of light that diverges across the sample path length can be estimated 

by the divergence factor (DF): 

DF =  
L

L + 𝑙
 

 Where L represents the distance from the top of the sample to the UV lamp (in cm). 

 Combined, E′avg = RF×PF×WF×DF×E0 where E0 is the average of radiometric 

readings taken before and after sample treatment.   

  Finally, the average germicidal fluence (i.e., dose, H′) is calculated by multiplying 

E′avg by treatment time (in seconds), and is measured in mJ/cm2 (Bolton and Linden, 2003). 

 Samples were treated by first diluting viral stocks in PBS by, at minimum, 1:100, 

to avoid significant absorbance of UV254.  Samples of 10 mL were added to 95 × 15 mm 

petri dishes and exposed to the collimating light box under gentle stirring with the lid 

removed.  Leaving the bulb on for at least 30 minutes prior to treatment helped eliminate 

bulb fluctuation; therefore, samples were treated until reaching the desired fluence.  After 

treatment, samples were kept in the dark at 4 °C until processing. 

Thermal Inactivation: 

 Thermal treatment of samples served to inactivate viruses through protein 

denaturation (Schotte et al., 2014).  Diluted samples were added to 1.5-mL centrifuge tubes 
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with septa (22-040-040/5, Fisher) until all air was removed and submerged in a water bath 

kept at 60 °C for desired treatment times.  The titer of untreated samples was established 

by removing a control when reaching an internal temperature of 60 °C.  Finally, samples 

were put on ice immediately after treatment and stored at 4 °C until analyses. 

Chlorination: 

In water, sodium hypochlorite (NaClO) decomposes to form hypochlorite (ClOH), 

and eventually hypochlorous acid (ClO-) capable of oxidizing both genomic and proteomic 

targets.  To this end, a 5 % NaClO solution was utilized to treat samples after standardizing 

the amount of free chlorine available to react with microorganisms through a colorimetric 

reaction (Deborde and von Gunten, 2008).  Specifically, the amount of free chlorine present 

in the stock NaClO solution was measured every 30 days by the change in color of N,N-

diethyl-p-phenylenediamine (DPD) to a pink Wurster dye via chlorine oxidation (Figure 

3.1).  Under gentle mixing, samples were treated with various doses of standardized NaClO 

for 10 minutes to achieve a desired contact time (CT = 
mg Cl2 ∗ min

L
 ). 

Free chlorine was also measured once after sample treatment to determine the 

minimum amount of sodium thiosulfate (Na2S2O3) required to neutralize oxidation (see 

below).  Values of free chlorine between 0.2 – 2.0 mg/L were measured on a DR/890 

colorimeter utilizing Free Chlorine AccuVac Ampules (25020-25, Hach, Loveland, CO, 

USA), while values between 0.0 – 0.2 mg/L utilized a Chlorine Comparator (C-2511, 

CHEMetrics, Midland, VA, USA).  To limit oxidation, free chlorine was quenched with 

1.5 × the minimum amount of Na2S2O3 for 10 minutes, which was determined by 
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measuring the amount of free chlorine present after treating samples.  A stock neutralizing 

solution was prepared by dissolving 200 mg Na2S2O3 in 1 L of H2O and 0.22 µm-filter 

sterilizing before storage at 4 °C.   

Viral Quantification by Plaque Assay: 

 Viruses Ad2 and PV1 were also selected due to their facile quantification by PA, 

while BKPyV was quantified by IFA (see Chapter II).  Host A549 for Ad2 were split into 

6-well plates (3516, Corning) at a rate of 4.8E5 cells per well and incubated overnight until 

reaching 80 % confluency.  Next wells were aspirated before the addition of 250 mL of 

viral inocula, diluted in a 1:1 mixture of PBS and DMEM 2 % FBS, to each well.  Plates 

were allowed to incubate for one hour, with rocking every 15 minutes, before aspiration 

and the addition of 2.5 mL of an agar overlay to each well.  The agar overlay consisted of 

an autoclaved 1 % SeaKem ME agarose (50010, Lonza) mixed with equal parts of a 2 × 

DMEM 4 % FBS solution and kept at 60 °C before use.  Wells were allowed to incubate 

between three to five days, or until the formation of visible plaques.  After this period, the 

agar overlay was carefully removed to not disturb attached cells, washed with PBS, and 

simultaneously stained and fixed to enhance contrast and longevity, respectively.  Each 

well received 1 mL of a stain/fixation solution consisting of 106 mM phenol, 9.8 mM 

crystal violet, and 12 % v/v ethanol.  Wells were aspirated after five minutes and plaques 

were counted to quantify titers of Ad2.   

 Quantification of PV1 followed a similar PA to Ad2, with minor exceptions.  

Firstly, 12-well plates (3513, Corning) were seeded with 1.27E5 BGMK per well and 
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allowed to incubate overnight.  Viral inocula were diluted in equal parts PBS and MEM 2 

% FBS and 125 µL was added to each well.  The agar overlay was similar to Ad2, but 

utilized a 2 × MEM 4 % FBS, and was removed up to two DPI, or until plaque visualization.  

Viral quantification by ET-qPCR: 

 Design of primers and MB probes for qPCR reactions followed similar principals 

outlined in Chapter Two.  Specifically, conserved regions were identified by aligning 

complete genomes deposited into GenBank through Clustal Omega.  Primers were allowed 

to possess up to three mismatches, while MB required complete sequence conservation.  

Final products were subjected to BLAST searches excluding the target viral family (e.g., 

Adenoviridae) to ensure specificity.  Finally, the lack of intracellular modifications allowed 

designed primers and MB to be synthesized by Eurofins-Operon (Louisville, KY, USA). 

 Before quantification, samples were treated with nucleases to remove free genetic 

material as well as genomes contained within damaged (presumably noninfectious) virions.  

For dsDNA viruses BKPyV and Ad2, DNA was removed via TURBO DNA-free kit 

(AM1907M, Invitrogen, Carlsbad, CA, USA).  Specifically, 4 U of DNAse was added to 

250 µL of treated samples and allowed to incubate at 37 °C for 25 minutes before adding 

25 µL of DNAse inactivator contained within the kit.  Samples were incubated for 5 

minutes at room temperature with periodic mixing before centrifugation at 10000 × g for 

1.5 minutes.  The supernatant was collected and immediately processed for quantification. 

 Removal of RNA present in treated samples of PV1 followed a similar rationale 

utilizing nucleases before genome extraction.  Ribonuclease A was obtained from Fisher 
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(EN0531) and diluted in an autoclaved Tris-Cl solution (65 mM Tris-Cl containing 50 % 

v/v glycerol, pH 7.4).  Samples of 250 µL received 2 U of ribonuclease A and were 

incubated at 37 °C for 30 minutes.  Ribonuclease A was inactivated with 3 U of 

SUPERase● In™ RNase Inhibitor (AM2694, Fisher) diluted in PBS (formulation above, 

with the following modifications; 2.7 mM KCl and 50 % v/v glycerol).  After nuclease 

treatment, genomes of samples were extracted with a QIAamp MinElute Virus Spin Kit 

(57704 Qiagen, Hilden, Germany) and diluted in a Tris-EDTA (TE) solution.  Unless 

specifically stated, all molecular work utilized TE buffer prepared by first making a 10 × 

solution with 100 mM Tris, 10 mM EDTA, and a pH of 8.0 before autoclaving.  The 10 × 

solution was then diluted to 1 × and the pH was adjusted according to the sample genome 

(7.4 for RNA and 8.0 for DNA) before autoclaving and making aliquots. 

 The utilization of new primers and MB required each qPCR be optimized before 

obtaining kobs.  Initial qPCR followed a ‘touchdown’ protocol to ensure the formation of 

an amplicon.  Specifically, genomic templates were diluted up to 1E-3, in triplicate, and 

cycled according to the following parameters:  1 cycle of 95 °C for 3 minutes; 45 cycles of 

95 °C for 10 seconds, 50 °C for 15 seconds, 55 °C for 15 seconds, 60 °C for 15 seconds, 

and 72 °C for 15 seconds.  A reverse transcription reaction was employed for PV1 before 

initial denaturation (see below) and fluorescent readings were always obtained at the first 

annealing step.  Primers were kept at 400 mM and MB were always added at half the 

concentration of primers for all qPCR reactions (here 200 mM).  A specific formulation 

for each 25 µL qPCR reaction is described below.  Finally, products were visualized on a 

gel to confirm expected amplicon size.   
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 After confirming each qPCR was capable of amplifying a specific target, primer 

concentration and annealing temperatures were optimized with an intercalating dye.  

Utilizing intercalating dyes, like SYBR® Green, allows a user to optimize qPCR 

parameters to maximize the production of amplicons while minimizing the formation of 

non-targets (e.g., primer-dimers).  Extracted viral genomes were diluted 1E-1 and subjected 

to a qPCR consisting of varied primer concentrations versus a temperature gradient.  The 

temperature gradient ranged ± 5 °C from the average of the theoretical annealing 

temperature (Ta) of both forward and reverse primers.  The concentration of primers was 

tested at four different concentrations to allow each sample to be run in triplicate on a 96-

well plate.  Probes were not included in the reaction as an SsoAdvanced™ Universal 

SYBR® Green Supermix (172-5271, Bio-Rad, Irvine, CA, USA) served as the fluorescent 

moiety.  Cycling consisted of 1 cycle of 95 °C for 3 minutes and 45 cycles of 95 °C for 10 

seconds and varied gradient temperatures for 30 seconds.  After cycling, melt-curves were 

established starting at 42 °C for 10 seconds and increased in 0.5 °C until reaching 95 °C.   

The optimal primer concentration was established by identifying wells that 

produced a single amplicon of an expected size and did not amplify non-template controls 

(NTC) through investigating melt-curves.  Within the set of optimal primer concentrations, 

the Ta possessing the earliest threshold cycle (Ct) was selected for further optimization by 

repeating the final reaction parameters with a temperature gradient of Ta ± 2.5 °C.  Here, 

the template was diluted up to 1E-4 and the final Ta was selected by identifying wells with 

no NTC amplification and near perfect doubling each reaction cycle.  Perfect doubling can 
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be identified by finding the efficiency (E = 10
−1

slope⁄
− 1) of a qPCR closest to 100 %, 

where slope is calculated from plotting Ct versus the dilution factor. 

 Optimization of qPCR was repeated for each virus and results are as follows:   

reagents for a 25 µL BKPyV qPCR consisted of 12.5 µL 2 × SsoAdvanced Probes 

Supermix (172-5281, Bio-Rad), 0.5 µL of 10 µM forward and reverse primers (final 

concentration 200 nM of each), 0.25 µL of 10 µM MB (final concentration 100 nM), 2.25 

µL H2O, and 9 µL of template.  While cycling consisted of 1 cycle of 95 °C for 3 minutes 

and 45 cycles of 95 °C for 10 seconds then 53.3 °C for 30 seconds.   All qPCR were 

performed in triplicate and diluted up to 10E-1 for treated (i.e., inactivated) samples.  

Cycling for Ad2 followed a similar protocol, but the Ta was optimized to 53.7 °C.  Finally, 

PV1 varied somewhat from BKPyV and Ad2 due to the necessity of a reverse transcription 

step prior to cycling.  Reaction ingredients for PV1 consisted of 12.5 µL 2 × SensiFAST™ 

Probe No-ROX One-Step Kit (BIO-76001, Bioline, Taunton, MA, USA), 1 µL of 10 µM 

forward and reverse primers (final concentration 400 nM of each), 0.5 µL of 10 µM MB 

(final concentration 200 nM), 0.25 µL reverse transcriptase, 0.5 µL RNase inhibitor, 0.25 

µL DEPC-treated H2O, and 9 µL of template.  Finally, cycling consisted of 1 cycle of 45 

°C for 10 minutes to allow for reverse transcription, 1 cycle of 95 °C for 2 minutes, and 45 

cycles of 95 °C for 10 seconds then 56 °C for 30 seconds. 

 To quantify genomic copies (GC) of treated samples, Ct values of unknowns were 

compared to Ct values of standardized amplicons from transformed E. coli included with 

each reaction.  After optimizing qPCR parameters, a regular PCR was performed on 
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genomes extracted from viral stocks, diluted to 1E-2, and H2O replaced the use of MB.  

The PCR product was purified with a MinElute® PCR Purification Kit (28004, Qiagen) 

and reacted with dATP to provide a facile nucleotide for ligation.  Specifically, 5 µL of 

purified PCR product was added to 2 µL of reaction buffer, 2 µL of 1 mM dATP (N04405, 

New England Biolabs, Ipswich, MA, USA), and 1 µL (5 U) of GoTaq polymerase (M3001, 

Promega, Madison, WI, USA).   Vessels were incubated at 70 °C for 20 minutes before 

ligating into a pGEM-T vector system (A3610, Promega) utilizing a blue/white screen of 

competent JM109 E. coli and an ampicillin selective marker.    Four white colonies were 

selected and propagated to be tested for successful transformation.  After growth according 

to kit instructions, plasmids containing potential standards were extracted with a 

QIAprep® Spin Miniprep Kit (27104, Qiagen).  After extraction, plasmids were diluted up 

to 1E-4 and qPCR was repeated according to the optimized conditions.  The standards that 

performed best were selected, quantified via Nanodrop, diluted, aliquoted, and stored at – 

80 °C.   

Quantification of Viruses by MB: 

 Additional MB were developed for Ad2 and PV1 following guidelines listed in 

Chapter Two.  However, the MB for PV1 was designed to target negative-sense single-

stranded RNA (-ssRNA) to ensure active viral replication of this +ssRNA virus.  The MB 

for Ad2 and PV1 utilized traditional fluorophores and cellular fixation. 

Calculating Inactivation: 
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 In general, inactivation is measured by comparing titers before and after treatment 

(N and N0, respectively).  Due to the large number of microorganisms present during water 

treatment processes, it is more feasible to measure inactivation by orders of magnitude 

through logarithmic transformation.  Specifically, log inactivation is equivalent to log (
𝑁

𝑁0
); 

for example, 99 % removal of a specific microorganism is equivalent to reducing titers by 

two orders of magnitude, or two-log.  The kobs is equivalent to the slope of the regression 

line when plotting log inactivation versus treatment dose, and the inverse of kobs is equal to 

the treatment dose required to reduce titers by one-log (Kamolsiripichaiporn et al., 2007).   

Due to the inability of ET-qPCR to measure infectious virions, results may 

underestimate inactivation rates by quantifying GC from noninfectious virions.  

Comparing log inactivation values from qPCR data to traditional infectious assays at the 

same dose can improve this estimation through a correction factor, c (Calgua et al., 2014; 

Pecson et al., 2011).  Specifically,  

𝑐 =  
log (

𝑁PA

𝑁0,PA
)

log (
𝑁qPCR

𝑁0,qPCR
)

 

Where NPA and N0,PA are treated and initial titers of viruses, respectively, as 

determined by PA, while NqPCR and N0,qPCR are titers established at the same dose by ET-

qPCR. 

After determining c, the log inactivation for a traditional infectious assay (like PA) 

can be estimated from qPCR data by utilizing the following equation: 
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log [(
𝑁qPCR

𝑁0,qPCR
)

𝑐

] 

Finally, all statistical analyses, including determinations of kobs, simple linear 

regressions, and analyses of covariance were generated in SAS Enterprise Guide version 

5.1 (SAS Institute, Cary, NC). 
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RESULTS 

Detection of Viruses by ET-qPCR and MB: 

 Quantification of viral titers by designed ET-qPCR and MB assays were compared 

to traditional infectious assays to ensure accuracy.  Alignment of BKPyV sequences 

allowed for the design of primers and MB probes to amplify a 126-NT region encoding 

agnoprotein to capsid protein VP2 (Table 3.1).  Tables 3.2 and 3.3. display similar designs 

obtained for Ad2 and PV1, encoding 139- and 147- NT amplicons of the penton gene and 

internal ribosomal entry site, respectively.  Created standards demonstrate the efficacy of 

each created qPCR; specifically, BKPyV – E = 100.92 % (R2 = 1.00), Ad2 – E = 103.91 % 

(R2 = 1.00), and PV1 – E = 99.66 % (R2 = 1.00).  Finally, quantification of viral titers by 

qPCR exhibited good correlation to titers established by traditional infectious assays 

(BKPyV R2 = 0.86, Ad2 R2 = 0.97, and PV1 R2 = 0.92). 

 Similar to results described in Chapter Two, MB were successfully designed for 

Ad2 and PV1 and exhibited good correlation to titers established by traditional PA.  

Alignment of 10 complete Ad2 genomes allowed a MB to be designed to target mRNA 

encoding for the penton portions of the viral capsid via reverse complementarity (Table 

3.4).  Conserved regions of PV1 encoding for RNA-dependent RNA polymerase were also 

identified through sequence alignments (Table 3.5).  Design of all oligos utilized in qPCR 

and MB assays are summarized in Table 3.6.  Both MB successfully detected viral 

replication (Figures 3.3 and 3.4) and exhibited strong correlations to titers established by 

PA (Figure 3.5). 
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Viral Inactivation: 

 Inactivation of BKPyV by UV254 exhibited agreement among all detection methods 

indicating 61.35 mJ/cm2 as the average dose required for one-log inactivation (Figure 3.6).  

Figures 3.7 and 3.8 demonstrate inactivation of BKPyV obtained by chlorination and heat.  

Results from ET-qPCR assays indicated enhanced viral resistance to chlorination; 

however, the average CT obtained from IFA and MB assays was 1.58 
mg Cl2 ∗ min

L
.  

Furthermore, ET-qPCR results indicated no susceptibility to thermal inactivation, while 

the average between the other detection methods indicated titers of BKPyV are reduced by 

one order of magnitude every 42 minutes at 60 °C.  A summary of BKPyV inactivation 

following treatment methods and correlations between detection methods are listed in 

Tables 3.7 and 3.8, respectively.   

 As confirmed by empirical evidence, Ad2 exhibited enhanced resistance to UV254 

treatment; however, ET-qPCR results failed to reflect inactivation rates for other treatment 

methods relative to PA and MB (Eischeid et al., 2011; Prevost et al., 2016).  The average 

fluence required for one-log inactivation of Ad2 among all detection methods was 51.45 

mJ/cm2 (Figure 3.9).  Somewhat opposite to BKPyV, ET-qPCR results did not show 

significant inactivation of Ad2 after exposure to chlorine and less inactivation to heat 

relative to other detection methods (Figures 3.10 and 3.11, respectively).  The average CT 

obtained by PA and MB was 0.57 
mg Cl2 ∗ min

L
, while Ad2 required slightly more than one 

hour at 60 °C to achieve one-log inactivation.  A summary of inactivation results and 

correlations between detection methods is found in Tables 3.9 and 3.10, respectively. 
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 Finally, PV1 exhibited relative sensitivity to all inactivation methods, but 

agreement between methods existed only for UV254 inactivation.  The +ssRNA virus PV1 

remained sensitive to inactivation by UV254, requiring 11.1 mJ/cm2 when averaging the 

inverse of kobs values obtained between all three detection methods (Figure 3.12 and Table 

3.11).  The average CT value for PV1 was 0.76 
mg Cl2 ∗ min

L
, with ET-qPCR exhibiting 

slightly enhanced resistance relative to PA and MB; however, correlations between 

methods remained above 0.92 (Figure 3.13 and Table 3.12).    Thermal inactivation 

required around 7.2 minutes when determined by PA and MB, while ET-qPCR exhibited 

9.6 minutes per log-inactivation (Figure 3.14).  This 33% increase is reflected in weak 

correlations between cell-free and infectious assays failing to rise above 0.36 and analysis 

of covariance neared significance (P = 0.13). 
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DISCUSSION 

Resistance of BKPyV to UV254 Treatment: 

 Relative to Ad2, BKPyV exhibited slightly enhanced resistance to UV254 treatment.  

Generally, reducing viral titers by one order of magnitude requires less than 10 mJ/cm2, 

while achieving similar inactivation in bacterial species requires around 3 mJ/cm2 (Hijnen 

et al., 2006).  Adenoviruses emerged as a notable exception, requiring over 40 mJ/cm2 per 

log-inactivation, which may be explained by repair of genomic damage by host cells during 

intracellular infection (Rainbow, 1980).  This effect has remained difficult to validate in 

other microorganisms due to a lack of infectious assays for similarly structured viruses.  

Here, BKPyV, Ad2, and PV1 required around 61.35, 54.45, 11.10 mJ/cm2 per log-

inactivation, thereby supporting host repair theories; however, further investigations 

regarding the nature of dsDNA viral resistance to UV254 cannot be made in this study. 

Limitations of Assessing Viral Infectivity by ET-qPCR: 

 Characterizations of viral inactivation profiles by ET-qPCR remained strong when 

damage primarily targeted genomic regions; however, viruses exhibit non-traditional 

targets of inactivation (Wigginton et al., 2012).  All utilized detection assays successfully 

characterized viral inactivation profiles following UV254 treatment, with R2 = 0.92 being 

the lowest correlation between all methods.  Due to UV254 damage being primarily 

genomic, it is unsurprising that ET-qPCR also characterized viral inactivation accurately 

(Cutler and Zimmerman, 2011).  However, the use of other inactivation methods often 

abrogated these correlations, lowering R2 values to as low as 0.02.  Inactivation detected 
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by ET-qPCR even failed to detect fluctuations in genomic copy number in instances of 

expected genomic damage.  For example, the nature of adenoviral inactivation by 

chlorination has yet to be determined, but would be expected to include, at least partial, 

oxidation of genomic targets, which was not seen in ET-qPCR data obtained in this study.  

A study from Gall et al. found chlorine-inactivated Ad2 could still attach to host cells but 

were unable to synthesize progeny DNA, nor transcribe certain genes, suggesting at least 

partial genomic damage.  Also, like our data, very little damage was seen in genomic targets 

detected by qPCR (E1A and hexon genes) (Gall et al., 2015).  Interestingly, inactivation of 

PV1 by chlorination, which is driven by genomic damage, exhibited strong correlations to 

other detection methods without the need to transform data with c (Jin et al., 2010).   

 However, the requirement to transform data further limits the utility of ET-qPCR 

in measuring viral inactivation.  Without c, ET-qPCR overestimated PV1 inactivation by 

UV254 possessing a c value below 1 (c = 0.57) to elevate log inactivation for UV254 from 

5.48 mJ/cm2 to 9.98 mJ/cm2.  Although PV1 inactivation by UV254 is still driven by 

genomic damage, irradiation also enhances PV1 capsid permeability thus resulting in 

enhanced sensitivity to nuclease treatment (De Sena and Jarvis, 1981; Simonet and 

Gantzer, 2006).   Furthermore, obtaining c requires inactivation data be obtained by 

traditional infectious assays before being applied to qPCR data, thus limiting the 

application of qPCR detection of viral inactivation to viruses which lack these traditional 

assays (Pecson et al., 2011).   

 Differences between the presence of a genomic target and an infectious virion help 

explain limitations in quantifying titers by pretreated-qPCR assays.  Assays like ET-qPCR 
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assume all amplifiable targets are from infectious virions, which is not true, particularly 

for viruses with high particle-to-plaque forming unit (PFU) ratios (Knight et al., 2016).  For 

example, polioviruses require, at minimum, five copies of each of four different VP 

proteins to form a capsid; however, RNA encoding for all enteroviruses are translated as a 

single polyprotein that is cleaved to form all necessary proteomic components.  In other 

words, many proteins produced during PV1 replication will not be included in mature 

virions, and helps explain why enteroviruses have high particle-to-PFU ratios between 30-

1000 which can complicate qPCR data (Knipe and Howley, 2013).   

Alternatively, ET-qPCR assumes non-amplifiable targets will fully inactivate a 

virus.  However, the formation of a non-amplifiable target, such as a genomic lesion 

induced by UV, does not ensure the microorganism is not infectious.  Furthermore, 

genomic damage induced by UV is not uniform (Bounty et al., 2012).  This is of particular 

importance for bacteria that can engage in photoreactivation, or dsDNA viruses which may 

be able to utilize host machinery to repair genomic damage (Hu et al., 2012; Rainbow, 

1980).  These estimations can be improved by utilizing qPCR targets covering larger 

percentages of the entire genome of an organism, but this would require multiple qPCR 

assays, thus limiting their utility in quantifying viral inactivation (Pecson et al., 2011). 

 Permuting qPCR with infectious assays selectively targets infectious virions, but 

also limits utility in assessments of water quality.  Finding an underestimation or lack of 

correlation between qPCR and infectious assays remains well documented (Diez-Valcarce 

et al., 2011; Knight et al., 2016; Pecson et al., 2009).  As seen in this study, the accuracy 

of ET-qPCR can also depend on the inactivation method used.  However, utilizing cell 
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culture in conjunction with qPCR can improve results.  In integrated cell culture qPCR, 

viruses are exposed to cells before amplification, thereby allowing early stages of viral 

replication to occur.  Applying integrated cell culture to studying viral inactivation 

accurately reflected infectious viral titers of Ad2 and rotavirus following UV254 treatment 

(Li et al., 2009; Ryu et al., 2015).  However, these methods required 48 hours of incubation 

before performing qPCR, which is similar to results obtained by PA, and remains more 

labor intensive than either IFA or MB. 

Utility of MB in Assessing Viral Inactivation: 

 Accurate and rapid characterizations of viral inactivation profiles were obtained 

through the application of MB.  Correlations between MB and traditional infectious assays 

(PA/IFA) remained above R2 > 0.87 and analyses of covariance indicated no significant 

difference between kobs (P = 0.90).  Additionally, results obtained by MB were obtained 

for all viruses within 24 hours, thereby improving upon detection times for all traditional 

infectious assays.  The MB employed in this study remained limited to detecting the 

production of an individual mRNA oligo; however, MB can also be developed to target 

specific genes of interest.  Furthermore, the reliance on more readily-available genomic 

data allows a more universal approach of designing MB for studies of viral replication, 

including inactivation and the development of novel antivirals or vaccines.  
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Table 3.6.  Summary of designed primers and probes used in ET-qPCR and MB assays.  

Sequences listed in 5′ to 3′ directions; underlined regions indicate stem regions; FAM, 

carboxyfluorescein; DABCYL, 4-((4-(dimethylamino)phenyl)azo)benzoic acid; *, 

nucleotide containing free thiol group for CPP attachment (not utilized).  

 

 

 

 

 

 

 

 

 

 

 

Virus Application Sequence/Modifications

Forward|Reverse Primer GGGACCTAGTTGCCAGTGTA|TGCCCTCTACAGTAGCAAGG

BKPyV qPCR MB FAM-CTTCGCGGCAGCAGCAGCCTCCCCAGCGCGAAG-DABCYL

Intracellular MB Qdot525-CAGAUCUUUUAACUUCUAGAACUUCUU*GAUCUG-BHQ-1

Forward|Reverse Primer ATCGCTTTCCCGAGAACCAG|ATGGTCACTCGCTGGACTC

Ad2 qPCR MB FAM-CGCGGTCCACCGTCAGTGAAAACGTTCCACCGCG-DABCYL

Intracellular MB FAM-CAGAUGGGAACGUUUUCACUGAG*CAUCUG-BHQ-1

Forward|Reverse Primer GAACAAGGTGTGAAGAGCC|CACCCAAAGTAGTCGGTTCC

PV1 qPCR MB FAM-CCACGCTCCTCCGGCCCCTGAATGCGGCGTGG-DABCYL

Intracellular MB FAM-CAGAUGUAGUCUCCUAGCCCAAUCAG*CAUCUG-BHQ-1
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Table 3.7.  Summary of BKPyV inactivation profile. 

Detection 
Fluence for 1-

log Inactivation 

CT for 1-log 

inactivation 

Hours at 60°C for 

1-log inactivation 

IFA 63.06 1.57 0.69 

MB 58.95 1.59 0.72 

qPCR 

(Untransformed) 
NA 2.42 NA (-73.26) 

qPCR (Transformed) 62.03 NA NA 

c 1.77 NA NA 
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Table 3.8.  Correlations of inactivation rates for BKPyV between detection methods. 

 

Treatment Detection Parameter IFA MB qPCR 

  IFA R2 1.00 NA NA 

UV MB R2 0.91 1.00 NA 

  qPCR (Transformed) R2 0.97 0.94 1.00 

  IFA R2 1.00 NA NA 

ClO MB R2 0.87 1.00 NA 

  qPCR (Untransformed) R2 0.80 0.63 1.00 

  IFA R2 1.00 NA NA 

Heat MB R2 0.90 1.00 NA 

  qPCR (Untransformed) R2 0.07 0.15 1.00 
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Table 3.9.  Summary of Ad2 inactivation profile. 

Detection 
Fluence for 1-

log Inactivation 

CT for 1-log 

inactivation 

Hours at 60°C for 

1-log inactivation 

PA 49.70 0.57 1.07 

MB 52.06 0.56 1.00 

qPCR (Untransformed) NA NA (42.69) 2.66 

qPCR (Transformed) 52.59 NA NA 

c 2.72 NA NA 
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Table 3.10.  Correlations of inactivation rates for Ad2 between detection methods. 

Treatment Detection Parameter PA MB qPCR 

  PA R2 1.00 NA NA 

UV MB R2 0.96 1.00 NA 

  qPCR (Transformed) R2 0.99 0.97 1.00 

  PA R2 1.00 NA NA 

ClO MB R2 0.97 1.00 NA 

  
qPCR 

(Untransformed) R2 0.02 0.03 1.00 

  PA R2 1.00 NA NA 

Heat MB R2 0.98 1.00 NA 

  
qPCR 

(Untransformed) R2 0.92 0.89 1.00 
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Table 3.11.  Summary of PV1 inactivation profile. 

Detection 
Fluence for 1-

log Inactivation 

CT for 1-log 

inactivation 

Hours at 60°C for 

1-log inactivation 

PA 11.10 0.89 0.12 

MB 12.23 0.79 0.12 

qPCR (Untransformed) NA 0.59 0.16 

qPCR (Transformed) 9.98 NA NA 

c 0.57 NA NA 
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Table 3.12.  Correlations of inactivation rates for PV1 between detection methods. 

Treatment Detection Parameter PA MB qPCR 

  PA R2 1.00 NA NA 

UV MB R2 0.96 1.00 NA 

  
qPCR 

(Transformed) R2 0.96 0.92 1.00 

  PA R2 1.00 NA NA 

ClO MB R2 0.98 1.00 NA 

  
qPCR 

(Untransformed) R2 0.95 0.92 1.00 

  PA R2 1.00 NA NA 

Heat MB R2 0.97 1.00 NA 

  
qPCR 

(Untransformed) R2 0.29 0.36 1.00 
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Figure 3.1.  Collimating light box.  Samples are placed below the collimating tube for 

treatment. 
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Figure 3.2.  Colorimetric reaction of DPD via oxidation by chlorine. 
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Figure 3.3.  MB assay of A549 infected with Ad2 performed less than one DPI.  Results 

span three orders of magnitude.  Green fluorescence indicates active viral replication.  

MOI, multiplicity of infection. 
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Figure 3.4.  MB assay of BGMK infected with PV1 performed less than one DPI.  Results 

span three orders of magnitude.  Green fluorescence indicates active viral replication.  

MOI, multiplicity of infection.  
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Figure 3.5.  Correlations between viral titers established by MB versus traditional 

infectious assays. 
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Figure 3.6.  Inactivation of BKPyV by UV254 as detected by MB, IFA, and ET-qPCR. 
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Figure 3.7.  Inactivation of BKPyV by chlorination as detected by MB, IFA, and ET-qPCR. 



89 
 

 

Figure 3.8.  Inactivation of BKPyV at 60 °C as detected by MB, IFA, and ET-qPCR. 
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Figure 3.9.  Inactivation of Ad2 by UV254 as detected by MB, PA, and ET-qPCR. 
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Figure 3.10.  Inactivation of Ad2 by chlorination as detected by MB, PA, and ET-qPCR. 
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Figure 3.11.  Inactivation of Ad2 by at 60 °C as detected by MB, PA, and ET-qPCR. 
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Figure 3.12.  Inactivation of PV1 by UV254 as detected by MB, PA, and ET-qPCR. 
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Figure 3.13.  Inactivation of PV1 by chlorination as detected by MB, PA, and ET-qPCR. 
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Figure 3.14.  Inactivation of PV1 by at 60 °C as detected by MB, PA, and ET-qPCR. 
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CHAPTER FOUR:  D ETERMINING THE SOLAR INACTIVATION RATE OF BK 

POLYOMAVIRUS BY MOLECULAR BEACON 

ABSTRACT 

 Microbiological water quality assessments, made through quantifying FIO, can 

exhibit poor correlations to pathogens.  The development of a MB assay to detect BKPyV 

provides an alternative to current FIO but environmental survivability must also be 

established before adoption into FIO canon.  Applying the developed MB allowed for 

characterization of the inactivation rate of BKPyV following exposure to a solar simulator 

(kobs = 0.578 ± 0.024 h-1).  Furthermore, results exhibited a strong correlation to data 

obtained from a traditional IFA (kobs = 0.568 ± 0.011 h-1; R2 = 0.93).  However, the 

simulated decay of BKPyV raises concerns regarding its appropriateness as an FIO. 
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INTRODUCTION 

 As described, water quality assessments are made through quantification of FIO in 

lieu of analyzing samples for specific pathogenic microorganisms.  Ideal FIO must, at 

minimum, exhibit correlation to pathogens, possess rapid detection assays, and exhibit 

enhanced resistance to water treatment processes and natural decay.  Decaying more slowly 

in the environment relative to the pathogen of interest is of particular importance as it helps 

ensure the pathogen is absent when the FIO is not detected (National Research Council, 

2004).  Furthermore, this information can be used to establish the duration of beach 

closures following sewage contamination, as well as the distance between sewage outfalls 

and recreational shorelines (Nevers and Whitman, 2005; Yang et al., 2000).   

Environmental decay can be affected by a variety of factors; however, the process 

is driven by sunlight.  Ultraviolet waves from sunlight between 280-320 nm (UVB) can 

directly damage genomic and some proteomic targets of microorganisms (Davies-Colley 

et al., 1999; Silverman et al., 2013).  Induced genomic damage is similar to, albeit less 

efficient than, UV254 inactivation (Romero et al., 2011).  Wavelengths of UVB can also 

excite photosensitive compounds inherent to the microorganism to form reactive 

intermediates (e.g., reactive oxygen species) that cause inactivation.  Alternatively 

photosensitive compounds external to the microorganism (i.e., exogenous), such as natural 

organic matter, can also absorb UVB and other wavelengths of sunlight to form similar 

reactive intermediates (Silverman et al., 2015). 
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To date, no study has characterized the survival of BKPyV in the environment.  

Attenuating a portion of solar inactivation may lead to long survivability of BKPyV in the 

environment.  Furthermore, viruses have been shown to be more stable in environments 

relative to bacteria, which have served to inform standards of outfall distance and beach 

closure duration (Noble et al., 2003; Silverman et al., 2013; Yang et al., 2000).   To this 

end, kobs was established for BKPyV by both MB and IFA.  Due to the variability in 

photosensitive compounds present in the external environment, kobs, was limited to 

endogenous inactivation. 
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MATERIALS AND METHODS 

Solar Inactivation: 

 Fluctuations in daily solar output as well as the hypothesized lengthy treatment 

times, required the use of a solar simulator.  Sunlight was generated artificially with a 

Sol2A solar simulator equipped with a 1000 W ozone-free xenon lamp and 1.5 global air 

mass filter (94062A, Newport Corporation, Irvine, CA, USA).  The Xe lamp coupled with 

an air mass filter accurately replicates the spectra of sunlight after passing through the 

atmosphere in accordance with the American Society for Testing and Materials standard 

E927-10 (ASTM International, 2014).  Regardless, a comparison between natural and 

artificial sunlight was made by comparing spectral output of the solar simulator to readings 

of natural sunlight taken on a sunny day in Riverside, CA.  These measurements were made 

with an ILT950 spectroradiometer (International Light Technologies) every 1.4 nm (the 

resolution of the spectroradiometer).  Total irradiance of both sources of light were 

obtained with an ILT1700 radiometer equipped with a SED005/W light detector capable 

of measuring 250-675 nm thereby covering the ultraviolet and near entire visible spectra. 

 Treatment samples consisted of BKPyV, diluted in 200 or 100 mL (n = 12 and 10, 

respectively) of PBS.  Samples were treated under the solar simulator with gentle stirring 

and 1 mL was periodically removed to quantify BKPyV titers by MB and IFA, in triplicate.  

A control was included for each set of experiments by placing a sample covered in 

aluminum foil under the solar simulator for half of the maximum treatment time.  
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Inactivation studies were repeated until reaching a minimum of three-log reduction in viral 

titers, and specific treatment times were repeated twice.   

Measurements of Inactivation: 

 Inactivation was calculated as described in Chapter Three (Love et al., 2010).  To 

account for light attenuation due to column depth and matrix absorbance, kobs, required a 

correction factor (CF) (Grandbois et al., 2008).  Additionally, due to a lack of 

photosensitive compounds present in treatment media, inactivation was expected to be 

driven by endogenous effects from the UVB spectra of sunlight (Romero et al., 2011).  

Therefore, the CF was limited to this same spectrum of light: 

CF =
𝑘obs,thin
𝑘obs,thick

 

Where kobs,thin represents the sum of light absorbed at the surface of the sample 

𝑘obs,thin = 2.303 ∑ 𝛼𝜆𝐼𝜆,0

320

𝜆=280

 

With αλ and Iλ,0 equating to the sample absorbance and irradiance at the surface of the 

sample for a specific wavelength as measured by spectrophotometer and 

spectroradiometer, respectively 

kobs,thick estimates the sum of irradiance, 〈𝐼𝜆〉𝑧, at a specific depth (z) and wavelength: 

𝑘obs,thick = 2.303 ∑ 𝛼𝜆〈𝐼𝜆〉𝑧

320

𝜆=280
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〈𝐼𝜆〉𝑧 = 𝐼𝜆,0 (
1 − 10−𝛼𝜆𝑧

2.303𝛼𝜆𝑧
) 
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RESULTS 

 The solar simulator delivered 481.2 W/m2 over 250-675 nm, with UVB accounting 

for 1.41 % of the total output.  Natural sunlight exhibited 195.0 W/m2 and accounted for 

1.09 % of total solar output.  Spectroradiometric measurements of the solar simulator and 

natural sunlight can be found in Figures 4.1 and 4.2.  Following treatment by the solar 

simulator, samples quantified by MB indicated a kobs of 0.578 ± 0.024 h-1 (R2 = 0.92), while 

IFA resulted in kobs of 0.568 ± 0.011 h-1 (R2 = 0.97, Figure 4.3).  Additionally, the 

correlation coefficient between inactivation rates obtained from both assays was strong (R2 

= 0.93) and analysis of covariance indicated no significant difference between rates of 

inactivation (P = 0.94).   
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DISCUSSION 

 Sunlight induces both proteomic and genomic damage, in a direct or indirect 

manner (Silverman et al., 2013).  Viruses possessing a dsDNA genome can exhibit 

resistance to genomic damage due to subsequent repair from host cells during intracellular 

infection (Eischeid et al., 2011).  Therefore, BKPyV was expected to possess some level 

of resistance to solar inactivation, thereby enhancing its utility as an FIO.  Ensuring waters 

are of acceptable quality in the absence of FIO detection requires the FIO be more resistant 

to environmental conditions than the pathogen(s) of interest (National Research Council, 

2004).  However, relative to other pathogens and FIO, BKPyV did not exhibit resistance 

to treatment by a solar simulator. 

 Comparing kobs to empirical values reveals BKPyV is, at best, slightly more 

resistant to solar inactivation.  The traditional FIO, E. coli, exhibits relative sensitivity to 

endogenous solar inactivation with a kobs of 3.97 h-1 (Nguyen et al., 2015).  However, the 

viral FIO, MS2, possesses a ssRNA genome and a kobs of 0.28 h-1, making it one of the 

most recalcitrant microorganisms to solar inactivation (Silverman et al., 2015).  Other 

studies have established the inactivation rate of similarly structured Ad2 (kobs = 0.28 or 

0.59 h-1) without utilizing a CF (Love et al., 2010; Silverman et al., 2013).  However, 

similarities in experimental setup, including the use of a 1000 W Xe bulb, allows for direct 

comparisons by removing the CF applied to the kobs obtained for BKPyV.  Doing so reduces 

kobs to 0.53 h-1, thereby revealing BKPyV is, at best, slightly more resistant to solar 

inactivation than the pathogen of interest.  Combined with the ease of assaying for more 

resistant viruses, like MS2, complicates the adoption of BKPyV as an FIO. 
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Figure 4.1.  Comparing irradiance from natural and artificial sunlight.  Reference lines are 

placed at 250 and 675 nm to indicate the range of the radiometer.  Natural sunlight readings 

were obtained on May 11th, 2016 in Riverside, CA, USA. 
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Figure 4.2.  Subset of Figure 4.1, limited to UV spectra.  Vertical reference lines indicate 

UVB and UVA (320-400 nm) spectra. 
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Figure 4.3.  Solar inactivation as measured by IFA and MB. 
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CHAPTER FIVE:  CONCLUSIONS 

The application of MB successfully characterized the inactivation profile of 

BKPyV, thereby generating evidence in support of regulations for water treatment by UV.  

Specifically, BKPyV possessed enhanced resistance to UV254 similar to Ad2 (61.35 and 

54.45 mJ/cm2, respectively).  Although the solar decay of Ad2 was not tested in this study, 

BKPyV exhibited enhanced sensitivity to sunlight as compared to empirical evidence 

(Love et al., 2010; Silverman et al., 2013).  Interestingly, neither virus exhibits elevated 

resistance to sunlight thereby questioning the utility of BKPyV in serving as an FIO for 

pathogenic adenoviruses or for general water quality. 

The agreement between all inactivation profiles established by MB and traditional 

infectious assays support the adoption of MB when quantifying infectious viral titers.  

Correlations between these assays ranged between 0.87 ≤ R2 ≤ 0.98 while exhibiting no 

significant differences in established kobs (0.90 ≤ P ≤ 0.99).  Obtaining kobs by qPCR 

required damage remain limited to genomic targets and also required a correction factor 

(c) obtained from infectious assays, thereby limiting utility.  Similar to the production of 

novel qPCR assays, MB rely on readily available genomic information for design.  

Furthermore, MB detection assays require incubation times similar to current FIO 

protocols while delivering superior quantification of viral titers, and thus, may serve as a 

near universal approach in the detection and quantification of viruses. 
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